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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING 

AERONAUTICS & ASTRONAUTICS 

Doctor of Philosophy 

COAXIAL CONTRAROTATING TWIN ROTOR AERODYNAMICS 

by Michael John Andrew 

The modelling of a Coaxial Contrarotating Twin Rotor (CCTR) system 
has been developed from single rotor modelling techniques. 
Particular attention has been paid to the characteristics of the tip 
vortex, namely, vortex strength, structure and decay. Equations are 
presented which describe both the vortex core and the complete 
structure of a rolled-up tip vortex. These equations are utilised 
with., conventional strip theory to enhance the predictive accuracy, 
and replace the arbitrary application of a tip loss factor. Using 
this combined approach, named Vortex-Strip theory, the full 
interference effects between the two rotors of a hovering CCTR have 
been successfully modelled. 

By a similar approach, a Vortex-Glauert theory has been developed to 
model the wake of a CCTR in forward flight. Comparisons between 
theory and experimental results from model and full scale rotors are 
shown over a variety of hovering and forward flight conditions. 

Both wake models have been written in Fortran IV computer language 
with a flexible input procedure. This feature allows a user to 
Investigate a wide range of rotor parameters including different 
rotor radii, number of blades, CCTR rotor spacing, with variations 
in blade twist, taper and effective hinge offset. 

The computer program, named ROTOR, was used in a preliminary 
optimisation study of a hovering CCTR. The results show that a 
conventional CCTR is a more efficient layout in hover than an 
equivalent single rotor; a finding which has been endorsed by 
experimental results. 

Although the presented models have been developed for a CCTR, it 
should not be overlooked that they are equally applicable to single 
rotor configurations. 
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1. INTRODUCTION 

1.0 Introduction 

Although a vast amount is now known about single rotor 

aerodynamics (1,2) and associated modelling techniques (3,4), 

current knowledge of the flow through a coaxial contrarotating twin 

rotor (CCTR) is extremely limited. Even Russian publications fail to 

disclose concise details of CCTR flow characteristics (5,6). The 

following historical note on CCTR development indicates that this 

particular layout is a serious contender to the conventional single 

rotor configuration. However, the dearth of knowledge in the 

literature needs to be rectified if the full potential of the CCTR 

helicopter is to be exploited in the future. The objective of this 

thesis is to partially fulfill this need. 

1.1 Historical Notes 

In 1784 two Frenchmen, Launoy and Bienvenu (7) were credited 

with the first working model of a helicopter. The device they 

constructed was a model CCTR, powered by twisted chord and bent 

whalebone. A similar layout was also proposed by Cayley in 1796. 

Although various designs followed it was not until the beginning of 

this century that Berliner (1909) built a CCTR system which lifted a 

pilot untethered. Similar attempts are attributed to Pescara (1919), 

d'Asanio (1930) and Breguet (1930). 

With the main emphasis being placed on single rotor development 

in post-war years, relatively little attention has been paid to the 

CCTR layout. Apart from the Sikorsky Advancing Blade Concept (ABC) 

(8), work on this configuration effectively ceased in the mid 

1950's. Nevertheless, the ABC verification program identified some 

of the salient features of a CCTR, and indicated great caution is 

necessary when applying single rotor type assumptions, even in the 

most simplified analysis. 

The ABC exploits the fundamental properties of a CCTR system. 

That is, the resultant unbalanced aerodynamic moments and torques on 
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one rotor are reacted by the other rotor turning in the opposite 

direction, allowing trim to be maintained without the aid of a tail 

rotor. In addition, the ABC alleviates retreating blade stall by 

selectively loading only the advancing blades in each rotor. 

Although this necessitates very stiff blades with rigid root 

fittings, the fon^ard flight speed capability of the helicopter has 

increased markedly over the conventional single rotor. In recent 

trials, the ABC craft was reported to have reached a forward flight 

speed of 240 knots (9). Further potential gains include good 

overall handling qualities, high hovering efficiency and compactness 

with low noise characteristics (10). 

However, during preliminary flight trials, the ABC XH-59A 

demonstrator craft in a low advance ratio flight regime, experienced 

a high nose up pitching moment, rendering the craft uncontrollable. 

A heavy tail first landing resulted. Post-analysis of this incident 

revealed that the computation of the control range pilot input 

required to maintain trim, using simple momentum type theory, 

grossly underpredicted the resultant blade forces and moments. The 

'K' factor in Glauerts well known forward flight equation was 

subsequently updated to allow for the interaction between the two 

rotors (11). With increasing forward flight speed, the influence 

between the two rotors diminishes. Even so, at the higher end of the 

speed range very large profile drag losses are incurred by the rotor 

hub and blade rigid root fittings. This to date, has been identified 

as the major disadvantage of the ABC. 

Alternatively, the CCTR layout may also be exploited with 

semi-rigid or fully articulated rotors. CCTR's of this category have 

also been demonstrated as a viable option in both model (12) and 

full-scale helicopters (13). Under the guidance of Nikoi Kamov, the 

Russion 'Ka' series of CCTR helicopters was b o m . The first craft to 

fly successfully was the Ka-8 in 1947. Continuing success of this 

configuration is reflected by the Ka-25 anti-submarine helicopter, 

the Ka-25k flying crane and the Ka-26 general purpose helicopter. 

The Ka-25k is claimed to combine a high payload to all-up-weight 

ratio, with good manoeuvrability and minimum dimensions (13). 
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A further application of the CCTR has been utilised by Westland 

Helicopters Limited. With this layout the feasibility of using a 

small remotely piloted helicopter (RPH) for real time surveillance 

and reconnaissance was investigated. From the prototype RPH design, 

named Mote, through more advanced projects using CCTR crafts Wisp, 

wide-eye and Supervisor, the overall handling qualities have been 

successfully demonstrated. 

Although disjointed, the development of the CCTR has brought 

forth a variety of claims which if to be taken seriously and 

exploited in future development requires a greater indepth knowledge 

of this particular layout. The following section presents the 

research investigations which were carried out at Southampton 

University to increase the understanding of the aerodynamic 

properties of a CCTR. 

1.2 Research Development 

At the inception of the research study, the prototype RPH, 

developed by Westland Helicopters Ltd, was presented to the 

University for research investigations. Chapter 2 discusses the 

overall characteristics of the craft and the modifications made over 

the duration of the investigation. 

The expansive experimental research already in existance on 

single rotor aerodynamics has over recent years, with advances in 

computer hardware, been supplemented with more refined theoretical 

treatments. Such theoretical approaches, although not necessarily 

producing a higher degeree of predictive accuracy, have often 

identified areas where current experimental data is lacking. For 

example, results from advanced wake modelling codes developed by 

Johnson (14), suggest much more effort is needed to ascertain the 

strength, decay and overall characteristics of the tip vortex, even 

when evaluating integrated effects on a helicopter rotor. Chapter 3 

surveys the available literature reporting tip vortex data and 

presents equations defining the strength and circulation distribution 

of a Lip vortex. 
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Chapters 4 and 5 describe the developed CCTR wake theories for 

hover and forward flight respectively. Included in these chapters 

are comparisons with results from model and full-scale rotors. The 

adaption of the CCTR theory to an overall computer program ROTOR, is 

presented in Chapter 6. The program refinements include a well 

defined input procedure with the option to run interactively, 

combined with a generally written set of modular codes which may be 

used as a continuing research tool. Chapter 7 discusses one 

application of program ROTOR to a preliminary optimisation study of 

a hovering CCTR. 

Finally, a review of the research study and discussion of the 

results including conclusions and recommendations for future work is 

contained in Chapter 8. 
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2. EXPERIMENTAL RIG AND PROCEDURE 

2.0 CCTR Rig 

The CCTR rig used throughout this investigation was presented 

to the University of Southampton by Westland Helicopters Limited. 

Initially developed as a prototype design to explore the control 

characteristics and problems encountered with CCTR RPH's, the 

complete craft (named Mote) was extensively modified for adaption to 

experimental research. 

All experimentally redundant structures were removed from the 

craft leaving only the main frame, drive shafts and rotor heads. The 

two lOcc glow plug motor power supplies were initially replaced by 

one large 1.5 horse power direct curent motor. This was later 

upgraded by two small electrical dc motors (max power of each = 0.4 

horse power) which have been especially developed for model 

applications. Light in weight, very compact and low in cost the 

major disadvantage of a model motor is the high current drawn 

through its windings (e.g. amps =10, volts =12), and resulting low 

electrical efficiency. Nevertheless, these motors were easily 

integrated to the main frame and considered highly desirable, 

especially for forward flight testing. 

The rig (Fig 1) was mounted on four strain gauged flexures 

which were calibrated to measure the overall lift. The power 

absorbed by the CCTR system was determined from recording the input 

power to each motor and correcting for known motor and mechanical 

losses. The latter was evaluated by running the rig at sample RPM's 

without blades, and generating representative opposing torques on 

the drive shafts using a frictional torquemeter. The torquemeter was 

constructed from a cord taken over a drive shaft and connected to a 

spring balance and freely hanging mass. As the rig is run-up, the 

cord produces an opposing frictional torque which can be determined 

from the change in tension registered by the spring balance. It was 

observed that changes in efficiency took place during prolonged 

running of the rig and was assumed to result from the increase in 



Page 

temperature in the motor windings. To account for this when 

establishing thrust/power characteristics, on the spot efficiencies 

of the rig were determined using the torque meter for each separate 

thrust condition. Nominally however, the overall system efficiency 

was less than 30%. 

The salient rig characteristics are:-

Configuration 

No blades/rotor 

Rotor spacing 

Rotor radius 

Max RPM 

Twin rotor, contra-rotating 

coaxially mounted 

Two 

19.6cm 

76cm 

600 

and 

A variety of blades were used during the course of the 

investigation and unless otherwise stated, the default blade 

characteristics assumed in program ROTOR are:-

Blade Fixing Teetering 

Lift curve slope (rads) 5.73 

Profile drag coefficient (after Bailey (15)) 

2 .1 Experimental Procedure 

CCTR hover was investigated with the rig thrusting downward 

(blades inverted) to minimise re-circulation affects. Wake detail 

was collected using 

1) Smoke visualisation/photographic techniques to locate the 

tip vortices of each rotor. 

2) A single non-directional hot wire anemometer developed at 

Southampton University (15) to determine the induced velocity 

flow field and the magnitude of the trailing tip vortex 

strengths. Hard copies of the tip vortex speed/time signatures 

were obtained from a graph pen recorder. 
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With the RPM (synchronous rotor RPM was achieved by an 

Interconnecting toothed timing belt linking the two drive shafts) of 

each rotor being monitored by magnetic pickups connected to a 

tachometer, the power absorbed by each rotor was recorded. 

Differential collective was then applied to trim out any power (yaw) 

imbalance in the rotors. For this particular CCTR, differential 

pitch settings well under 1.0 degree were found adequate to 

maintain trim. Overall rotor thrust and power were then measured. 

This procedure was repeated for a variety of pitch settings. 

Forward flight performance of the rig was similarly 

Investigated in Southampton University's 7x5 feet wind tunnel. 

Initially, the tunnel wind speed was set as required, without the 

rotors turning, to zero the strain gauge outputs from the four 

supporting flexures. Thereafter, the rig was run-up to a predefined 

RPM with simultaneous application of the rotor controls to remove 

any differential forces on the flexures. The corresponding control 

settings, overall rotor thrust and power were then recorded. Further 

smoke visualisation tests were also carried out in the 10x8 feet 

working section to investigate tip vortex wake affects in low 

advance ratio flight conditions. In all, advance ratios, between 0 

to 0.25 were investigated for a variety of rotor loading conditions. 

Chapter 3 introduces the tip votex experimental data, while 

Chapter 4 presents the Mote hover performance results. Chapter 5 

Includes both the forward flight performance characteristics, and 

discusses some of the smoke visualisation photographs gathered 

during the experimental programme. 
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3. TIP VORTEX MODELLING 

3.0 Int roductlon 

Over the last decade, the complexity of rotor wake computer 

analysis has increased greatly. Nevertheless, underlying the 

theoretical models are basic assumptions not fully endorsed by 

experimental investigation. For example, the common practice of 

setting the strength of an assumed Rankine tip vortex ('solid body' 

rotational core with an irrotational outer region) equal to the peak 

circulation on the blade is immediately open to criticism. Following 

a similar viewpoint, Johnson (14) in a recent paper concludes that 

'to correlate and develop non-uniform distorted wake models further 

requires experimental data that encompass the details of rotor 

aerodynamics such as the measurement of the tip vortex circulation, 

core size and peak velocities even when the paramters of most 

interest are the integrated effects such as the first harmonic 

flapping motion'. 

Considering the substantial influence of the tip vortex on 

blade air loads, especially in hover and at low advance ratios, a 

survey of the available vortex data was undertaken to check the 

validity of the currently used assumptions. The resultant salient 

findings covering the vortex core, vortex structure and decay are 

presented in sections 3.1 - 3.5.1, and collectivly discussed in 

section 3.6. 

3.1 Vortex Core Maximum Induced Velocity and Radius Defined 

For a Rankine vortex, the maximum tangential vortex induced 

velocity V^ • is located at the 'solid body' rotational core edge. 

Within the 'solid body' region or vortex core, the general vortex 

induced velocity v^, is directly proportional to the radial distance 

r, from the vortex centre, reaching a maximum value V at radial 

distance r , defining the core radius. (i.e. v^ = , r= r^). In 

utilising a vortex core model an estimation of the core radius and 

strength is required. Ideally, explicit equations determining 
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and are necessary to minimise computational time. 

McCormick et al (17) have fitted empirical equations to a 

collocate of vortex data yielding, 

Vg/V^= 0.625C^ 

V c = 0.02+0.035C_ 

(3.1) 

(3.2) 

R = 3.5*10' 
e 

V ̂  is the rotor tip speed and w is defined as the distance from the 

vortex centre where the vorticity has reached half its centreline 

value (a logarithmic distribution of vorticity is assumed by 

McCormick). Considering the limited cases investigated (Â . <6, V^= 

31 m/s) to determine equations 3.1 - 3.2, the agreement shown in 

Figure 2 is very reasonable. However, the equations do lack 

universality which is best highlighted by comparisons with 

Carradonna et al (18) vortex data. Similarly, although good 

agreement was found by Andrew (19) by fitting expressions to a 

variety of vortex data taken at typical lift coefficients and tip 

Mach numbers of less than .55 (Figure 3), the equations become less 

valid for Mach numbers approaching unity. The equations reported in 

reference (19) are:-

r /c = (1->1) te 

C 

Vg/Vp = (l+(6.6/A^))(tC^/c) 
1/2 

(3.3) 

(3.4) 

To obtain a better global fit, an extended collacate of vortex 

data was examined. Spivey (20) has concluded that for low Mach 

numbers, the tip vortex location and direction is not affected by 
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centrifugal forces or pressure gradients. Further, Chigier et al 

(21) argue that the vortex structure generated from a fixed wing and 

a rotating blade should be similar. Consequently, the presented 

vortex data has been accumulated from rotating blade and fixed wing 

investigations. 

3.2 Problems of Data Correlation 

Great care must be taken at all times when making comparisons 

with and using other sets of experimental data. The limitations of 

the experimental technique, the test conditions and the way the data 

have been derived and presented must be fully appreciated. The two 

sets of data obtained by Chigier and Corsiglia (21,22) serve as a 

typical example of where caution is necessary in interpreting the 

results. In reference (21) the triple hot wire anemometer was fixed 

at a single position for a 'sufficient length of time' to record a 

time mean averaged value. For a blade pitch setting of 12 degrees, 

the maximum vortex induced velocity recorded was 0.37V^. In 

contrast, the reported maximum induced velocity in reference (22), 

where almost identical test conditions were investigated was 0.68Vj.. 

In this case, the measuring probe was rapidly scanned many times 

through a vortex yielding a quantity of vortex peak velocities which 

were later averaged. 

The discrepancies between probe fixed and probe moving data 

arise, in part, from the behaviour of the vortex itself. In both 

references (21) and (22), a measurable vortex meander was noted ( a 

Crow type of instability). For the probe fixed case (21), this 

produced a fluctuating velocity field. Consequently the probe was, 

for substantial periods, recording velocity signatures with 

magnitudes less than the maximum values within the vortex. When 

averaged, the resultant 'peak' velocities produced were much less 

than the maximum velocity within the vortex. For the moving probe 

case (22) however, effectively instantaneous velocity values are 

recorded, yielding a much better estimate of the peak velocities 

within the vortex. 
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3.3 Salient Features of the Tip Vortex Core 

Even with the problems of data correlation, a number of salient 

features are highlighted in the literature, giving adequate guidance 

for tip vortex modelling;-

1) The strength of the vortex core K , (given by = 2wV^r^ ) 

increases with increase in pitch 9 . (22,25,26,27,28). 

Generally, this results from an increase in both , and . 

However, exceptions are reported where remains roughly 

constant (27), and may result from the experimental techniques 

used, or a possible redistribution of the vorticity throughout 

the vortex (see Section 3.4.) 

2) Vg increases linerly with pitch (22,25,26,27). However, 

beyond maximum pitch, blade stall greatly modifies the vortex 

producing a diminished V g and an uncharacteristically 

thickened vortex core (28). 

3) Flow measurements of a rectangular tip section (29,30) 

evince that the vortex core initially forms at the side of the 

tip and moves over to the top surface at or beyond the region 

of maximum thickness (largest pressure gradient). 

4) If a rolled up tip vortex is said to comprise of a 'solid 

body' rotational core surrounded by a further distribution of 

vorticity, then the rolling up process may take many wing tip 

chords. However, it must be emphasised that large velocities 

are induced back onto the wing immediately the core departs 

from the trailing edge. 

Andrew's equation (3.5) can be simplified to reflect the 

extended set of vortex data by linearising with respect to pitch 

8» and redefining aspect ratio A = R/c, yielding 

Vg/V^ = (l+(6.6/A^))K^0 (3.5) 

(0 in degrees) 
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McCormlck et al (17) have indicated that the core radius r^, 

could be as small as 2% of the blade chord, but theoretical analyses 

incorporate ve r>'' wide ranging suppositions. Typically the core 

diameter is set to 10% of the blade chord (25) or 1% of the blade 

radius (31). More recently, it has been found that to guarantee 

predictive accuracy a theoretical core radius of 5% blade radius was 

used. (14,32). Consulting Figure 4, it is immediately obvious that 

for regular aspect ratio blades r̂  is generally over-estimated and 

insensitive to changes in operating conditions. 

An intersting observation (see Figure 4) is that the vortex 

core radius departing from the blade trailing edge is of the order 

of the turbulent boundary lower thickness i.e 

r^/c = (3.6) 

Where from the limited experimental data available, the best fit 

empirical constants are given by: 

= 2.64x10 , in equation (3.5) 

Kg = 1.2 , in equation (3.6) 

Combining equations 3.5 and 3.6 yields the vortex core strength 

K of, 
c 
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K = 2TTV C ( ( ( 1 + ( 6 . 6 / A ) ) K 9) K R (3.7) 
c t r 1 2 e 

Interestingly, equation (3.7) indicates that the vortex core 

strength is proportional to pitch squared; whereas the blade bound 

circulation r is proportional to 8 giving the ratio: 

K /r=8 (3.8) 
c 

It must be emphasised that this expression does not violate the 

conservation of circulation. It simply states that the normalised 

vortex core strength grows with blade pitch; while the remaining 

blade circulation may be viewed as being shed as discrete vortex 

filaments. 

This result is, perhaps, indirectly endorsed by the 

experimental difficulty encountered in generating a tip vortex at 

low pitch settings. Indeed, below pitch angles of 7 degrees, Tangier 

et al (26) had great difficulty in recording a trailing tip vortex. 

Carradonna et al (18) similarly found that for a low pitch 

setting / r was less than that for a higher pitch setting. 

The effects of compressibility on the vortex core have not been 

Included in equations (3.5) and (3.6) since to the author's 

knowledge, no substantial body of vortex data exists on this 

subject. However, Carradonna et al (18) have indicated that the 

vortex structure does change with Mach number reflecting transonic 

flow conditions. This is accompanied by a reduction in the maximum 

core edge induced velocity . Nevertheless, the limited results 

indicate that the far field of the vortex remains unchanged with 

only the inner sections of the vortex changing appreciably. Such 

changes, if required, may be modelled by the developed equations in 
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the following section. 

3 .4 Tip Vortex Roll-Up 

Landgrebe (23) has concluded that the induced downwash on the 

blade from the inboard vortex sheet is an order of magnitude less 

than the induced velocity distribution from the tip vortex wake. 

This results partly because the vorticity is not as concentrated and 

partly because it tends to be convected downward faster than the tip 

vortex. However, some of the vortex sheet may be captured by the tip 

vortex, modifying the induced velocity distribution outside of the 

vortex core. 

From fixed wing experimental evidence, Nielsen and Schwind (33) 

modelled a completely rolled-up vortex based on an analogy with the 

structure of a turbulent boundary layer. This has been further 

utilised in reference (22). More recently, this analogy has also 

been applied to rotor tip vortices (34). Modifying the equation of 

reference (22) by non-dimensionalising with respect to the blade 

chord c, yields 

Core region, 

K/r - A(r/c)2 (3.9) 
max 

0 

Logarithimic region, 

K/r = Bln(r/c) + C (3.10) 
max 

Defect region. 

ln(l-(K/r ^ ))= D(r/c) + E (3.11) 
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References (22) and (34) identify 'best fit' coeficients for a 

particular set of vortex data. A more general approach to estimate 

the coefficients A-E for any individual vortex is suggested in the 

following procedure:-

For a "solid body" rotational core, the vortex strength may be 

given by: 

K = 2nV r (3.12) 
e s c 

Comparing equations 3.9, 3.12 yields. 

A=2nv c^/tr r ) (3.13) 
s ĉ  max 

V and r are computed from equations (3.5) and (3.6) 
s c 

For the logarithmic region, consider dK/dlnr: 

•2 

dK/dlnr = rdK/dr = 2nvr + 2it r dv/dr 

Whence, 

(dK/dlnr)r=r = K , (3.14) since (dv/dr) r=r = 0 
c c c 

Hence, comparing equations (3JL0) and (3.14) yields. 

B = Kc/ Lax (3.15) 

C = B( l-ln(r^/c)) (3.16) 
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To obtain the coefficients D and E, the radial distance to the 

perimeter of the logarithmic region r^, and the outer radius of the 

vortex TQ, the following conditions are typically satisfied:-

1) Continuing the boundary layer analogy, the outer radius of the 

vortex r^, is defined where the vortex circulation strength K , 

reaches 99 percent of the peak circulation on the blade r 
max 

However, research has indicated (28,35) that the final vortex 

strength may be much less than the expected value. Consequently 

a more general expression may be used: 

K = nr (3.17) 
o max 

0 ^ n ^ 0 . 9 9 

Using equations 3.11 and 3.17 yields 

In(l-n) = D(r /c) + E (3.18) 

2) Continuity of circulation is satisfied at r^, giving; 

Bin(r^/c) + C = l-exp((Dr^/c) + E) (3.19) 

3) Similarly, In the outer regions of the vortex, sharp 

discontinuities in circulation are assumed not to exist, whence 

(dK/dr) _ = B/r = -(D/C)exp ((Dr /c) + E) (3.20) 
r—r^ i i 
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To develop the remaining equation, a simple work/energy theorem 

has been postulated. That is, the total rotational energy per unit 

length of a fully rolled up tip vortex was equated to the induced 

drag on the blade from the points of peak circulation to the tip. 

The theorem which is presented in Appendix 1 produces the following 

equation:-
-|r=1.0 

2 2 
E = ((pTir V )/4) + (VARl) (VAR2 + VAR3) = induced drag 

where, <3'21) 

2 
VA&l = pr /4n 

^taax 
r _ 

1 
VAR2 = 

r 
c 

(0.331n^r-lnrlnc+lnrln^c)+BC(ln^r-21nrInc+C^Inr 

r m m 
or 

VAR3= 

r 

lnr+exp(2E) (Inr+ 2Dr/c)(m*mI) -2exp(E) (inr+<^(Dr/c)™ 

1 1 /(m*mI)) 

Equation (3.21) is solved with equations (3.9) - (3.20), yielding an 

initial value of the tip vortex rotational energy ^ . Further 

solutions are evaluated by iteration until the vortex rotational 

energy E is equal to the induced drag on the blade between tip and 

nP (the default value of „ being 0.99); while simultaneously 
max 

satisfying the conservation of circulation law, where the 

circulation contained in the vortex K equals nT :. Both energy 
o ^ max 

and circulation conservations laws are satisfied simultaneously by 

ajusting the vortex outer structure (equations (3.19) and (3.20)). 

Thirty stations were located in the outer 10% of blade radius 

to compute the induced drag and peak blade bound circulation using 

two dimensional aerofoil theory as presented in Appendix 2. 

3 .5 Vortex Decay 

A general observation of the tip vortex wake shed beneath a 

hovering rotor is that the tip vortex dissipative rate is much 

greater than ideal theory would suggest. Widnal (36) has shown that 

below a helical pitch of 32 degrees the filaments will become 
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unstable due to their strong interactions. Such interactional decay 

has been reported by Tangier et al (26) using schlieren flow 

visualisation techniques. They found that vortex instability was 

accentuated by the development of an asymetric wake which resulted 

from the finite tolerance limits of blade manufacture, pitch 

settings etc. Maximum interaction occurred at complete wake 

contraction where two adjacent vortices, generated by neighbouring 

rotor blades, began revolving about their common centroid of 

vorticity. While this is occurring the two vortices draw closer 

together becoming unstable and either destroy each other or combine 

to form a weak diffuse vortex. 

By considering a two-dimensional representation (Figure 8), the 

respective velocities are: 

= Kg/CZna) , Vg = K^/(2na) 

Equating the strength of each vortex to an analogous mass, a 

centroid of vorticity c, lying on the line joining the vortices can 

be determined from. 

k^a^+ = 0 

Fo r the case where Kj = K^, the vortices would revolve about their 

centroid with angular speed w^ given by. 

W ^ = K ^ / ( N A ^ ) ( 3 . 2 2 ) 

By increasing the number of blades (same blade loading) the axial 

separation between consecative vortices is reduced. For similar 

blade loadings, equation (3.22) indicates that the angular rate w 

would similarly increase causing further Instabilities and rapid 

diffusion. 
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This instability appears as sinusoidal fluctuations of the tip 

vortex which grow with time (26). Similarly, reducing the collective 

pitch decreases the axial vortex spacing enhancing rapid decay. 

Another instability was also noted for independant vortices 

even in a four bladed rotor. The vortex core was seen to expand 

until only a diffuse vortex could be registered. An example of this 

decay is given in Figure 7. 

3.5.1.Axial Velocity Effects on Vortex Decay 

The description vortex decay is often interpreted as the time 

dependant decay of the vortex strength (circulation) as, for 

example, predicted by Lamb (65). Effectively the strength K, at time 

t, is given by K = K exp(-ct), where K , is the initial value of 
o o 

the vortex strength and c, either a predetermined constant or 

estimated from a 'best fit' experimental curve. Theoretically, the 

vortex strength decay is extremely slow and implies that a large 

number of rotor wake revolutions should be detectable beneath a 

lifting rotor. Experimental results however, indicate the the 

'decay' of the helicopter tip vortex is much more rapid. This is 

often allowed for in wake modelling by simply increasing the value 

of the constant c, in the decay equation stated above. 

It is suggested in the following argument that the assumption 

of rapid circulation decay can be a gross misrepresentation of the 

'decay' mechanism. Take, for example, the well known incompressible 

flow expression describing the equilibrium state of the vortex, 

where the pressure gradient across the vortex matches the 

centrifugal force, namely 

(l/p)dp/dr = w^/r (3.23) 

whence integrating between the core radius r and the vortex outer 
c 



radius r , where 
o 

P A G E 20 

K = K = constant 
c 

(3.24) 

and 

? 7 ? 
w = K / (4Tf r ) (3.25) 

yields 

(pc - /p 
^ 2 

K / (gn r ) 
c 

(3.26) 

whence , assuming r 

(p - p ) = PK^ /(8n r^l 
o c c 

(3.27) 

Applying the conservation of circulation low implies K remains 
c 

constant. Therefore, any weakening of the pressure gradient across 

the vortex will be associated with a vortex core expansion. 

Now Tangier et al (26) have reported rapid vortex core 

expansions resulted when two vortices come into close proximity. In 

this instance, as the two vortices approached each other, the static 

p ressure would reduce, weakening the stabilising vortex pressure 

gradient and, therefore, producing a vortex core expansion (equation 
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3.27). 

However, Tangier et al (26) also report that at low pitch 

settings (< 7 degrees), the strength of the rotor tip vortex is 

reduced, and the vortex core axial velocity is seen to diminish 

quickly. This also results in a rapid vortex core expansion. 

Equally, Logan (40) has found that for weak vortices, axial 

velocities diminish with downstrem distance and remain unchanged for 

strong vortices. Ag&^n, as the vortex axial velocity falls, the 

static pressure within the vortex core will increase, weakening the 

vortex stabilising pressure gradient. The same vortex core expansion 

results. 

Interestingly, the actual strength (circulation) decay may be 

extremely slow as theoretically predicted; yet as a result of the 

vortex core expansion, may occupy such a large volume that the 

corresponding velocity field is greatly diminished. 

3.6 Discussion and Conclusion 

The modelling equations 3.5 and 3.6 used to evaluate vortex 

core radius r^, and corresponding vortex induced velocity V^, are 

compared with experimental data in Figures 9 and 10. Figure 9 

indicates an increase in is found with increasing blade pitch. 

Other researchers have also reported this trend (22, 25, 26, 27). 

Figure 10 also shows a similar connection between core radius r^, 

and blade pitch. However, other investigators have concluded that 

the core radius does not vary substantially throughout an incidence 

range of 8 to 12 degrees (22), at least for the fixed wing case. 

This may partially result from the limitations of an experimental 

technique or the variability in data obtained, as can be similarly 

seen on Figure 10. Nevertheless, such conclusions cannot be wholly 

ignored and place a level of uncertainty in the universality of 

equation 3.6. The core radius magnitude, however, is more accurately 

defined with values much less than commonly used in theoretical 

analyses (14, 25, 31, 32). 

For completeness, Figure 11 has been included to indicate 
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possible affects of compressibility on the tip vortex. The salient 

changes are a reduction in peak induced velocity , and a 

redistribution of vorticity throughout the vortex. Interestingly, 

the far field remains unaltered, allowing an incompressible solution 

to adequately model the effects of the vortex on a point away from 

the immediate vicinity of the core. Plotted with the data on Figure 

/ 72 

11 is the function r̂  (y 1-M ). Although, with the limited data 

available this solution can only be proposed as a possible 

approximation, it may partially explain that within the limits of 

experimental variability, Rorke (25) found no marked changes in V , 

from test ranging from free stream Mach numbers of 0.2 to 0.6. 

The equations developed in Section 3.4 to describe the complete 

structure of a trailing tip vortex have been used to evaluate the 

circulation distribution through a known rotor tip vortex structure 

(39). In this case, the value of 'n' in equation (3.17) was reported 

to be 0.99. Figures 13 and 14 show the comparison between the 

resultant predicted circulation curves for a rotor with an aspect 

ratio of 13.7 and blade pitch settings of eight and twelve degrees 

respectively. Both the circulation distribution and outer vortex 

radius are well predicted. The associated velocity distributions are 

given in Figure 12, while Figure 15 highlights an equivalent Rankine 

vortex with the same core radius producing an identical velocity far 

field. As can be seen from Figure 15, this is accomplished at the 

expense of the near field velocity distribution. 

Figure 16 indicates, however, that the final vortex strength 

may be much less than the peak circulation on the blade. The data, 

which was taken from reference (28), shows that for a given thrust, 

the strength may vary substantially and furthermore, is not constant 

over a thrust range. This may result from the affects of a high 

blade aspect ratio (20.5) and the corresponding relatively low 

circulation strength of the vortex core (Figure 17). For comparison, 

the generalised logarithimic constant B (=K . / r ) in equation 
c max 

3.10, is given in reference (34) as 0.39. However, interpreting the 

results presented in reference (34), the following simple 

relationship may be postulated; 
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nr = 3.tK (3.28) 
M A X c 

Applying this relationship to Cook's (28) full-scale rotor data, 

produces vortex circulation strengths much less than the blade's 

peak circulation. However, expression (3.28) yields a general 

underestimate of the vortex strength over most of the thrust range 

as shown in Figure 18. 

U S I N G T H E S A M E P R O C E D U R E S TO E V A L U A T E A T H E O R E T I C A L V O R T E X 

S T R U C T U R E F O R C O O K ' S R O T O R , I N I T I A L C O N V E R G E N C E B E T W E E N I N D U C E D D R A G 

A N D V O R T E X R O T A T I O N A L E N E R G Y C O U L D NOT B E E S T A B L I S H E D . T H E 

C O R R E S P O N D I N G V O R T E X E N E R G Y W I T H ' N ' S E T TO 0 . 9 9 W A S A L W A Y S IN 

E X C E S S OF THE I N D U C E D D R A G V A L U E . U S I N G J U S T T H E ' S O L I D B O D Y ' A N D 

L O G A R I T H I M I C R E G I O N S TO D E F I N E T H E V O R T E X S T R U C T U R E , T H E V O R T E X 

P A R A M E T E R S W E R E R E - E V A L U A T E D , C O N V E R G I N G F I R S T L Y O N THE I N D U C E D D R A G 

V A L U E C O M P U T E D AS B E F O R E A N D S E C O N D L Y , O N A M E A N E X P E R I M E N T A L V A L U E 

F O R T H E V O R T E X S T R E N G T H . 

The corresponding values of the outer rotor radius for the two 

cases were .472m and .165m respectively. The experimentally measured 

value of .162m, indicates that the latter method of convergence more 

accurately defined the vortex parameters. That is, from knowing the 

total strength of the vortex, a good approximation to the structure 

can be predicted with equations (3.9) and (3.10). Moreover, if the 

vortex strength is much less than the peak circulation on the blade, 

computation of the vortex structure may be achieved without using 

the defect vortex equation (3.11). The resultant velocity 

distribution is depicted in Figure 19. The theoretically predicted 

curve over-estimates the velocity distribution outside the vortex 

core and is seen to arise from estimating a core radius in excess of 

the measured vlaue. However, taking into consideration the spread of 

vortex strength data for a given thrust (Figure 16), this 

discrepancy is well within the experimental tolerances. 

F O R L O W A S P E C T RATIO R O T O R B L A D E S M O S T OF THE B L A D E C I R C U L A T I O N 
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is found in the vortex core. Indeed, for a blade aspect ratio of 6 

and a collective pitch of twelve degrees, Carrandonna et al (18) 

report that all the circulation was found within the vortex core. 

Such findings indicate that a generalised circulation curve and 

associated logarithimic constant B equal to 0.39, as expounded in 

reference (34) is highly questionable. Alternatively, equations 3.5 

and 3.6 allow greater flexibility in evaluating the core circulation 

ratio B, and reflect the experimentally found tends of varying 

vortex structure with rotor blade aspect ratio. 

S E C T I O N 3 . 5 I N D I C A T E D T H A T V O R T E X D E C A Y IS NOT N E C E S S A R I L Y A 

F E A T U R E OF S T R E N G T H O R C I R C U L A T I O N D E C A Y , B U T M A Y R E S U L T FROM A 

RAPID V O R T E X C O R E E X P A N S I O N . T H E V O R T E X C O R E E X P A N S I O N T A K E S P L A C E 

W H E N T H E P R E S U R E G R A D I E N T A C R O S S THE V O R T E X IS W E A K E N E D . T H I S M A Y 

H A P P E N W H E N , 

1. a vortex-vortex interaction occurs 

2. the vortex core axial velocity diminishes 

T H E F A L L I N G V O R T E X A X I A L V E L O C I T Y IS M O R E O F T E N S E E N TO O C C U R 

I N W E A K E N R A T H E R T H A N S T R O N G E R V O R T I C E S . 

More recently, the variation in vortex core radius over the 

first 90 degrees of azimuth (until the following blade passage) has 

been published (41) for a four bladed rotor with a blade aspect 

ratio of 15 and a chord of 0.05m. The data, shown in Figure 20, 

indicates the rapidity of the expanding vortex core which has more 

than doubled in less than a quarter of a rotor revolution. 

With the equations developed for defining the vortex core and 

subsequent rolled up vortex structure, combined with an appreciation 

for the vortex core expansion process, the overall wake modelling 

techniques may now be described. Chapters 4 and 5 present the hover 

and forward flight models respectiely; both of which use extensively 

the vortex equations presented in this Chapter. 
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4. COAXIAL COUNTERROTATING TWIN ROTOR AERODYNAMICS IN HOVER 

4.0 Int roductIon 

Wake flows generated by hovering rotors have been studied in 

great detail (3, 18, 23, 31, 44). Except for the most simple 

momentum/blade element approaches to rotor performance prediction, 

the modelling of rotor wakes has relied heavily upon the 

availability of computer hardware. Offsetting this availability 

however, is the ever increasing need to reduce computational costs 

by decreasing the time required to achieve a successful run. 

Consequently, a suitable compromise between the degree of complexity 

incorporated in any wake model and the computational time required 

has to be reached. 

M A N Y R E S E A R C H E R S H A V E I D E N T I F I E D A G E N E R A L W E A K N E S S IN 

M O D E L L I N G R O U T I N E S TO D A T E . N O T A B L Y , C H E E S E M A N ( 4 3 ) , M I L L E R ( 4 4 ) A N D 

J O H N S O N ( 1 4 ) I N D I C A T E THAT T H E F O R T H C O M I N G M O D E L S R E Q U I R E A B E T T E R 

U N D E R S T A N D I N G OF T H E S T R U C T U R E , S T R E N G T H A N D D E C A Y OF R O T O R TIP 

V O R T I C E S . I N T H E F O L L O W I N G S E C T I O N S A N U M B E R OF W A K E M O D E L S A R E 

P R E S E N T E D F O R G U I D A N C E I N S E L E C T I N G A P O S S I B L E O P T I M U M M E T H O D W H I C H 

C O U L D I N C O R P O R A T E THE TIP V O R T E X I N F O R M A T I O N P R E S E N T E D IN C H A P T E R 3. 

4.1 General Wake Approaches 

T H E P R O B L E M OF E V A L U A T I N G THE I N D U C E D D O W N W A S H D I S T R I B U T I O N 

A L O N G A R O T O R B L A D E H A S B E E N PAID M U C H A T T E N T I O N . T H E R E S U L T I N G 

T H E O R I E S A N D W A K E M O D E L S I N C L U D E T H E S I M P L E G L A U E R T T Y P E S T R I P 

A N A L Y S I S ( 4 5 ) , A F O U R I E R S E R I E S R E P R E S E N T A T I O N OF B L A D E A I R L O A D S 

( 4 6 ) , L O C A L M O M E N T U M A P P R O A C H E S ( 4 , 4 7 ) A N D V O R T E X T H E O R I E S R A N G I N G 

F R O M P R E S C R I B E D W A K E S ( 2 3 ) , TO THE M O R E A D V A N C E D F R E E - W A K E A N A L Y S E S 

( 4 4 , 4 8 ) . B L A D E R E P R E S E N T A T I O N BY A L I F T I N G L I N E H A S B E E N 

S U P E R S E E D E D BY THE M O R E E X A C T I N G L I F T I N G S U R F A C E M E T H O D S ( 4 9 ) . 

T H E C O M B I N E D M O M E N T U M - B L A D E E L E M E N T A P P R O A C H OF S T R I P T H E O R Y 

R E C O G N I S E S THE M A J O R D E S I G N P A R A M E T E R S A N D Y I E L D S A N E S T I M A T E OF THE 

I N D U C E D V E L O C I T Y A T ANY S P E C I F I E D B L A D E E L E M E N T . H O W E V E R , THE T H E O R Y 
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in general, requires the application of a tip loss factor to 

increase the rotor performance predictive accuracy. This 

restriction, combined with the inability of the theory to model 

temporal variations in the flow, limit its usage. 

To overcome these limitations, vortex theory has been developed 

to provide a more physical representation of blade airloads. With 

advances in computer hardware more exacting theories have been 

presented. Such theories usually require extensive computer code 

with many iterative and numerical routines necessitating large run 

times. Unfortunately, this does not always guarantee good predictive 

accuracy. For example, reference (50) indicates that a free-wake 

model can produce severe wake distortion, leading to blade vortex 

interactions not apparent in actual hovering tests. Ultimately, 

'relaxed' procedures are often necessary to fine tune the desired 

output. Nevertheless, vortex theory can be most readily applied to 

compute temporal variations in the flow and is important when 

estimating the influence of one blade or rotor on another. 

4.1.1.CCTR Wake Approaches 

The most fundamental approach to CCTR hover perfomancce 

prediction is that reported by Harrington (51). The CCTR is 

represented by a single rotor with the same radius and number of 

blades (equivalent blade solidity). The predicted performance for a 

test CCTR shows reasonable agreement over a large thrust range and 

is, therefore, a useful model for a first approximation. Another 

simple model was used in the Advancing Blade Concept CCTR 

verification programme (52). Applying momentum theory, the induced 

velocities of the lower rotor is assumed to increase by the average 

downwash from the upper rotor. This was later modified with the 

supposition that the upper rotor wake is fully developed and only 

the inner 50% of the lower rotor area is exposed to the fully 

developed wake; with the outer sections taking in clean air. 

Similarly, Stepniewski (2) incorporated strip theory into the 

evaluation of the affect of one rotor on another, yielding a better 

blade loading distribution. However, as with all the aforementioned 

approaches, this method assumes averaged or fully developed wake 
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flows and is inadequate, for example, in determining the full 

influence of varying the inter-rotor spacing. 

A more concise method is that developed by Cheeseman (53), who 

combined a lifting line approximation to translational lift plus a 

stream tube model for propeller lift. The trailing helical tip 

vortex wake is approximated by a straight line horeshoe vortex 

system with strengths set equal to the peak circulation on the 

blade. Wake contraction is not considered. 

Recently, renewed interest has been shown by the Japanese in 

CCTR configurations. In reference (32), momentum theory is developed 

by modelling the two rotors as actuator discs, to predict the 

optimum load sharing ratio for a given inter-rotor spacing. Implicit 

in the optimisation is the reliance of ideal flow conditions and the 

formation of an associated optimum wake geometry which as cited, 

does not adequately allow for the mutual influence of the two 

rotors. To overcome this limitation, a more rigorous treatement is 

also presented. Using a simplified free-wake analysis, the tip 

vortex wake is approximated by inviscid ring vortices. Each blade is 

represented by a lifting line. Of most interest are the results from 

a sensitivity analysis which was undertaken to guarantee predictive 

accuracy. The conclusions from the analysis indicated that the 

bounds for good accuracy were given by a rotor azimuth step ip = 2 0 

degrees, the number of vortex rings for each rotor N = 8, and the 

vortex core radius r^ = 0.05R (32). The large number of rings are 

required to prevent instabilities in the numerical convergence of 

the wake in close proximity to the rotors. It is suggested that such 

instabilities will be remedied by introducing viscoiS ity into the 

flow equations. The Incremental step of 20 degrees of azimuth is 

derived from a trade off between a realistic run time required for 

wake convergence, and the acceptable finite errors incurred during 

the integration procedures. Finally, the poor physical 

representation of vortex core radius may be an indicator of the 

useful applications of this model. For example, a rotor blade with 

an aspect ratio of 15 would have a vortex core radius of 75% blade 

chord. Referring to Figure 4, it can be seen that this approximation 

is an order of magnitude greater than actual results, and does not 
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allow for the substantial influence of changing rotor conditions. 

Finally, the application of local momentum theory (54) to CCTR 

performance prediction has shown good overall agreement and endorses 

the findings of Andrew (19), when comparing two and four bladed 

single rotors with a four bladed CCTR. The theory equates the local 

instantaneous momentum of fluid with the blade elemental lift to 

yield the elemental induced downwash. To estimate the timewise 

variation of the induced downwash after a blade pass, simplified 

vortex theory is applied, using a combination of a vortex ring 

(nearest vortex to the rotational plane) and a vortex cylinder 

(remaining vortices). Although the vortex model could be improved 

upon, the low computational time required for a successful run 

highlights the major advantage of this approach. 

4 .2 CCTR Vortex-Strip Theory 

The collection of aforementioned theories have emphasised 

specific modelling advantages. In general, momentum approaches 

require a low computational time, whereas vortex theory enhances the 

blade loading predictive accuracy. The present theory uses a 

simplified method, combining vortex and momentum theory in an 

attempt to exploit the advantages of each. 

Strip theory (15) (Appendix 2) yields an initial estimate of 

the induced downwash at a blade element vis:-

+OraiR)(-l + (1 + 2(8rn- V^) ) (4.1) 

2 16' 4V + V +OraCR 
C C f 

o aCR 
r 

Traditionally, a tip loss factor is introduced to allow for the 

finite span of the blade and the associated formation of the tip 
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vortex. Such tip loss factors are often applied such that they 

confusingly truncate the blade radius so that in the tip region no 

lift is generated. More realistically, the 'tip loss' is caused by 

the lift impairment resulting from the tip vortex induced velocities 

over the complete blade. This loss is not simply a result of the 

interference between a blade and its own tip vortex, but the 

summation of the velocities induced by the helical tip vortex wake 

propagating from all blades in the rotor(s). 

To incorporate a better estimation of the losses incurred by a 

finite rotor radius system while allowing for the lift contribution 

generated at the tip, strip theory has been combined with a vortex 

model. The latter represents the three-dimensional helical tip 

vortex wake by a series of straight line filaments, and using the 

Biot-Savart law to calculate the induced velocities at any specified 

point. The vortex filaments are either made to follow the empirical 

prescribed paths reported by Landgrebe (23), or alternatively, may 

be relaxed using the free-wake facility in program ROTOR (see 

Chapter 6). The vortex filament structure, degrees of azimuth step 

and number of wake revolutions, are all optional parameters input by 

the user of ROTOR. Furthermore, the time history of vortex core 

radius and associated velocity may be computed applying the 

assumptions and equations presented in Chapter 3. 

Each helical vortex trail is attached to its respective blade 

at the tip, with the solid body rotational vortex core already 

formed as defined by equation 3.5 and 3.6. If the turbulent boundary 

layer vortex structure is required, a roll-up of 60 degrees is 

assumed before the logarithmic and defect rotational regions are 

fully formed. This assumption has been endorsed by other researchers 

findings (18). 

For hover, by definition, the vertical climb velocity V , in 

equation (4.1), is exactly zero. However, the present theory 

suggests that each blade element perceives an additional induced 

velocity v , due to the tip vortex wake, which may be interpreted as 

a local climb velocity. That is, the induced v e l o c i t y , calculated 

at each elemental annular ring, replaces V^, in equation (4.1), to 
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produce a modified elemental strip velocity The resulting 

additional loss of useful angle of attack at each blade element 

reflects the losses associated with a finite radius rotor system, 

replacing the arbitrary tip loss factor. 

Figure 21 is a schematic representation of the presented model. 

The downwash from a given rotor is bounded by its respective tip 

vortex wake. The initial flow conditions at the entrance to the 

upper rotor disc are given by the induced velocities from the upper 

and lower rotor tip vortex wakes, V and V respectively; plus 
» V U V L U J > C 

the strip contribution V. from equation (4.1) where V (r) = V + 
I M C ^ ' V U 

V ^ More precisely, the inflow of any radial station point r, is 

given by:-

V. (r) = V (r) + V (r) + V. (r) (4.2) 
LU V U V L U I M U 

The Inflow in the section of the lower rotor immersed in the 

downwash of the upper rotor may be approximated by:-

v^^(r') = v\^(r)(R^/R^)^ (4.3) 

0 5 r' ^ R 
c 

(conservation of momentum) 

where 

r' = r(R /R ) (4.4) 
c u 
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Finally, the inflow in the outboard section of the lower rotor 

taking in clean air is given by:-

"il ' % 1 ^ % u l * "iml 

R < r < R , 
C I 

Equation (4.3) however, does not take into account the effect of the 

further pressure jump across the inner section of the lower rotor. 

This pressure jump, resulting from the lift generated on the lower 

rotor blades, is more noticeable with increasing radius. Figure 27, 

indicates that the downwash magnitude is underpredicted for both the 

upper and lower rotors in this region using equation 4.1 - 4.4. 

Stepniewski (2) hypothesised that the lower rotor immersed in the 

upper rotor wake share a common rate of flow; and assuming that the 

final induced velocity reaches twice the value of the upper rotor 

disc in the fully developed wake where the static pressure tends to 

the ambient value, produced on expression for the CCTR induced flow. 

However, Stepniewski's model does not take into account the 

vertical separation between the rotors, the tip vortex wake effects 

from both the upper and lower rotors and the influence of upper 

rotor wake contraction at the lower rotor disc plane R . Using 

Stepniewski's premise that the lower rotor immersed in the upper 

rotor wake share a common rate of flow, and considering the 

elemental thrusts generated on the upper and lower rotors 

simultaneously from momentum and blade element theories, including 

the above effects, it may be postulated 

momentum: 

dX (r) + dX (r')=4TTpr(v (r)+v. (r))v. (r)dr (4.6) 
u 1 ^ v im im 
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blade element: 

dT (r) = b gpsfr^a (0 -(v (r)+v, (r)))c dr (4.7) 
u u u u u _v im u 

0 r 
u 

(r') = b^lpf^r'^a^(8^-(yy(r)+v^^(r))(R^/R^)^)c^dr' (4.8) 

That is, the tip vortex induced velocity V^(r), is computed at each 

radial station r, from the tip vortex wakes of both the upper and 

lower rotors. For the momentum expression (4.6), the total tip 

vortex induced velocity is averaged a round a specified annular ring 

of radius r, yielding v^(r). with the inclusion of the upper rotor 

wake contraction, a radial station on the upper rotor r is 

associated with a radial station r'on the lower rotor (Equation 

4.8). 

Now, r'=r(R^/R^) (4.9) 

and, dr'=dr(R /R^) (4.10) 

Substituting equation (4.9) and (4.10) into (4.8) and equating 

equations (4.7) and (4.8) to equation (4.6) yields:-
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b^^psfrza^(8^-(vy+v.^))c^dr + b^ip ̂ r2ai(8^(r^/r^)3-(v^+v.))c^dr 

=4mpr(v +v. )v. dr (4.11) 
V im im 

Expanding and rearranging (4.11) yields; 

2 _ 
4TTV. +(4?v +b I A a c +b, 5 a, c,) v. 

im V u u u u 1/ 1 1 1 1 im 

2 

Yv_)-b^|c^n^ra^c^(8^(R^/R^)^-yy ) = 0 (4.12) 
o r 
u 

Where, solving the quadratic in V^^produces the solution:-

"^u/^fufu/^ijlfl2l)(-l + %!) (4.13) 

16n ibn 
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2 
where,/ c r 

EL= //l + 20 r(8 -v /(K r)+ b K a c (GifR /R )3-v /(Sir) 
1 / u V u ' u u u u l u c V 1 ' 

4Trv +v (1+ b-, a, c, iL ) + b a c ^ (E ) 
T V V 1 1 1 1 u u u u 2 
b a c n r — —77 
u u u u b a c L loir 

u u u u 

and. 

(4.14) 

u u u u u u u.,u 

Note that when the vertical separation tends to zero for a 

convential CCTR (i.e. b^ a-̂  C]_ = bya^Cu ^^and R^, r'-> r^the 

above equation collapses, to the text book solution for the 

equivalent single rotor (equation 4.1) where bg = b̂ ^ + b̂ .̂ 

Equations (4.13) and (4.14) were used to generate the inflow 

curves (labelled as theory No 2) on Figure 27. As can be clearly 

seen, the further pressure jump across the outboard section of the 

lower rotor immersed in the upper rotor wake is now more adequately 

represented, relfecting the experimental data. 

Knowing the total downwash, the inflow angle at any blade 

element is evaluated vis, 

v + v. (4.15) 
V im 

fir 

Overall rotor th rust and torque are computed by summing the 

individual differential thrusts and torques at each specified blade 

element using two-dimensional aerofoil characteristics (see Appendix 
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2). 

4 . 3 . 1 P R I N C I P A L F E A T U R E S OF V O R T E X - S T R I P T H E O R Y M O D E L 

Hot wire recordings of the tip vortex signatures from the flote 

rig indicated that the vortex was essentially Rankine in nature. 

Although some circulation could be seen outside of the vortex core 

it was not considered, in the first instance, significant. 

Consequently, initial evaluation of the Vortex-Strip model was 

undertaken using equations 3.5 and 3.6 to define the tip vortex 

s t rength. 

Figure 22 depicts the downwash velocity component distribution 

for a single two bladed rotor. The modified strip induced velocity 

distribution incorporates the effect of the apparent vertical 

climb velocity v The slight depression at 90% blade radius results 

from the upwash effect of the previous blade trailing tip vortex. 

The total theoretical velocity distribution compares well with 

experimental data. The largest discrepancies in velocities beyond 

70% blade radius results, firstly, from the differences in the 

predefined vortex position and strength, and secondly, in the 

limitations of the hot wire recorded data which are discussed later 

in this section. 

Figure 23 compares the present theory with conventional strip 

theory for a two bladed untwisted rotor set at a collective pitch, 

of 10.5 degrees. Over the complete blade radius, the vortex-strip 

theory predicts a higher induced downwash with a corresponding 

reduction in blade angle of attack at any specified blade element. 

These losses, reflecting those associated with a finite aspect ratio 

rotor blade, although a maximum qt the tip are nevertheless, spread 

over the complete blade radius. 

For the CCTR, the mutual interference effects are accounted for 

by evaluating the increments in inflow at one disc resulting from 

the velocity field generated by the other disc. To start the 

computation in program ROTOR (details given in Chapter 6), the 

inflow at the upper rotor disc is calculated using equations (4.13) 
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A N D ( 4 . 1 4 ) I N C L U D I N G T H E I N D U C E D E F F E C T S OF ITS OWN TIP V O R T E X W A K E . 

T H E I N F L O W A T THE I N B O A R D S E C T I O N OF THE L O W E R ROTOR D I S C I M M E R S E D 

I N T H E U P P E R R O T O R W A K E R E F L E C T S THE D I S T R I B U T I O N AT T H E U P P E R R O T O R 

D I S C C O R R E C T E D F O R W A K E C O N T R A C T I O N . T H E NET E F F E C T OF THE TIP 

V O R T E X V E L O C I T Y F I E L D O N T H E U P P E R R O T O R O N THE I N N E R P O R T I O N OF THE 

L O W E R R O T O R O V E R O N E C O M P L E T E R E V O L U T I O N IS G I V E N BY E V A L U A T I N G THE 

A V E R A G E D V O R T E X I N D U C E D V E L O C I T Y O V E R THE U P P E R D I S C . ( T H E A V E R A G I N G 

P R O C E S S , C A L C U L A T I O N P R O C E D U R E AND F U R T H E R P O T E N T I A L S A V I N G S IN 

C O M P U T A T I O N A L TIME A R E D I S C U S S E D IN C H A P T E R 6). F I G U R E 24 C O M P A R E S 

T H E A V E R A G E D V O R T E X I N D U C E D V E L O C I T I E S A R O U N D THE U P P E R D I S C W I T H 

T H E V E L O C I T I E S I N D U C E D A T T H E B L A D E . T H E L A T T E R D I S T R I B U T I O N D E F I N E S 

T H E I N I T I A L A P P A R A N T V E R T I C A L A S C E N T V E L O C I T Y V Y , U S E D I N E Q U A T I O N 

( 4 . 1 3 ) , TO D E T E R M I N E T H E S T R I P D O W N W A S H D I S T R I B U T I O N A L O N G THE U P P E R 

R O T O R . T H E T O T A L D O W N W A S H F R O M THE U P P E R R O T O R O N THE L O W E R R O T O R IS 

G I V E N I N F I G U R E 25. T H E O U T B O A R D V E L O C I T I E S ON THE L O W E R R O T O R A R E 

C O M P U T E D F R O M T H E A V E R A G E U P P E R TIP V O R T E X I N D U C E D V E L O C I T I E S AT THE 

L O W E R DISC P L A N E . W I T H T H E L O W E R R O T O R D O W N W A S H D I S T R I B U T I O N 

E S T A B L I S H E D F R O M T H E U P P E R ROTOR, THE L O W E R R O T O R TIP V O R T E X W A K E 

E F F E C T S O N B O T H T H E O U T B O A R D S E C T I O N S OF THE L O W E R R O T O R A N D THE 

C O M P L E T E D I S C OF T H E U P P E R R O T O R A R E C O M P U T E D . T H E L A T T E R 

C O N S T I T U T E S T H E I N T E R F E R E N C E E F F E C T S OF T H E L O W E R R O T O R O N THE U P P E R 

R O T O R ( F I G U R E 2 6 ) , A N D BY S I M U L T A N E O U S L Y U P D A T I N G T H E I N F L O W 

C O N D I T I O N S A T T H E U P P E R R O T O R D I S C , M O D I F I E S T H E S U B S E Q U E N T D O W N W A S H 

A L O N G T H E I N B O A R D S E C T I O N S OF T H E L O W E R R O T O R . 

T H E F I N A L D O W N W A S H D I S T R I B U T I O N S F O R THE R E S P E C T I V E R O T O R S A R E 

C O M P A R E D W I T H E X P E R I M E N T A L D A T A I N F I G U R E 27. T H E E X P E R I M E N T A L D A T A 

W A S R E C O R D E D U S I N G A S I N G L E N O N - D I R E C T I O N A L HOT W I R E P R O B E P L A C E D 

B E N E A T H E A C H R O T O R A N D A L I G N E D A L O N G THE B L A D E C H O R D A T E A C H B L A D E 

P A S S . T H E A B S O L U T E V E L O C I T Y M A G N I T U D E S R E C O R D E D AT A P L A N E .12R 

B E L O W T H E U P P E R D I S C , A N D THE A S S O C I A T E D W A K E C O N T R A C T I O N , W A S U S E D 

TO S C A L E B A C K THE V E L O C I T I E S I N T O THE P L A N E OF THE D I S C . A S I M I L A R 

P R O C E D U R E W A S A D O P T E D F O R T H E O U T B O A R D S E C T I O N S OF T H E L O W E R D I S C , 

W H I L E T H E I N B O A R D D I S T R I B U T I O N W A S E V A L U A T E D F R O M M E A S U R I N G THE 

A C T U A L V A L U E S •12R B E L O W T H E D I S C A N D C O R R E C T I N G F O R A N Y F U R T H E R 

W A K E C O N T R A C T I O N . T H E C O R R E S P O N D I N G B L A D E L O A D I N G D I S T R I B U T I O N S ARE 

G I V E N IN F I G U R E 28. T H E L O W E R R O T O R LIFT D I S T R I B U T I O N IS D E G R A D E D O N 

T H E I N B O A R D S E C T I O N S OF THE L O W E R R O T O R W I T H A S L I G H T N E G A T I V E 
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distribution to 36% blade radius. Thereafter, the loading remains 

below that of the upper rotor until approximately 80% blade radius 

whereupon the lift distribution exceeds that of the upper rotor 

loading. This results from the required increment in lower rotor 

pitch ^ 0 . 5 deg) to maintain yaw trim. Clearly, the combined 

vortex-strip theory yields a much more representative blade loading 

than strip theory alone. 

The wake contraction used in the computation of the 

aforementioned figures was prescribed using updated Landgrebe wake 

coefficients. A study of the actual wake contraction indicated that 

a variation in tip vortex loaction occurred with time. Such 

variations for the single rotor are well known (18). Utilising the 

free-wake facility of program ROTOR, the initial prescribed wake was 

relaxed to allow for the influences of all the vortex helicies from 

both rotors. Figure 29 shows the final converged wake, indicating a 

severe upper rotor wake contraction with little change in the lower 

rotor vortex locations from the initial prescribed paths. It is 

evident from the figure that the free wake facility did not increase 

the overall predictive accuracy of the vortex paths. Furthermore, 

the computational time required to converge the wake, using the 

free-wake facility, was approximately two orders of magnitude 

greater than the prescribed computational time. Considering these 

facts the only modification retained in the program was an allowance 

for the increase in the axial translation of the upper rotor tip 

vortex wake as it traverses the lower rotor disc. This feature, 

depicted in Figure 30, although did not produce any significant 

differences for the Mote geometry, was incorporated to allow for the 

effects of reducing CCTR inter-rotor spacing (Chapter 7). 

Introducing an allowance for the effects of vortex core 

expansion (reflecting the trend depicted in Figure 20) into the flow 

computations did not significantly change the overall rotor 

performance prediction. This results because even with the core 

expansion, the vortex blade interactions generally took place 

outside of the vortex core. 
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4 . 3 A P P L I C A T I O N OF V O R T E X - S T R I P T H E O R Y 

Figure 31 shows the performance characteristics of the Mote 

CCTR run at a tip speed of 35m/s. For direct comparison with the 

performance curves generated in Chapter 7, CCTR optimisation, the 

data is presented as thrust per unit power versus thrust 

coefficient. Although the performance curves of both the CCTR and 

one of the rotors operating independantly are well predicted, the 

general trend is on over prediction of the thrust power ratio for a 

given thrust. A further comparison with a conventional four bladed 

CCTR with a tip speed of 119.4m/s (Fig 32) also highlights this 

trend when using equations 3.5 and 3.6 to define the tip vortex 

strengths. This, in part, may result from neglecting the circulation 

distribution outside of the vortex core in the vortex induced 

velocity calculations. This discrepancy however, diminishes with 

increasing thrust, and is a direct consequence of the vortex 

modelling equations where the normalised vortex core strength was 

found in Chapter 3, to be directly proportional to collective pitch 

setting. 

A further comparison with predicted CCTR performance is given 

in Figure 33 for the Sikorsky's Advancing Blade Concept two, three 

bladed CCTR (52), operating at a tip speed of 198.3m/s, with both 

blade twist and taper. Both equations 3.5 - 3.6 and the fully rolled 

up tip vortex equations were used to predict the ABC performance; 

the latter equations converging on the peak blade bound circulation. 

The results shown in Figure 33 imply that a vortex strength greater 

than defined by equations 3.5 - 3.6, yet less than the peak bound 

circulation would best fit the test data. This conclusion reflects 

the full-scale vortex data reported by Cook (28) and, as will be 

seen latter, is endorsed by the forward flight findings in Chapter 

5. 

Recently Stepniewski (55) has shown that the hovering 

efficiencies of both the Russian CCTR's and Sikorsky's ABC CCTR are 

greater than a wide range of conventional single rotors. Utilising 

program ROTOR, the performance curves of the Mote CCTR was compared 

with an equivalent single rotor. The latter having the same number 

of blades, blade solidity, rotor radius, tip speed and aerofoil 
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section (same thrust potential) as the CCTR. Figure 34 presents the 

data which indicates that for a given thrust the CCTR absorbs 

approximately 5% less power than the equivalent single rotor. 

Included among Stepniewski's (55) full scale rotor data are the 

figures of merit of the Aerospatiale SA-365N, F^, (R^ = 7.5m, b = 4) 

and the Kamov Ka -25, F^, (Rp, = 7.87m, b = 6) which are 0.572 and 

0.674 respectively. Both helicopters have a gross weight of 

approximately 7360kg. 

Now the figure of merit F, is given by: 

F = Ideal Power 

Actual Power 

2 '/z 
where, Ideal Power = T(T/(2wR p ) ) 

Whence, for the same thrust generation, the actual power ratios 

between the Kamov Ka -25, P^, and the Aerospatiale SA-365N, is 

given by: 

yielding P^ = .87P 
A 

Although such a deduction does not take into account the 

differing number of blades, the previous figure of merit ratios 

indicate that a 13% saving in power is achieved in hover by 

operating a CCTR with the same all-up-weight as the conventional 

single rotor. Also presented in reference (55) is the shaft horse 

power in hover per unit gross weight for a variety of helicopters. 

The lowest power to weight ratio is given for a Kamov CCTR 

helicopter as 0.096. This compares very favourably with a variety of 

conventional Western World single rotor helicopters with power to 

weight ratios ranging from 0.11 to 0.133. 
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Such increases in CCTR efficiency is seen to result from; 

1) the contraction of the upper wake of a CCTR allows clear air 

with a slight upwash to be taken by the outboard sections of 

the lower rotor. Consequently, the effective disc area has 

increased with a corresponding reduction in induced power. This 

is seen most clearly when comparing the downwash distributions 

for the Mote CCTR and an equivalent single rotor (Figure34). In 

the outboard sections (r>0.8) of the rotor disc the momentum 

velocity contribution for the equivalent single rotor is in 

excess of both the upper and lower rotors of the CCTR. 

2) the vertical spacing of the two rotors in the CCTR layout 

reduces the severity of the total vortex induced velocity, 

especially on the upper rotor. 

3) the recapture of the upper rotor wake rotational losses on the 

lower rotor. Such losses have been calculated for a typical 

single rotor by Bramwell (1) and Gessow et al (15) indicating 

the loss to be less than 0.5% of the total rotor power. 

Consequently this feature is considered a secondary effect. 

4.4 Conclusion 

The conventional Glaue rt type strip analysis has been modified 

to incorporate the influence of the trailing helical tip vortices 

from all blades at any specified blade element. Furthermore, 

Stepniewski's (2) simple model of a CCTR has been greatly extended 

to incorporate the effects of the tip vortices shed from both 

rotors, including the influence of wake contraction. The theory has 

been applied to both model and full-scale rotors with different tip 

speeds, rotor radii, number of blades and blade aspect ratios, 

including blade twist and taper. Over representative CCTR thrust 

loadings, the vortex equations (3.5) and (3.6), used in program 

ROTOR, to determine the vortex strengths, produced a reasonable 

predictive accuracy. The remaining discrepancies, in part, are seen 

to result from neglecting the additional 'captured' circulation 

outside of the vortex core. Unfortunately, precise evaluation of 
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this circulation, at present, is not possible since it varies 

between rotors. Nevertheless, actual tip vortex strength would seem, 

in general, to be less than the peak circulation on the blade, 

endorsing Cooks results (28). However, the vortex core equations 

establish an effective strength which reflects the variations in 

rotor parameters, including blade aspect ratio and rotor tip 

Reynolds number. Equally important is the much more representative 

blade loading distribution predicted by the combined Vortex-Strip 

theory, especially in the blade tip region, updating the arbitrary 

application of the tip loss factor when using strip theory alone. 

The developed theory also indicates that a CCTR in hover 

produces more thrust per unit power than an equivalent single rotor. 

This conclusion has been endorsed by other CCTR operators (10), and 

in comparisons between full-scale CCTR and single rotor helicopters 

(55). Such comparisons suggest a potential 5% saving (neglecting the 

tail rotor power of the conventional single rotor) when operating a 

CCTR with the same all-up-weight as the conventional single rotor. 
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5. coaxial contrarotating twin rotor aerodynamics in forward flight 

5.0 Introduction 

The wake concepts, modelling techniques and associated 

limitations expounded in the previous chapter are also largely 

applicable to the forward flight analysis of a CCTR. An exception is 

the blade element-momentum strip theory which is limited to hover 

and vertical translation of the helicopter. For a forward flight 

condition Glauert approximated a rotor by a circular wing with an 

elliptic loading; yielding the well known constant induced velocity 

distribution Y^. 

V. = %^2pav') (5.1) 

where, V.^/'V^+v? (5.2) 

In addition, to incorporate an allowance for the azimuthal variation 

of the induced downwash, Glauert postulated; 

v^ = v^(l + Krcosij)) (5.3) 

where K is traditionally given by;-

K= -TAN(IJ/2X) (5.4) 
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O R R E S U L T I N G F R O M E X P E R I E N C E G A I N E D A T THE R O Y A L A I R C R A F T 

E S T A B L I S H M E N T , T H E F A C T O R IS O F T E N G I V E N BY: 

K = - T A N ( U / X ) (5.5) 

T H E U S E F U L N E S S OF E Q U A T I O N S ( 5 . 1 ) TO ( 5 . 5 ) IS R E F L E C T E D BY T H E I R 

C O N T I N U E D A P P L I C A T I O N I N R O T O R A N A L Y S E S , O F F E R I N G AS T H E Y DO A 

R E A S O N A B L E D E S C R I P T I O N OF T H E I N D U C E D F L O W T H R O U G H T H E R O T O R W I T H 

T H E A D D E D B E N E F I T S OF S I M P L I C I T Y A N D L O W C O M P U T A T I O N A L TIME. 

N E V E R T H E L E S S , T H E G L A U E R T M O D E L O F T E N U N D E R P R E D I C T S THE D O W N W A S H 

D I S T R I B U T I O N F O R A V A R I E T Y OF F O R W A R D F L I G H T M O D E S W I T H T H E L A R G E S T 

D I S C R E P A N C I E S O C C U R I N G A T L O W A D V A N C E R A T I O S ( 5 2 ) . D U R I N G THE A B C 

C C T R V E R I F I C A T I O N P R O G R A M T H E R E Q U I R E D C O N T R O L R A N G E R E Q U I R E D TO 

M A I N T A I N T R I M W A S G R O S S L Y U N D E R P R E D I C T E D B Y A G L A U E R T T Y P E A N A L Y S I S . 

A T A F O R W A R D F L I G H T S P E E D OF 2 5 K T S ( y = 0.067.), T H E A B C H E L I C O P T E R 

E X P E R I E N C E D A H I G H N O S E U P P I T C H I N G M O M E N T W H I C H C O U L D NOT BE 

C O U N T E R E D B Y T H E P I L O T . T H E C R A F T S T R U C K T H E G R O U N D W I T H A ' H E A V Y 

T A I L F I R S T L A N D I N G ' ( 5 6 ) . S I M I L A R L Y J O H N S O N ( 1 4 ) H A S I D E N T I F I E D 

S U B S T A N T I A L I N A C C U R A C I E S I N M O M E N T U M A N D C L A S S I C A L W A K E M O D E L L I N G 

T E C H N I Q U E S . A P P L Y I N G S U C H M O D E L S TO T H E A N A L Y S I S OF A N A R T I C U L A T E D 

R O T O R , IT W A S F O U N D THAT T H E L A T E R A L B|̂  F L A P P I N G C O E F F I C I E N T WAS 

C O N S T A N T L Y U N D E R E S T I M A T E D F O R A D V A N C E D R A T I O S OF L E S S T H A N 0 . 1 5 . BY 

U S I N G A F R E E W A K E F A C I L I T Y , A M O R E A C C U R A T E R E P R E S E N T A T I O N OF THE 

C L O S E P R O X I T Y OF THE TIP V O R T E X W A K E TO THE L O N G I T U D I N A L P L A N E OF 

T H E R O T O R D I S C W A S A C H I E V E D , R E S U L T I N G I N A M U C H B E T T E R T H E O R E T I C A L 

P R E D I C T I O N OF THE B ̂  F L A P P I N G C O E F F I C I E N T . 
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5 . 1 C C T R F O R W A R D F L I G H T M O D E L 

A S W I T H THE V A R I E T Y OF H O V E R I N G T H E O R I E S , THE F O R W A R D F L I G H T 

M O D E L S H A V E S P E C I F I C A D V A N T A G E S F O R A C E R T A I N R A N G E OF F L I G H T 

C O N D I T I O N S . G E N E R A L L Y , IT M A Y B E C O N C L U D E D THAT 

1 ) T H E G L A U E R T M O D E L H A S S I M P L I C I T Y W H I C H IS R E F L E C T E D IN THE LOW 

C O M P U T A T I O N A L T I M E . N E V E R T H E L E S S , B L A D E L O A D I N G P R E D I C T I O N FO R 

L O W A D V A N C E RATIO F L I G H T IS P O O R A N D P A R T I A L L Y R E S U L T S FROM THE 

A B S E N C E OF M O D E L L I N G T H E F I N I T E N U M B E R OF B L A D E S IN A R O T O R 

L A Y O U T . 

2 ) T H E C L A S S I C A L W A K E A P P R O A C H W H E R E T H E V O R T E X F I L A M E N T P O S I T I O N S 

A R E A S S U M E D TO B E I N F L U E N C E D O N L Y B Y T H E L O C A L F R E E - S T R E A M 

C O N D I T I O N S , N E G L E C T I N G V O R T E X - V O R T E X I N T E R A C T I O N S , Y I E L D S M O R E 

A C C U R A T E R O T O R P E R F O R M A N C E P R E D I C T I O N S AT H I G H E R A D V A N C E 

R A T I O S . A G A I N , W I T H L O W A D V A N C E RATIO F L I G H T , L A R G E 

D I S C R E P A N C I E S C A N O C C U R R E S U L T I N G F R O M THE H I G H D E G R E E OF W A K E 

D I S T O R T I O N , C O M M O N L Y F O U N D I N E X P E R I M E N T A L I N V E S T I G A T I O N S ( S E E 

F I G U R E S 4 7 - 5 0 ) . 

3 ) A T L O W A D V A N C E R A T I O S , T H E V O R T E X I N T E R A C T I O N S S U B S T A N T I A L L Y 

M O D I F Y T H E TIP V O R T E X L O C A T I O N S F R O M T H E C L A S S I C A L 

R E P R E S E N T A T I O N . C O N S E Q U E N T L Y T H E ' F R E E - W A K E ' M O D E L AND 

A S S O C I A T E D L E N G T H Y C O M P U T A T I O N A L T I M E H A S B E E N F O U N D E S S E N T I A L 

F O R A C C U R A T E T E M P O R A L B L A D E L O A D I N G P R E D I C T I O N S . 

U S I N G S I M I L A R P R I N C I P L E S A S P R E S E N T E D F O R T H E V O R T E X - S T R I P 

H O V E R M O D E L , A F O R W A R D F L I G H T H Y B R I D M O D E L M A Y BE D E V E L O P E D . T H E A I M 

OF S U C H A N A P P R O A C H IS TO A L L O W F O R G R E A T E R F L E X I B I L I T Y IN 

A P P L I C A T I O N W I T H O U T D I M I N I S H I N G T H E S P E C I F I C A D V A N T A G E S OF E A C H 

M O D E L L I N G T E C H N I Q U E . 

R E F E R R I N G TO F I G U R E 3 6 , THE S L I P S T R E A M OF E A C H OF THE TWO 

R O T O R S IS R E P R E S E N T E D BY A G L A U E R T E X P R E S S I O N F O R THE I N D U C E D 

V E L O C I T Y , M O D I F I E D TO A C C O U N T F O R THE I N D U C E D V E L O C I T Y E F F E C T S OF 

T H E TIP V O R T E X W A K E . T H A T I S , T H E E F F E C T OF THE TIP V O R T E X W A K E IS 
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A P P R O X I M A T E D BY U P D A T I N G E Q U A T I O N ( 5 . 2 ) TO I N C O R P O R A T E THE V O R T E X 

I N D U C E D V E L O C I T Y T H R O U G H T H E C E N T R E OF THE D I S C , G I V I N G : -

V' =.^/ + (v.+v (5.6) 

S U B S T I T U T I N G T H E E X P R E S S I O N F O R T H E R E S U L T A N T V E L O C I T Y V A T THE 

C E N T R E OF THE D I S C INTO E Q U A T I O N ( 5 . 2 ) , A N D R E A R R A N G I N G , Y I E L D S A 

Q U A R T I C I N T H E M E A N I N D U C E D F L O W T H R O U G H T H E R O T O R V O F . 

v* + 2y V? + v\(v2 + v^) - (T^(4p2A2)) = 0 (5.7) 
1 ^ 1 1 V 

F O R T H E C L A S S I C A L W A K E O P T I O N ( W A K E L I M I T S D E F I N E D BY T H E FREE 

S T R E A M C O N D I T I O N S O N L Y ) I N P R O G R A M R O T O R , A F U R T H E R A L L O W A N C E FO R 

T H E I N F L U E N C E OF T H E TIP V O R T E X W A K E O N A S P E C I F I E D B L A D E E L E M E N T IS 

E S T A B L I S H E D BY E V A L U A T I N G T H E D O W N W A S H AT THAT E L E M E N T V I A : -

V . = V . + V ( 5 . 8 ) 
1 1 V 

F U R T H E M O R E , IF A N Y P O R T I O N OF T H E L O W E R R O T O R IS I M M E R S E D I N THE 

U P P E R R O T O R W A K E , E Q U A T I O N ( 5 . 8 ) IS R E T A I N E D W I T H THE A D D E D T E R M OF 

( 2 V . ) TO E V A L U A T E THE F L O W I N THIS R E G I O N OF THE L O W E R R O T O R . T H I S 

A S S U M E S THAT THE W A K E F R O M THE U P P E R R O T O R IS F U L L Y D E V E L O P E D ON 

I N T E R S E C T I O N W I T H THE L O W E R R O T O R P L A N E . 

A L T E R N A T I V E L Y , THE F R E E - W A K E O P T I O N NOT O N L Y U P D A T E S THE 

P O S I T I O N S OF V O R T E X F I L A M E N T S , I N C L U D I N G V O R T E X I N T E R A C T I O N A L 
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E F F E C T S AS THE B L A D E S R O T A T E A R O U N D THE D I S C , BUT A S S U M E S A N I N D U C E D 

V E L O C I T Y D I S T R I B U T I O N G I V E N BY E Q U A T I O N ( 5 . 3 ) , ( 5 . 5 ) AND ( 5 . 7 ) . 

E Q U A T I O N ( 5 . 8 ) IS C O R R E S P O N D I N G L Y U P D A T E D TO G I V E : 

V^ = V ^ ( I + K R C O S ^ ) + V ^ (5.9) 

A S P R E V I O U S L Y A S S U M E D , T H E P O R T I O N OF T H E L O W E R R O T O R j m m i ? r s e J i n 

WTG .UPPER ROTOR IS E F F E C T E D BY THE F U L L Y D E V E L O P E D V E L O C I T I E S . 

T H I S H O W E V E R , IS C O M P U T E D O N A L O C A L , L E V E L W H E R E L O W E R = FN 

(V^ U P P E R ) . 

O N E L I M I T A T I O N OF T H E F R E E - W A K E TIP V O R T E X M O D E L IS THE 

A S S U M P T I O N T H A T T H E V O R T E X C O R E D E P A R T S THE T R A I L I N G E D G E OF THE 

B L A D E A T T H E T I P (R = 1 . 0 ) . T H I S A S S U M P T I O N N E G L E C T S T H E FACT THAT 

T H E V O R T E X C O R E L O C A T I O N I S NOT O N L Y E F F E C T E D B Y T H E F R E E - S T R E A M 

C O N D I T I O N S B U T IS S U B S T A N T I A L L Y M O D I F I E D B Y T H E L A R G E P R E S S U R E 

G R A D I E N T S E X I S T I N G A T THE T I P . I N D E E D , C H I G I E R ET A L ( 2 1 ) H A V E 

R E P O R T E D T H A T A V O R T E X C O R E M O V E S I N B O A R D , A N D F O R THE T E S T S 

C O N D U C T E D , S U G G E S T E D T H E P A T H T A K E N B Y THE F O R M I N G V O R T E X W A S A 

D E F L E C T I O N I N B O A R D B Y THE T H E O R D E R OF 10 D E G R E E S TO T H E T I P . F O R 

C O M P A R A T I V E P U R P O S E S , T H E F R E E - W A K E M O D E L W A S U S E D W I T H A N D W I T H O U T 

A S S U M I N G A 1 0 D E G R E E S D E F L E C T I O N OF T H E TIP V O R T E X F R O M Q U A R T E R 

C H O R D TO THE B L A D E ' S T A I L I N G E D G E . F I G U R E 37 S H O W S T H E P R E D I C T E D 

B L A D E L O A D I N G R E S U L T S I N T H E L A T E R A L P L A N E F O R A N I N F L I G H T H - 3 4 

R O T O R W I T H A N A D V A N C E RATIO OF 0 . 0 3 . E F F E C T I V E L Y T H E R E S U L T S S H O W 

T H E I N F L U E N C E OF T H E V O R T E X P O S I T I O N O N B L A D E L O A D I N G . W I T H THE 

B L A D E P R E S S U R E G R A D I E N T TERM A S S U M I N G A 10 D E G R E E S V O R T E X C O R E P A T H 

D E F L E C T I O N O N THE TOP S U R F A C E OF THE B L A D E , T H E R E S U L T A N T B L A D E 

L O A D I N G AT THE TIP R E A C H E S A H I G H E R V A L U E . T H I S R E F L E C T S THE 

E X P E R I M E N T A L L Y D E T E R M I N E D B L A D E L O A D I N G S ; B U T AS W I L L BE E S T A B L I S H E D 

I N TLIE N E X T S E C T I O N , IT IS A L S O E Q U A L L Y S E N S I T I V E TO THE F I N A L 

R O L L E D - U P TIP V O R T E X S T R E N G T H . 
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T H R O U G H O U T T H E C O M P U T A T I O N A L P R O C E D U R E S , THE A S S U M P T I O N OF 

R I G I D B L A D E F L A P P I N G H A S B E E N I M P O S E D . T H E C O R R E S P O N D I N G F L A P P I N G 

C O E F F I C I E N T S H A V E B E E N A P P R O X I M A T E D ( W H E R E A C T U A L E X P E R I M E N T A L D A T A 

W A S NOT A V A I L A B L E ) B Y T H E F O L L O W I N G E X P R E S S I O N S A L L O W I N G F O R THE 

E F F E C T I V E H I N G E O F F S E T A N D V A R Y I N G I N F L O W D I S T R I B U T I O N A C R O S S THE 

R O T O R ( 1 ) : -

( 8 ( L + P 2 ) + 4 X / 3 ) ( 5 . 1 0 ) 

*O 8 ( 1 + E ) ° 

2 W ( ( 4 8 / 3 ) + X ) 8 G & 

(4pa /3)+Ka. 8 E a. 

" l - — - <7 

where, = v^/CR (5.13) 

A N D E = 1 . 5 E , F O R A U N I F O R M B L A D E M A S S D I S T R I B U T I O N N E G L E C T I N G THE 

E F F E C T OF ROOT C U T O U T . T H E E F F E C T I V E H I N G E O F F S E T E, IS N O R M A L I S E D 

B Y THE B L A D E R A D I U S . O N L Y THE F I R S T H A R M O N I C S A R E C O N S I D E R E D S I N C E 

H I G H E R H A R M O N I C S A R E OF THE O R D E R OF F U R T H E R E L A S T I C B L A D E 

D E F L E C T I O N S W H I C H H A V E B E E N I G N O R E D . F U R T H E R M O R E , IT H A S B E E N N O T E D 

( 1 ) THAT THE S E C O N D F L A P P I N G H A R M O N I C S A R E G E N E R A L L Y A N O R D E R OF 

M A G N I T U D E LESS T H A N T H E F I R S T H A R M O N I C S A N D , T H E R E F O R E , O N L Y HAVE 

I M P O R T A N C E IN V I B R A T I O N O R C O N T R O L LOAD C O M P U T A T I O N S . 
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T H E C O R R E S P O N D I N G F L A P P I N G A N G L E 3 , AT A N Y A Z I M U T H A L P O S I T I O N 

IS G I V E N BY: 

B = A^ - A^COSII; - B S I N ^ ( 5 . 1 4 ) 

T H E C O M P U T A T I O N A L A P P R O A C H A N D THE F U L L E Q U A T I O N S U S E D IN THE 

F O R W A R D F L I G H T C O D E A R E P R E S E N T E D I N C H A P T E R 6 A N D A P P E N D I X 2 

R E S P E C T I V E L Y . 

5 . 2 A P P L I C A T I O N OF T H E V O R T E X - G L A U E R T M O D E L 

O N E OF T H E M O S T T E S T I N G F L I G H T R E G I M E S F O R A N Y F O R W A R D F L I G H T 

R O T O R W A K E M O D E L IS T H E L O W A D V A N C E RATIO C A S E ( P < 0 . 1 5 ) . IN THIS 

T R A N S I T I O N Z O N E B E T W E E N H O V E R A N D W E L L E S T A B L I S H E D F O R W A R D F L I G H T , 

T H E T R A I L I N G W A K E D E F O R M A T I O N H A S A S U B S T A N T I A L I N F L U E N C E ON THE 

I N D U C E D V E L O C I T Y A N D B L A D E L O A D I N G D I S T R I B U T I O N S . 

T O A S C E R T A I N T H E P O T E N T I A L OF T H E P R E S E N T M O D E L , THE 

V O R T E X - G L A U E R T A P P R O A C H W A S U S E D TO P R E D I C T THE B L A D E L O A D I N G 

D I S T R I B U T I O N OF A N H - 3 4 R O T O R I N F L I G H T W I T H A N A D V A N C E RATIO OF 

0 . 0 3 . T H E P R E D I C T E D R E S U L T S A R E C O M P A R E D W I T H B O T H E X P E R I M E N T A L L Y 

M E A S U R E D I N F L I G H T D A T A ( 5 7 ) , A N D T H E R E S U L T S F R O M A F U L L V O R T E X 

L A T T I C E F R E E - W A K E C O D E ( 5 8 ) . F O U R B L A D E P O S I T I O N S OF 0 , 9 0 , 1 8 0 A N D 

2 7 0 D E G R E E S OF A Z I M U T H W E R E E X A M I N E D . T H E I N P U T TO T H E P R E S E N T M O D E L 

I N C L U D E D T H E M E A S U R E D P I T C H D I S T R I B U T I O N , A N D T H E F L A P P I N G 

C O E F F I C I E N T S U P TO T H E F I R S T H A R M O N I C . 

A S C A N BE S E E N F R O M F I G U R E S 3 8 - 4 1 , THE F U L L - V O R T E X L A T T I C E 

M E T H O D G E N E R A L L Y O V E R P R E D I C T E D T H E B L A D E L O A D I N G D I S T R I B U T I O N ON 

T H E I N N E R P O R T I O N OF THE B L A D E ; W H I L E F O R THE 9 0 , 1 8 0 AND 2 7 0 

D E G R E E S OF A Z I M U T H C A S E S DID NOT F O R E C A S T THE S U B S T A N T I A L PEAK 

L O A D I N G T O W A R D THE B L A D E T I P . 

T H E H - 3 4 R O T O R , W I T H A S P E C T RATIO R O T O R B L A D E S OF 2 0 . 5 , FALLS 
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I N T O THE C A T E G O R Y OF THE R O T O R B L A D E I N V E S T I G A T E D BY C O O K ( 2 8 ) . AS 

P R E S E N T E D IN C H A P T E R 3 , O N E OF T H E M A J O R D I F F I C U L T I E S IN U S I N G THE 

V O R T E X T U R B U L E N T B O U N D A R Y L A Y E R A N A L O G Y E Q U A T I O N S IS THAT THE FINAL 

R O L L E D - U P T I P V O R T E X S T R E N G T H M A Y BE A F R A C T I O N OF T H E P E A K B O U N D 

C I R C U L A T I O N . I N D E E D , F I G U R E S 16 TO 18 D E P I C T C O O K ' S F U L L - S C A L E 

V O R T E X D A T A W H E R E , IN G E N E R A L , IT W A S F O U N D T H A T THE V O R T E X S T R E N G T H 

W A S F O U N D TO B E L E S S T H A N H A L F T H E E X P E C T E D V A L U E . 

U S I N G T H I S R E S E A R C H W O R K F O R G U I D A N C E , TWO F I N A L I S E D V O R T E X 

S T R E N G T H V A L U E S W E R E I N V E S T I G A T E D . T H E F I R S T V A L U E U S E D IN THE 

V O R T E X - G L A U E R T A P P R O A C H R E P R E S E N T E D THE G E N E R A L I S E D C A R R A D O N N A ET AL 

( 3 4 ) V O R T E X M O D E L W H I C H Y I E L D E D A F I N A L V O R T E X S T R E N G T H , E Q U A L TO 

3 . 1 T I M E S T H E V O R T E X C O R E S T R E N G T H . A S E C O N D E S T I M A T I O N OF THE 

F I N A L S T R E N G T H OF THE V O R T E X W A S O B T A I N E D B Y U S I N G A N E X P R E S S I O N 

D E V E L O P E D B Y C O O K ( 5 9 ) , TO P R E D I C T THE L O C A L M E A N V A L U E OF B L A D E 

C I R C U L A T I O N G I V E N B Y : -

P N R C R ( ( L / 2 ) - ( 3 / 1 6 ) W 2 ) ( ^ ( 3 / 2 ) W S I N F ) ( J . 1 5 ) 

F O R T H E H - 3 4 R O T O R THE M E A N V O R T E X S T R E N G T H E V A L U A T E D U S I N G C O O K ' S 

E X P R E S S I O N W A S N E A R L Y T W I C E T H E V A L U E SET B Y C A R R A D O N N A ' S 

A P P R O X I M A T I O N . T H E R O L L - U P OF E A C H V O R T E X W A S A S S U M E D C O M P L E T E A F T E R 

6 0 D E G R E E S OF A Z I M U T H ( B E F O R E N E X T B L A D E P A S S A G E ) W H E R E A P O N THE 

F U L L V A L U E W A S SET TO THE T R A I L I N G V O R T E X F I L A M E N T . T H E F R E E - W A K E 

F A C I L I T Y W A S U S E D IN P R O G R A M R O T O R TO E V A L U A T E THE TIP V O R T E X 

L O C A T I O N S A R O U N D T H E D I S C . 

F I G U R E S 3 8 - 4 1 I N D I C A T E T H A T T H E P R E D I C T E D B L A D E L O A D I N G 

D I S T R I B U T I O N M O R E A C C U R A T E L Y R E F L E C T S THE E X P E R I M E N T A L L Y M E A S U R E D 

R E S U L T S . F U R T H E R M O R E , W I T H THE F U L L Y ROLLED U P V O R T E X S T R E N G T H SET 

E Q U A L TO THE L O C A L B L A D E M E A N C I R C U L A T I O N V A L U E , T H E P E A K L O A D I N G S 

A T T H E B L A D E T I P S W E R E M O R E A C C U R A T E L Y D E F I N E D . H O W E V E R , THE B L A D E 
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L O A D I N G IS S E N S I T I V E TO B O T H V O R T E X P O S I T I O N A N D S T R E N G T H ; THE 

F O R M E R B E I N G D I R E C T L Y C O U P L E D TO THE L A T T E R IN THE F R E E - W A K E M O D E L . 

T H I S C O U P L I N G E F F E C T IS M O S T R E A D I L Y H I G H L I G H T E D IN F I G U R E 4 0 F O R 

T H E B L A D E L O A D I N G D I S T R I B U T I O N A T A B L A D E A Z I M U T H P O S I T I O N OF 1 8 0 

D E G R E E S . W I T H THE F I N A L V O R T E X S T R E N G T H SET TO THE B L A D E M E A N 

C I R C U L A T I O N , T H E F R E E - W A K E M O D E L I N D I C A T E S A S E C O N D V O R T E X B L A D E 

I N T E R A C T I O N A T R = 0 . 7 5 . ( B L U E C U R V E ) . 

O V E R A L L , T H E A G R E E M E N T B E T W E E N T H E V O R T E X - G L A U E R T M O D E L A N D THE 
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D E F L E C T I O N S ) O R S E L E C T I N G A L A R G E R L I F T C U R V E S L O P E V A L U E . 

A L T E R N A T I V E L Y , IT H A S B E E N P R O P O S E D T H A T A M O R E A C C U R A T E 

R E P R E S E N T A T I O N OF T H E R O T O R M A Y B E A C H I E V E D B Y C O U P L I N G THE 

T I P - V O R T E X M O M E N T U M A P P R O A C H W I T H A L O C A L M O M E N T U M T H E O R Y . U P D A T I N G 

T H E A P P R O A C H I N T H I S W A Y D O E S NOT L I M I T THE F L E X I B I L I T Y OF THE M O D E L 

I N THAT E I T H E R C L A S S I C A L O R F R E E - W A K E R O U T I N E S C O U L D S T I L L BE U S E D . 

F U R T H E R I N V E S T I G A T I O N S A R E R E Q U I R E D TO A S C E R T A I N THE F U L L Y 

R O L L E D U P TIP V O R T E X S T R E N G T H S G E N E R A T E D FROM A V A R I E T Y OF D I F F E R E N T 

R O T O R B L A D E S . T H E P R E S E N T M O D E L S E T S T H I S S T R E N G T H TO A M E A N B O U N D 

C I R C U L A T I O N V A L U E W H I C H R E F L E C T E D THE F U L L S C A L E R O T O R D A T A R E P O R T E D 

B Y C O O K ( 2 8 ) . E Q U A L L Y , AS I N D I C A T E D IN C H A P T E R 3 , T H E TIP V O R T E X , 

C O R E S T R E N G T H IS S U B S T A N T I A L L Y E F F E C T E D B Y THE B L A D E A S P E C T RATIO 
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W H I C H O T H E R W A K E M O D E L S DO NOT A D E Q U A T E L Y A C C O U N T FO R ( 6 1 ) . 
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6. PROGRAM ROTOR 

6 . 0 I N T R O D U C T I O N 

T H E M A I N O B J E C T I V E I N D E V E L O P I N G P R O G R A M R O T O R W A S TO P R O D U C E A 

C O M P U T E R P A C K A G E W R I T T E N F O R THE G E N E R A L C A S E , W I T H H I G H F L E X I B I L I T Y 

A N D T H E O P T I O N TO RUN I N T E R A C T I V E L Y . F U R T H E R M O R E , S T R U C T U R E D IN A 

M O D U L E F O R M A T , T H E C O D E M A Y B E E A S I L Y U P D A T E D , A L L O W I N G IT TO BE 

U S E D AS A C O N T I N U I N G R E S E A R C H T O O L . A F T E R C O M P I L A T I O N , T H E P R O G R A M 

IS I N I T I A T E D B Y A W E L L D E F I N E D I N P U T P R O C E D U R E ( S E E A P P E N D I X 3 ) . 

D U R I N G T H I S S T A G E , A N U M B E R OF Q U E S T I O N S A R E F I R S T P O S E D TO THE 

U S E R , TO D E T E R M I N E W H E T H E R A H O V E R O R F O R W A R D F L I G H T C O M P U T A T I O N IS 

R E Q U I R E D . F U R T H E R I N P U T I N C L U D E S B L A D E RADIUS, B L A D E P I T C H 

( I N C L U D I N G T W I S T D I S T R I B U T I O N ) , B L A D E C H O R D ( I N C L U D I N G T A P E R 

D I S T R I B U T I O N ) , R O T O R R F M , T H E N U M B E R OF R O T O R W A K E R E V O L U T I O N S , T H E 

D E G R E E S OF A Z I M U T H S P A C I N G B E T W E E N I N T E G R A T I O N P R O C E D U R E S A N D IF AN 

A L L O W A N C E F O R TIP V O R T E X R O L L - U P R E Q U I R E D . 

B O T H S I N G L E R O T O R S ( R E A D AS U P P E R R O T O R ) A N D C C T R ' S M A Y B E 

A N A L Y S E D W I T H U P TO A T O T A L OF T W E N T Y B L A D E S . O T H E R B L A D E V A R I A B L E S 

I N C L U D I N G T W I S T , T A P E R A N D H I N G E O F F S E T A R E E A S I L Y H A N D L E D B Y THE 

C O D E . IT M U S T B E E M P H A S I S E D , H O W E V E R , T H A T T H E F L A P P I N G E Q U A T I O N S 

G I V E N I N C H A P T E R 5 C O U L D B E I M P R O V E D U P O N TO I N C O R P O R A T E A M O R E 

A C C U R A T E D E S C R I P T I O N OF B L A D E T W I S T A N D T A P E R E F F E C T S . A D D I T I O N A L 

F E A T U R E S I N C L U D E T H E O P T I O N F O R D I F F E R I N G R O T O R R A D I I , N U M B E R OF 

B L A D E S A N D V E R T I C A L S P A C I N G B E T W E E N T H E T W O ROTORS I N T H E C C T R 

L A Y O U T . A F U L L I N P U T P R O C E D U R E F O R A N A R B I T R A R Y R O T O R P L U S A F U L L 

P R O G R A M L I S T I N G C O N T A I N I N G E X T E N D E D F O R T R A N IV C O D E IS D E T A I L E D I N 

A P P E N D I X 3. 

6 . 1 T H E H O V E R F A C I L I T Y 

T H E F L O W C H A R T IN F I G U R E 55 D E P I C T S T H E S A L I E N T F E A T U R E S OF THE 

H O V E R C O D E . A F T E R S E T T I N G T H E I N P U T P A R A M E T E R S , S U B R O U T I N E S T R I P IS 

C A L L E D TO C O M P U T E A N I N I T I A L E S T I M A T E OF THE R O T O R T H R U S T 

C O E F F I C I E N T . I N I T I A L L Y , C O N V E N T I O N A L S T R I P T H E O R Y IS U S E D W I T H A TIP 

L O S S F A C T O R TO E S T I M A T E T H E R O T O R T H R U S T . T H E R E A F T E R , L A N D G IS 
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I N I T I A L I S E D TO D E F I N E THE L A N D G R E B E E M P I R I C A L P R E S C R I B E D TIP V O R T E X 

P A T H S . T H E H E L I C A L V O R T E X W A K E IS S T E P P E D OUT TO THE N U M B E R OF 

R E Q U E S T E D W A K E R E V O L U T I O N S , U S I N G T H E S T R A I G H T L I N E V O R T E X F I L A M E N T 

A P P R O X I M A T I O N . T H E A C C U R A C Y OF THE A P P R O X I M A T I O N IS D E P E N D A N T U P O N 

T H E D E G R E E S OF A Z I M U T H S P A C I N G P A R A M E T E R D E F I N E D IN T H E I N P U T 

P R O C E D U R E . T H E V O R T E X F I L A M E N T C A R T E S I A N C O O R D I N A T E S A R E C O M P U T E D 

F O R A L L B L A D E S I N THE R O T O R ( S ) B Y S U B R O U T I N E B L V O C O . W I T H THE V O R T E X 

F I L A M E N T L O C A T I O N S K N O W N A N D THE V O R T E X C O R E P A R A M E T E R S V G , A N D R^, 

E S T A B L I S H E D , S U B R O U T I N E C A L IS C A L L E D TO E V A L U A T E T H E A P P A R E N T 

V E R T I C A L A C C E N T V E L O C I T Y D I S T R I B U T I O N R E C A L L I N G S T R I P Y I E L D S A 

M O D I F I E D M O M E N T U M D O W N W A S H C O N T R I B U T I O N E F F E C T E D B Y T H E TIP V O R T E X 

W A K E . A F T E R S U M M I N G T H E T O T A L D O W N W A S H A T E A C H B L A D E S T A T I O N , 

S U B R O U T I N E P E R M IS I N I T I A L I S E D TO E V A L U A T E T H E O V E R A L L T H R U S T , 

T O R Q U E , L O C A T I O N A N D M A G N I T U D E OF THE P E A K C I R C U L A T I O N . T H E F O U R T E E N 

B L A D E S T A T I O N S A R E D I S T R I B U T E D S U C H T H A T T H E F I R S T N I N E A R E 

S E P A R A T E D B Y O . I R TO 9 0 P E R C E N T B L A D E R A D I U S W I T H THE R E M A I N I N G FIVE 

S T A T I O N S E Q U A L L Y S P A C E D O V E R THE L A S T 10 P E R C E N T OF B L A D E . L I F T AND 

T O R Q U E A R E S U M M E D U S I N G M E A N T W O - D I M E N S I O N A L A E R O F O I L 

C H A R A C T E R I S T I C S AS P R E S E N T E D I N A P P E N D I X 2. 

T H E A F O R E M E N T I O N E D P R O C E D U R E S A R E R E P E A T E D U N T I L T H E R O T O R 

T H R U S T - V O R T E X L O C A T I O N I N T E R - R E L A T I O N S H I P H A S C O N V E R G E D . A T T H I S 

S T A G E , IF T H E S I N G L E R O T O R P E R F O R M A N C E C A L C U L A T I O N W A S R E Q U E S T E D , 

T H E P R O G R A M W O U L D O U T P U T A V A R I E T Y OF D A T A D E P E N D I N G U P O N T H E N U M B E R 

OF W R I T E S T A T E M E N T S ' R E L E A S E D ' I N T H E C U R R E N T P R O G R A M . T H R O U G H O U T 

T H E P R O G R A M A V A R I E T Y OF W R I T E S T A T E M E N T S A R E I N C L U D E D S U C H T H A T 

M A X I M U M A C C E S S TO T H E C O M P U T E D D A T A M A Y B E A C H I E V E D . H O W E V E R , TO 

S U P P R E S S T H E O U T P U T L I S T I N G T H E M A J O R I T Y OF W R I T E S T A T E M E N T S H A V E A 

' C I N C O L U M N O N E OF T H E I R L I N E . W I T H T H I S A R R A N G E M E N T , T H E C O M P U T E R 

I G N O R E S T H E W R I T E S T A T E M E N T , B U T B E F O R E C O M P I L A T I O N , M A Y BE 

A C T I V A T E D B Y S I M P L Y R E M O V I N G T H E ' C C H A R A C T E R D U R I N G A N E D I T OF THE 

P ROG RAM. 

F O R A C C T R C O M P U T A T I O N T H E P R O G R A M C O N T I N U E S TO E V A L U A T E THE 

P E R F O R M A N C E OF THE L O W E R R O T O R IN A S I M I L A R M A N N E R TO THAT E X P L A I N E D 

F O R THE U P P E R ROTOR. I N I T I A L L Y , THE P E R F O R M A N C E C A L C U L A T I O N IS 

P E R F O R M E D A L L O W I N G F O R T H E U P P E R R O T O R W A K E I N T E R A C T I O N A N D A L T E R I N G 

T H E P I T C H O N THE L O W E R R O T O R U N T I L T H E T O R Q U E S O N B O T H R O T O R S A R E 
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W I T H I N .01 OF E A C H O T H E R . T H E R E A F T E R A FULL C O M P U T A T I O N IS I N I T I A T E D 

W H I C H A L L O W S F O R THE E L O N G A T I O N OF THE U P P E R R O T O R W A K E U N D E R THE 

I N F L U E N C E OF T H E L O W E R R O T O R ( U S I N G S U B R O U T I N E Z U P D A T E ) , A N D THE 

L O W E R R O T O R T I P V O R T E X W A K E E F F E C T O N T H E U P P E R R O T O R I N F L O W 

D I S T R I B U T I O N . A T T H I S S T A G E , T H E E X T E N D E D S T E P N I E W S K I E Q U A T I O N S A R E 

U T I L I S E D IN S U B R O U T I N E S T R I P 2, TO C O M P L E T E THE C A L C U L A T I O N OF THE 

L O W E R R O T O R I N F L U E N C E O N T H E U P P E R ROTOR. 

R E - C A L C U L A T I O N OF T H E U P P E R A N D L O W E R R O T O R P E R F O R M A N C E S 

F O L L O W S U N T I L , T H E U P P E R A N D L O W E R R O T O R T H R U S T - V O R T E X L O C A T I O N S A R E 

F U L L Y C O N V E R G E D . T H E F I N A L D A T A O U T P U T R E P R E S E N T S THE C O M P L E T E 

I N T E R F E R E N C E E F F E C T S B E T W E E N U P P E R A N D L O W E R R O T O R . 

6 . 2 T H E F O R W A R D F L I G H T F A C I L I T Y 

T H E P E R T I N E N T F E A T U R E S OF T H E F O R W A R D F L I G H T C O D E A R E 

R E P R E S E N T E D B Y THE F L O W C H A R T I N F I G U R E 5 6 . A F T E R I N I T I A L I S I N G THE 

I N P U T P A R A M E T E R S A N D S E L E C T I N G T H E TYPE OF W A K E R E Q U I R E D THE P R O G R A M 

C O M M E N C E S B Y C A L L I N G S U B R O U T I N E G L A U E R T , TO E S T I M A T E A N I N I T I A L 

V A L U E F O R T H E M E A N I N D U C E D F L O W T H R O U G H T H E R O T O R S . D I R E C T L Y 

P R O C E E D I N G T H I S C A L C U L A T I O N , T H E A D V A N C E R A T I O , I N F L O W R A T I O A N D 

B L A D E F L A P P I N G C O E F F I C I E N T S U P TO T H E F I R S T H A R M O N I C A R E D E T E R M I N E D . 

K N O W I N G T H E W A K E S T E P I N D E G R E E S OF A Z I M U T H ( I N P U T P A R A M E T E R ) , T H E 

F L A P P I N G A N G L E A N D T H E F L A P P I N G RATE A R E E V A L U A T E D A T E A C H F U T U R E 

B L A D E A Z I M U T H P O S I T I O N . 

T H E W A K E C O M P U T A T I O N S I M M E D I A T E L Y F O L L O W . T H E R O T O R S A R E 

S T A R T E D F R O M THE REST W I T H E A C H B L A D E M O V I N G T H R O U G H T W O W A K E 

S T A T I O N S , T R A I L I N G T H E I R C O R R E S P O N D I N G TIP V O R T E X F I L A M E N T S ( T W O P E R 

B L A D E ) . F O R T H E C C T R C O N F I G U R A T I O N , T H E U P P E R A N D L O W E R R O T O R S 

R O T A T E A N T I C L O C K W I S E A N D C L O C K W I S E R E S P E C T I V E L Y . A L T H O U G H S T A R T E D 

F R O M REST, T H E R O T O R S A S S U M E T H E C O R R E C T TIP S P E E D I M M E D I A T E L Y W I T H 

T H E L O C A T I O N S OF T H E I N I T I A L TWO V O R T E X F I L A M E N T S P E R B L A D E B E I N G 

D E T E R M I N E D S O L E L Y B Y T H E L O C A L F R E E S T R E A M C O N D I T I O N S . T H E R E A F T E R , 

S U B R O U T I N E R A N K I N G IS C A L L E D TO E S T A B L I S H T H E V O R T E X F I L A M E N T 

S T R E N G T H S W H I C H V A R Y A R O U N D T H E D I S C . IF T H E F R E E - W A K E O P T I O N H A S 

B E E N S E L E C T E D , S U B R O U T I N E I N D IS C A L L E D TO E V A L U A T E THE I N D U C E D 

V E L O C I T I E S FROM A L L O T H E R V O R T E X W A K E F I L A M E N T S O N THE E N D P O I N T S OF 
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A N Y S P E C I F I E D W A K E F I L A M E N T . R E P E A T E D C A L C U L A T I O N S A R E P E R F O R M E D 

U N T I L A L L THE I N T E R A C T I O N S H A V E B E E N C O M P U T E D . T H E S U B S E Q U E N T U P D A T E 

OF F I L A M E N T E N D P O I N T S IS M A N A G E D IN S U B R O U T I N E P O S T N . 

T H E V E L O C I T I E S I N T H E X , Y , Z D I R E C T I O N S OF T H E C O O R D I N A T E 

S Y S T E M , S H O W N I N F I G U R E 5 7 , OF THE F I L A M E N T END P O I N T S A R E A S S U M E D 

C O N S T A N T O V E R A T I M E E Q U I V A L E N T TO O N E B L A D E S T E P . F O R T H E C L A S S I C A L 

W A K E O P T I O N , T H E S E V E L O C I T I E S A R SET TO T H E L O C A L F R E E S T R E A M 

C O N D I T I O N S . 

T H E A F O R E M E N T I O N E D P R O C E D U R E S A R E C O N T I N U E D U N T I L THE 

P R E D E F I N E D N U M B E R OF W A K E R E V O L U T I O N S A R E C O M P L E T E D . W A K E 

C O N V E R G E N C E M A Y B E C H E C K E D I N THE I N T E R A C T I V E M O D E B Y C O M P A R I N G T H E 

F I L A M E N T L O C A T I O N S B E T W E E N C O M P L E T E D R O T O R R E V O L U T I O N S . T H I S C H E C K 

M A Y B E C O N T I N U E D U N T I L T H E U S E R IS S A T I S F I E D T H A T S U F F I C I E N T 

R E P E A T I B I L I T Y H A S O C C U R R E D , U S U A L L Y A F T E R TWO F U R T H E R W A K E 

R E V O L U T I O N S . 

T H U S F A R , T H E P R E C E E D I N G C A L C U L A T I O N S H A V E B E E N W I T H R E S P E C T TO 

T H E N O - F E A T H E R I N G A X E S W I T H THE O R I G I N L O C A T E D A T T H E C E N T R E OF T H E 

U P P E R R O T O R D I S C . F I G U R E 56 S H O W S T H E D I R E C T I O N OF T H E A X E S S Y S T E M . 

F O L L O W I N G C O M P U T A T I O N S , H O W E V E R , A R E S I M P L I F I E D B Y A T R A N S F E R OF 

A X E S TO A SET R O T A T I N G W I T H A N D I N A S P E C I F I E D B L A D E , D E N O T E D B Y A 

S U F F I X ' B ' I N F I G U R E 5 6 . T H E R E A F T E R , R A N K I N E , I N D , G L A U E R T A N D 

I N C E P T A R E C A L L E D TO E V A L U A T E THE TIP V O R T E X S T R E N G T H S , T H E V O R T E X 

I N D U C E D V E L O C I T Y D I S T R I B U T I O N A L O N G A S P E C I F I E D B L A D E A N D T H E 

M O D I F I E D G L A U E R T V E L O C I T Y T H R O U G H T H E R O T O R S . T A N G E N T I A L A N D 

P E R P E N D I C U L A R V E L O C I T I E S TO A G I V E N B L A D E A R E T H E N S U M M E D , A N D U S I N G 

S U B R O U T I N E P E R M , T H E E L E M E N T A L A N D O V E R A L L B L A D E T H R U S T , T O R Q U E A N D 

H - F O R C E C O N T R I B U T I O N S A R E D E T E R M I N E D . T H E P R O C E D U R E S A R E R E P E A T E D 

F O R E A C H B L A D E I N T H E R O T O R L A Y O U T . C O M P L E T E R O T O R T H R U S T , T O R Q U E 

A N D LL-FORCE A R E T H E N O U T P U T W I T H T H E B L A D E S ' F R O Z E N ' AT T H E I R 

S P E C I F I E D L O C A T I O N S . S U B S E Q U E N T RUNS M A Y B E I N I T I A L I S E D TO T R I M OUT 

A N Y R O T O R I M B A L A N C E . 

6 . 3 C O N C L U S I O N S 

T H E D E V E L O P M E N T , R U N N I N G AND D E B U G G I N G OF P R O G R A M R O T O R F O R M E D 
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A S U B S T A N T I A L P A R T OF THE R E S E A R C H P R O G R A M M E . P A R T L Y F O R THIS 

R E A S O N , T H E P R O G R A M W A S S T R U C T U R E D I N A M O D U L E F O R M A T TO A L L O W 

F U T U R E U S E R S T H E O P T I O N OF U P D A T I N G C E R T A I N F E A T U R E S W H E N M O R E 

I N F O R M A T I O N B E C O M E S A V A I L A B L E . E Q U A L L Y , O T H E R A P P R O A C H E S C O U L D BE 

I N T E G R A T E D W I T H V A R I O U S R O U T I N E S W I T H R O T O R , A V O I D I N G U N N E C E S S A R Y 

D U P L I C A T I O N OF W O R K . 
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M O T E B L A D E S W I T H A N A S P E C T RATIO OF 1 4 . 1 . ( T H E P E R F O R M A N C E D A T A W A S 

A V E R A G E D F R O M F I V E S E P A R A T E T E S T S ) . A T A T H R U S T C O E F F I C I E N T OF 

0 . 0 0 7 , A I N C R E A S E I N H O V E R I N G E F F I C I E N C Y OF 4 . 0 % C A N BE S E E N . 

R E P L O T T I N G T H E D A T A P R E S E N T E D I N R E F E R E N C E ( 5 1 ) , F O R TWO C C T R S W I T H 

E Q U A L B L A D E R A D I I OF 3 . 8 M E T R E S , B U T D I F F E R I N G B L A D E A S P E C T R A T I O S 

OF 8 . 3 3 A N D 1 1 . 6 5 , S H O W S T H E S A M E T R E N D . 

7 . 3 C O N C L U S I O N A N D R E C O M M E N D A T I O N S 

T H I S L I M I T E D S T U D Y OF A H O V E R I N G C C T R H A S S H O W N T H R E E A R E A S 

W H E R E P O T E N T I A L G A I N S I N H O V E R I N G E F F I C I E N C Y M A Y B E O B T A I N E D . 

F I R S T L Y , THE V E R T I C A L R O T O R S P A C I N G H A S A B E N E F I C I A L E F F E C T O N THE 

C C T R P E R F O M A N C E . I N T E R E S T I N G L Y , T H I S G A I N IS Q U I C K L Y A T T A I N E D BY 

S M A L L V E R T I C A L R O T O R S P A C I N G (< 10% R O T O R R A D I U S ) . C O N S E Q U E N T L Y , THE 

R O T O R S P A C I N G N E C E S S A R Y TO A V O I D T H E P O S S I B I L I T Y OF A M U T U A L B L A D E 
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S T R I K E W I L L I N V A R I A B L Y B E S U F F I C I E N T TO E X P L O I T T H I S F E A T U R E . 

S E C O N D L Y , T H E R E IS A T R A D E O F F B E T W E E N R E D U C I N G T H E U P P E R R O T O R 

R A D I U S A N D , T H E R E F O R E , I N C R E A S I N G T H E I N D U C E D P O W E R , W I T H THE 

B E N E F I T S R E S U L T I N G F R O M A L A R G E R P O R T I O N OF T H E L O W E R R O T O R T A K I N G 

I N C L E A N A I R . F O R T H E E X A M P L E G I V E N , A N 8% R E D U C T I O N I N U P P E R R O T O R 

R A D I U S P R O D U C E D T H E M O S T P R O M I S I N G R E S U L T S . T H I R D L Y , B L A D E A S P E C T 

R A T I O H A S A S I G N I F I C A N T E F F E C T O N THE H O V E RING E F F I C I E N C Y OF A C C T R 

( A L S O A P P L I E S TO A S I N G L E R O T O R ) . T H E T R E N D OF I N C R E A S E D H O V E R I N G 

E F F I C I E N C Y W I T H H I G H E R A S P E C T RATIO R O T O R B L A D E S H A S B E E N E N D O R S E D 

B Y E X P E R I M E N T A L D A T A . T H I S , I N P A R T , IS C O N S I D E R E D TO R E S U L T F R O M A 

R E D U C T I O N I N T H E I N D U C E D P O W E R , A N A L O G O U S TO T H E R E D U C T I O N IN 

I N D U C E D D R A G F O U N D I N F I X E D W I N G O P E R A T I O N S W I T H I N C R E A S I N G A S P E C T 

R A T I O . 

IT IS R E C O M M E N D E D T H A T T H I S P R E L I M I N A R Y S T U D Y B E C O N T I N U E D , 

U S I N G P R O G R A M R O T O R . B E S I D E S I N V E S T I G A T I N G B L A D E T W I S T A N D T A P E R 

D I S T R I B U T I O N S , ROOT C U T - O U T E T C , U N C O N V E N T I O N A L C C T R L A Y O U T S S H O U L D 

B E E X P L O R E D . T H A T I S , D I F F E R I N G R O T O R R A D I I , N U M B E R OF B L A D E S A N D 

R P M S S H O U L D B E I N V E S T I G A T E D , N O T O N L Y W I T H T H E V I E W O F I N C R E A S E D 

P E R F O R M A N C E , B U T P E R H A P S W I T H T H E A I M OF M I N I M I S I N G T H E O V E R A L L 

H E L I C O P T E R V I B R A T I O N L E V E L S . T H I S , OF C O U R S E , W I L L H A V E TO BE 

I N V E S T I G A T E D O V E R T H E C O M P L E T E F L I G H T E N V E L O P E O F T H E C C T R , AS 

U N D O U B T E D L Y T R A D E O F F S W I L L E M E R G E . 
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8 . C O N C L U S I O N S 

8 . 0 C O N C L U S I O N S 

A T T H E I N C E P T I O N OF T H E R E S E A R C H W O R K , T H E A P P R O P R I A T E 

L I T E R A T U R E W A S S U R V E R Y E D TO O B T A I N A S U I T A B L E W A K E T H E O R Y W H I C H 

W O U L D A D E Q U A T E L Y M O D E L THE F L O W T H R O U G H A C O A X I A L C O N T R A T R O T A T I N G 

T W I N R O T O R ( C C T R ) . I N I T I A L L Y , T H E L A R G E V A R I E T Y OF S I N G L E R O T O R W A K E 

M O D E L S W E R E I N V E S T I G A T E D . T H I S I N V E S T I G A T I O N , A L T H O U G H P R O D U C I N G THE 

V A R I O U S A D V A N T A G E S OF M O M E N T U M A N D V O R T E X A P P R O A C H E S , I N D I C A T E D T H A T 

A M O R E I N D E P T H U N D E R S T A N D I N G OF W A K E G E N E R A T E D F L O W S W A S E S S E N T I A L . 

O N E F U N D A M E N T A L A R E A W H E R E A L A C K OF I N F O R M A T I O N W A S R E P O R T E D ( 1 4 , 

4 3 , 4 4 ) W A S T H E C H A R A C T E R I S T I C S OF T H E H E L I C O P T E R T I P V O R T E X , N A M E L Y 

V O R T E X S T R E N G T H , A N D S T R U C T U R E . B E A R I N G T H I S F A C T I N M I N D , THE 

A V A I L A B L E C C T R M O D E L S W E R E E X A M I N E D TO D E T E R M I N E T H E I R S U I T A B I L I T Y . 

I N G E N E R A L , T H E C C T R M O D E L S I N V E S T I G A T E D AS P R E S E N T E D I N C H A T E R 4 , 

W E R E G R E A T L Y S I M P L I F I E D A N D D I D N O T S A T I S F A C T O R I L Y A L L O W F O R THE 

E F F E C T OF O N E R O T O R O N A N O T H E R . E Q U A L L Y , A L L T H E C C T R M O D E L S 

C O N T A I N E D T H E S A M E S I N G L E R O T O R W A K E A S S U M P T I O N S . 

I T W A S T H E R E F O R E C O N S I D E R E D N E C E S S A R Y I N D E V E L O P I N G A S U I T A B L E 

C C T R W A K E M O D E L T H A T : -

1 ) T H E E X P E R I E N C E D G A I N E D F R O M S I N G L E R O T O R M O D E L L I N G T E C H N I Q U E S , 

A N D T H E L I M I T A T I O N S T H E R E O F , W O U L D B E U S E D AS G U I D A N C E I N T H E 

D E V E L O P M E N T OF A C C T R M O D E L . 

2 ) F U N D A M E N T A L W E A K N E S S E S , N A M E L Y T H E U N D E R S T A N D I N G OF T I P V O R T E X 

C H A R A C T E R I S T I C S W O U L D B E I M P R O V E D A P O N . 

C O N S E Q U E N T L Y , I N D E V E L O P I N G A C C T R M O D E L , C O N S I D E R A B L E E F F O R T 

W A S E X P A N D E D O N S I N G L E R O T O R C O N C E P T S A N D TIP V O R T E X E X P E R I M E N T A L 

A N D T H E O R E T I C A L C O N S I D E R A T I O N S . T H E R E S U L T S OF T H I S W O R K , IN P A R T , 

G E N E R A T E D A F R A M E - W O R K IN W H I C H A C C T R M O D E L W A S D E V E L O P E D . H O W E V E R , 

T H E F I N D I N G S A R E A L S O A P P L I C A B L E TO S I N G L E R O T O R W A K E M O D E L L I N G 

W H I C H F O R C O M P L E T E N E S S H A V E B E E N R E P O R T E D H E R E I N . 
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T H E T I P V O R T E X L I T E R A T U R E S U R V E Y P R E S E N T E D IN C H A P T E R 3 , 

H I G H L I G H T E D P O S S I B L E A R E A S W H E R E T R A D I T I O N A L M O D E L L I N G T E C H N I Q U E S 

A R E L I M I T E D . T H E R E S U L T S OF T H E S U R V E Y I N D I C A T E D THAT A L T H O U G H A 

L A R G E A M O U N T OF E X P E R I M E N T A L D A T A W A S A V A I L A B L E , V E R Y L I T T L E 

C R O S S - C O R R E L A T I O N H A D B E E N D O N E . TO O V E R C O M E T H I S L I M I T A T I O N , THE 

V O R T E X D A T A W A S C O N D E N S E D A N D U S E D TO E S T A B L I S H A B E T T E R 

U N D E R S T A N D I N G OF T H E T I P V O R T E X . I N I T I A L L Y , O N L Y THE V O R T E X ' S O L I D 

B O D Y ' R O T A T I O N A L C O R E W A S S T U D I E D I N D E T A I L . A S A R E S U L T , TWO 

E Q U A T I O N S W E R E D E V E L O P E D D E F I N I N G T H E V O R T E X C O R E R A D I U S A N D 

A S S O C I A T E D T A N G E N T I A L V E L O C I T Y ( E Q U A T I O N S 3 . 5 A N D 3 . 6 ) . IT W A S F O U N D 

T H A T , F O R E X A M P L E , A H I G H A S P E C T R A T I O R O T O R B L A D E G E N E R A T E D A 

C O M P A R A T I V E L Y W E A K E R TIP V O R T E X C O R E T H A N A L O W E R A S P E C T R A T I O R O T O R 

B L A D E . E Q U A L L Y , T H E V O R T E X C O R E R A D I U S , A S IT D E P A R T S F R O M T H E 

T R A I L I N G E D G E OF T H E B L A D E , W A S F O U N D TO B E THE O R D E R OF THE 

T U R B U L E N T B O U N D A R Y L A Y E R T H I C K N E S S . T H I S RESULT W A S I N C O N F L I C T W I T H 

M A N Y T Y P I C A L S U P P O S I T I O N S U S E D I N A V A R I E T Y OF W A K E M O D E L S . F O R 

E X A M P L E , A L T H O U G H T H E A C T U A L V O R T E X C O R E R A D I U S C O U L D B E AS S M A L L AS 

2 % B L A D E C H O R D , T Y P I C A L A N A L Y S E S O F T E N U S E A N Y T H I N G B E T W E E N 0 . 5 % 

( 3 1 ) TO 2 . 5 % ( 1 4 , 3 2 ) B L A D E R A D I U S TO D E F I N E T H E V O R T E X C O R E R A D I U S . 

F U R T H E R R E S E A R C H O N T H E C O M P L E T E S T R U C T U R E OF A R O L L E D - U P TIP 

V O R T E X H I G H L I G H T E D M O R E A M B I G U I T I E S I N T H E L I T E R A T U R E . A L T H O U G H TO A 

G O O D A P P R O X I M A T I O N , T H E C O M P L E T E V O R T E X S T R U C T U R E M A Y B E C O N S I D E R E D 

A N A L O G O U S TO T H E S T R U C T U R E OF T H E T U R B U L E N T B O U N D A R Y L A Y E R ( 3 3 ) , T H E 

C O E F F I C I E N T S I N THE D E S C R I B I N G E Q U A T I O N S ( S E E E Q U A T I O N S 3 . 9 - 3 . 1 1 ) 

C A N N O T B E C O N S I D E R E D U N I V E R S A L , A S I T IS S O M E T I M E S S U G G E S T E D ( 3 4 ) . 

T O A S C E R T A I N A G O O D D E S C R I P T I O N OF T H E S T R U C T U R E OF A T I P V O R T E X 

F R O M A V A R I E T Y OF R O T O R B L A D E S , A T H E O R E T I C A L M O D E L W A S D E V E L O P E D . 

T H E T H E O R E T I C A L P R O C E D U R E S A N D S O L U T I O N A R E D E S C R I B E D I N S E C T I O N 3 . 4 

A N D A P P E N D I X 1 R E S P E C T I V E L Y , A N D C O M P A R E D W I T H E X P E R I M E N T A L D A T A IN 

F I G U R E 13 A N D 1 4 W H E R E E X C E L L E N T A G R E E M E N T W A S F O U N D . U N L I K E T H E 

T U R B U L E N T B O U N D A R Y L A Y E R S O L U T I O N H O W E V E R , W H E R E THE O U T E R L I M I T OF 

T H E L A Y E R IS D E F I N E D W H E R E T H E V E L O C I T Y A P P R O A C H E S 9 9 % OF T H E F R E E 

S T R E A M V A L U E , THE O U T E R R A D I U S OF A V O R T E X M A Y NOT A L W A Y S B E D E F I N E D 

W H E R E THE V O R T E X S T R E N G T H A P P R O A C H E S 9 9 % OF THE M A X I M U M B O U N D 

C I R C U L A T I O N O N THE B L A D E . T H I S F E A T U R E W A S R E P O R T E D B Y C O O K ( 2 8 ) , 

W H O F O U N D T H A T THE TIP V O R T E X S T R E N G T H S S H E D FROM A R O T O R B L A D E W I T H 

A N A S P E C T RATIO OF 2 0 . 5 W A S , I N G E N E R A L , L E S S T H A N H A L F THE E X P E C T E D 



P A G E 69 

V A L U E . I N D E E D , F O R THE V O R T E X D A T A R E P O R T E D BY C O O K ( I . E . F R O M A 

H I G H A S P E C T RATIO R O T O R B L A D E ) , E Q U A T I O N S 3.9 A N D 3 . 1 0 W E R E F O U N D 

A D E Q U A T E TO D E S C R I B E D THE R E S U L T A N T V O R T E X S T R U C T U R E ( I . E . I G N O R I N G 

T H E D E F E C T R E G I O N ) O N C E T H E F I N A L I S E D V O R T E X S T R E N G T H W A S K N O W N ( S E E 

F I G U R E 1 9 ) . 

L A S T L Y , S E C T I O N 3 . 5 OF C H A P T E R 3 H A S I D E N T I F I E D T H A T T H E L A R G E 

S T R E N G T H ( C I R C U L A T I O N ) D E C A Y S O M E T I M E S A S S U M E D IN W A K E M O D E L L I N G , 

M A Y B E A G R O S S M I S R E P R E S E N T A T I O N OF W H A T A C T U A L L Y H A P P E N S . R O T O R TIP 

V O R T E X ' D E C A Y ' I S , I N F A C T , O F T E N A S S O C I A T E D W I T H A V O R T E X C O R E 

E X P A N S I O N . IT W A S S H O W N I N S E C T I O N 3 . 5 T H A T T H I S C A N T A K E P L A C E 

W H E N E I T H E R A V O R T E X - V O R T E X I N T E R A C T I O N O C C U R S O R W H E N T H E V O R T E X 

A X I A L V E L O C I T Y D I M I N I S H E S . C O N S E Q U E N T L Y , T H E A S S O C I A T E D V E L O C I T Y 

F I E L D OF A E X P A N D I N G V O R T E X C O R E IS, F O R P O I N T S C O N T A I N E D I N T H E 

C O R E , D I M I N I S H I N G . T H E C O R E S T R E N G T H , H O W E V E R , M A Y N O T H A V E C H A N G E D 

B Y A S I G N I F I C A N T A M O U N T . A N E X A M P L E OF T H I S T Y P E OF D E C A Y IS G I V E N 

I N F I G U R E 7 . 

T H E D I F F I C U L T Y I N D E V E L O P I N G A S U I T A B L E C C T R H O V E R M O D E L IS 

D E T E R M I N I N G T H E C O R R E C T T R A D E O F F B E T W E E N A V O I D I N G U N N E C E S S A R Y 

C O M P L I C A T E D C O M P U T A T I O N W I T H O U T L O O S I N G A F U L L D E S C R I P T I O N OF THE 

I N T E R F E R E N C E E F F E C T S B E T W E E N T H E T W O R O T O R S . F U R T H E R M O R E , I N C R E A S I N G 

T H E C O M P L I C A T I O N OF A T H E O R E T I C A L M O D E L D O E S NOT N E C E S S A R I L Y 

G U A R A N T E E B E T T E R P R E D I C T I V E A C C U R A C Y ( 5 0 ) . 

C H A P T E R 4 P R E S E N T S A S U R V E Y OF A W I D E V A R I E T Y OF W A K E M O D E L L I N G 

T E C H N I Q U E S . I N E S S E N C E , M O M E N T U M A P P R O A C H E S OFFER. S I M P L I C I T Y IN 

A P P L I C A T I O N W I T H A L O W C O M P U T A T I O N A L T I M E , W H I L E V O R T E X T H E O R I E S C A N 

B E M O S T R E A D I L Y A P P L I E D TO C O M P U T E T E M P O R A L V A R I A T I O N S I N T H E F L O W , 

A N D B E C O M E I M P O R T A N T W H E N E S T I M A T I N G T H E I N F L U E N C E OF O N E B L A D E O R 

R O T O R O N A N O T H E R . T O E X P L O I T T H E A D V A N T A G E S OF E A C H , A M E T H O D W A S 

D E V E L O P E D W H I C H C O M B I N E D T H E V O R T E X , M O M E N T U M A N D B L A D E E L E M E N T 

T H E O R I E S I N T O O N E A P P R O A C H . 

T H E W E L L K N O W N S T R I P T H E O R Y ( 1 5 ) , W H I C H U S E S B L A D E E L E M E N T AND 

M O M E N T U M T H E O R I E S TO Y I E L D A,N I N I T I A L E S T I M A T E OF T H E I N D U C E D 

D O W N W A S H A T THE B L A D E E L E M E N T IS S T I L L W I D E L Y U S E D . I T S M A J O R 

L I M T I A T I O N S , H O W E V E R , A R E T H E A R B I T R A R Y A P P L I C A T I O N OF A T I P L O S S 
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F A C T O R TO E N H A N C E THE R O T O R P E R F O R M A N C E P R E D I C T I O N , A N D THE P O O R 

P H Y S I C A L R E P R E S E N T A T I O N OF T H E R O T O R B L A D E A I R L O A D S . T H E TIP L O S S , 

I N F A C T , R E S U L T S FROM A F I N I T E R A D I U S R O T O R S Y S T E M , W H I C H A L L O W S A I R 

TO F L O W A R O U N D T H E L O W E R S U R F A C E OF THE B L A D E TO T H E U P P E R B L A D E 

S U R F A C E , C R E A T I N G A TIP V O R T E X . IT IS A R G U E D IN S E C T I O N 4 . 2 OF 

C H A P T E R 4 , T H A T T H E ' T I P L O S S ' M A Y B E M O R E A C C U R A T E L Y D E S C R I B E D BY 

T H E L I F T I M P A I R M E N T R E S U L T I N G F R O M T H E TOTAL TIP V O R T E X W A K E ( S ) 

I N D U C E D V E L O C I T I E S O V E R T H E C O M P L E T E B L A D E . N O W F O R H O V E R , B Y 

D E F I N I T I O N , THE V E R T I C A L C L I M B V E L O C I T Y IN THE S T R I P E Q U A T I O N ( 4 . 1 ) , 

IS E X A C T L Y Z E R O . H O W E V E R , T H E D E V E L O P E D T H E O R Y S U G G E S T S THAT E A C H 

B L A D E E L E M E N T P E R C E I V E S A N A D D I T I O N A L I N D U C E D V E L O C I T Y D U E TO THE 

T I P V O R T E X W A K E , W H I C H M A Y B E I N T E R P R E T E D A S A L O C A L C L I M B V E L O C I T Y . 

T H A T I S , T H E T O T A L T I P V O R T E X I N D U C E D V E L O C I T Y C A L C U L A T E D AT E A C H 

E L E M E N T A L A N N U L A R R I N G , R E P L A C E S THE G L O B A L V E R T I C A L C L I M B V E L O C I T Y 
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E n e r g y E q u a t i o n 

T h e f o l l o w i n g s o l u t i o n , r e l e v a n t t o s e c t i o n 3 . 4 i n t h e m a i n t e x t , i s 

d e r i v e d f r o m a p o s t u l a t e d w o r k / e n e r g y t h e o r e m . T h a t i s , t h e w o r k d o n e 

b y t h e b l a d e i n c r e a t i n g a t r a i l i n g t i p v o r t e x i s c o n s i d e r e d e q u a l 

t o t h e r o t a t i o n a l k i n e t i c e n e r g y w i t h i n t h e v o r t e x . N o w , t h e 

e l e m e n t a l r o t a t i o n a l k i n e t i c e n e r g y d e , o f a n a i r p a r t i c l e o f m a s s 

dm, a n g u l a r v e l o c i t y w a n d a t a r a d i a l d i s t a n c e r f r o m t h e a x i s 

o f r o t a t i o n i s g i v e n b y : 

d e = Y ( w r ) ^ dm ( A l . l ) 

w h e r e , 

W = K / Z N R ^ ( A 1 . 2 ) 

dm = p2'iTrdr ( A 1 . 3 ) 

whence the energy per unit length de, becomes; 

D E = ( P / 4 N ) (K^/ridr (A1.4) 

F o r t h e v o r t e x c o r e r e g i o n , 

K / r = A ( r / c ) ^ ( A 1 . 5 ) 0 ^ r & r 
max c 

S u b s t i t u t i n g ( A 1 . 5 ) i n t o ( A 1 . 4 ) y i e l d s a v o r t e x c o r e e n e r g y E ^ o f 

(P A - / ( 4 , f c ) ) 

C 

r ^ d r ( A 1 . 6 ) 

' ' c = ^ ' i a x A ' 

A l . l 



F o r t h e v o r t e x l o g a r i t h m i c r e g i o n , 

K/fmax = Bln(r/c) + C (A1.7) F C S R < FY 

S u b s t i t u t i n g A 1 . 7 i n t o A 1 . 4 y i e l d s a v o r t e x l o g a r i t h m i c e n e r g y E, 

o f ; 

= (P r m a x / 4 " ) ^ (Bln(r/c) + C)2 dr 

= ( P r m a x / 4 " ) 
1 3 2 2 9 
"2 I n r - I n r l n c + I n r l n c ) + B C ( l n " r - Z l n i r l n c 

+ C I n r (A1.8) 

F o r t h e v o r t e x d e f e c t r e g i o n 

K/r^ax ^ 1 " exp((DT/c) + E) (a1.9) FL < R < FO 

S u b s t i t u t i n g ( A 1 . 9 ) i n t o ( A 1 . 4 ) y i e l d s a v o r t e x d e f e c t e n e r g y E , o f : 

Gd = ( P r m a x / 4 n ) ( 1 - e x p ( C D r / c ) + E ) ) ^ d r (Al.lO) 

^ 1 

Now 

r 
o 

1 9 
— ( 1 - e x p ( ( D r / c ) + e)) dr = ( 1 - 2 e x p ( C D r / c ) + e ) + e x p 2 ( ( d r / c ) 

+ E ) ) D R 

(Al.ll) 

where. 

DR I n r (A1.12) 
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a n d 

( 2 e x p ( D r / c + B)/r)dr = - 2 e x p ( E ) (EXP(BR/C)/R)DR (A1.13) 

s i m i l a r l y , 

( e x p 2 ( n r/c + E)/r)dr = e x p ( 2 E ) ( e x p 2 ( D r / c ) / r ) d r ( A 1 . 1 4 ) 

^1 

I n t e g r a l s ( A 1 . 1 3 ) a n d ( A 1 . 1 4 ) a r e s o l v e d u s i n g t h e e x p a n s i o n 

x ) d x ^ Sir - iffr 
( a x ) 

mxml 

m 

(A1.15) 

W h e n c e , u s i n g ( A l . 1 2 - A l . 1 5 ) a n d s u b s t i t u t i n g i n t o ( A l . l O ) y i e l d s : 

G d = ( p r m a x / 4 " ) I n r + e x p ( 2 E ) 

M ^ 

I n r + 1 ( 2 D r / c ) / ( m x m l ) i 

1 ^ 

2EXP(E) 

m 

I n r + ^ (OR/C) / ( m x m l ) (A1.16) 

T h e t o t a l r o t a t i o n a l v o r t e x e n e r g y p e r u n i t l e n g t h i s g i v e n b y 

E v = Gc + E l + E j 

w h e r e E a n d E ^ a r e c o m p u t e d f r o m e q u a t i o n s ( A 1 . 6 ) ( A l . 8 ) a n d ( A 1 . 1 6 ) 

r e s p e c t i v e l y . 
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A P P E N D I X 2 

A 2 . 0 S a l i e n t H o v e r E q u a t i o n s 

T h e a x e s s y s t e m u s e d t h r o u g h o u t a r e g i v e n i n F i g u r e 5 6 . H o w e v e r , 

e x c e p t i o n s t o t h i s a x e s s e t a r e t h e d o w n w a s h v e l o c i t y V , a n d 

v o r t e x i n d u c e d ' a p p a r e n t v e r t i c a l a s c e n t ' v e l o c i t y v w h e r e a 

p o s i t i v e m a g n i t u d e i n d i c a t e s f l o w p a s s i n g d o w n t h r o u g h t h e r o t o r . 

B l a d e n u m b e r i n g c o m m e n c e s w i t h b l a d e 1 l o c a t e d i n t h e u p p e r r o t o r 

a t z e r o d e g r e e s o f a z i m u t h , b l a d e 2 , 3 e t c f o l l o w i n g i n a n a n t i c l o c k w i s e 

m a n n e r u n t i l t h e n u m b e r o f u p p e r r o t o r b l a d e s h a v e b e e n r e a c h e d . 

T h e r e f o r e , t h e n e x t b l a d e n u m b e r ( b + 1 ) r e f e r s t o a s p e c i f i e d 

l o w e r r o t o r b l a d e w i t h r e m a i n i n g b l a d e s b e i n g i n d e n t i f i e d i n a 

c l o c k w i s e m a n n e r . 

U s i n g t h e w e l l k n o w n s t r i p e q u a t i o n ( 1 5 ) o n i n i t i a l e s t i m a t e o f t h e 

i n d u c e d f l o w t h r o u g h t h e u p p e r r o t o r i s g i v e n b y . 

V . = 
i m 

V a awR 

r 1 + 1 + 

2 ( 9 r w - V ) 

4V 

a waR 
r 

+ V + 
c 

a awR 
r 

16 

(A2.1) 

w h e r e i n i t i a l l y V = 0 . 
c 

B l a d e e l e m e n t a l t h r u s t i s c o m p u t e d a t 14 s e p a r a t e s t a t i o n p o i n t s o f 

e l e m e n t a l s p a n d r , w h e r e 

d r = . I R r ^ 0 . 9 R (9 i n b o a r d s t a t i o n p o i n t s ) ( A 2 . 2 ) 

d r = . 0 2 R 0 . 9 R < r £! R ( 5 t i p s t a t i o n p o i n t s ) ( A 2 . 3 ) 

a n d e l e m e n t a l t h r u s t d T , 

A2.1 



1 2 
dT - — p V c ^ c c o s * d r ( A 2 . 4 ) 

V = 

C, = A (9 - # ) ^ ^ ( A 2 . 5 ) 

/ I - M R 

V i + V v 
* = ( A 2 . 6 ) 

w r 

( a g a i n v i n i t i a l l y b e i n g 0 ) 

T o t a l t h r u s t T , i s t h e n e v a l u a t e d , 

14 

T = b X Y ( A 2 / n 
m 

m = l 

a n d c o r r e c t e d u s i n g a t i p l o s s f a c t o r o f . 

B = 1 - / Z.OC^/b ( A 2 . 8 ) 

t o y i e l d a n i n i t i a l e s t i m a t e o f t h e t h r u s t c o e f f i c i e n t . 

= T/p (A2.9) 

T h e r e a f t e r , L a n d g r e b e ( 3 1 ) p r e s c r i b e d w a k e c o e f f i c i e n t s a ^ , 8 2 a n d a ^ 

a r e u s e d t o d e t e r m i n e t h e t i p v o r t e x p a t h s . 

= - 0 . 2 5 (C^/o) (A2.10) 

ag = - 1 . 4 1 (A2.11) 

a = 0.145 + (27 * C^) (A2.12) 

y i e l d i n g v e r t i c a l z a n d r a d i a l r ^ c o o r d i n a t e s o f t h e t i p v o r t e x l i m i t s 

v i a . 

z = a , w t wc < 2 i r / b ( A 2 . 1 3 ) 
V 1 

= a ^ 2 i T / b + a ^ ( w t - 2 i r / b ) w t ^ 2n/b ( A 2 . 1 4 ) 

r = 0.78 + 0.22 expf-a^wt) (A2.15) 
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T h e u p p e r r o t o r i s t h e n s t e p p e d a r o u n d t h e d i s c b y p r e d e f i n e d AZIMUTH 

s t e p s Alp, p r o d u c i n g s t r a i g h t l i n e v o r t e x f i l a m e n t s LYING o n t h e 

p a t h s d e s c r i b e d b y e q u a t i o n s A 3 . 1 3 - A 3 . 1 5 . 

On r e a c h i n g t h e r e q u i r e d n u m b e r o f r o t o r r e v o l u t i o n s , t h e a p p a r e n t 

v e r t i c a l a s c e n t v e l o c i t y V ^ , f r o m t h e u p p e r r o t o r w a k e i s c o m p u t e d 

u s i n g e q u a t i o n A 2 . 3 8 . T h e r e a f t e r , t h e a f o r e m e n t i o n e d p r o c e d u r e s a r e 

r e p e a t e d w i t h V V a n d c o n t i n u e w i t h a n i n i t i a l e s t i m a t e o f t h e 

u p p e r r o t o r p e r f o r m a n c e v i a 

E l e m e n t e d i n d u c e d d r a g dD^^ = d L s inc j ) (A2.16) 

1 2 
E l e m e n t e d p r o f i l e d r a g dD = -̂  P V C ^ j i d r 

w h e r e C , = 0 . 0 0 8 7 - 0 . 0 2 1 6 a + 0 . 4 0 0 a 
d o r r 

( A 2 . 1 7 ) 

T o t a l b l a d e t h r u s t T i s g i v e n b y 

m=14 14 

y d L cosd) + y dD s i n $ 

m = l m = l 

(A2.18) 

a n d r o t o r t o r q u e Q b y 

Q = B 

14 

I DO 

m = l 
cose ^ d L s i n i j ) r 

m 
J 

(A2.19) 

T h e p r o c e d u r e s a r e r e p e a t e d a s d e s c r i b e d i n C h a p t e r 4 , 4 . 3 w i t h t h e 

i n c l u s i o n o f i n t e r f e r e n c e e f f e c t s , e v a l u a t i n g t h r u s t a n d t o r q u e o n 

t h e l o w e r a n d u p p e r r o t o r s u n t i l c o n v e r g e n c e h a s b e e n a c h i e v e d . T h e 

f i n a l i n f l o w , c o m p u t a t i o n s u s e t h e e x t e n d e d S t e p r t e w s k i e q u a t i o n 4 . 1 3 , 

g i v e n i n C h a p t e r 4 . 
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A 2 . 1 S a l i e n t F o r w a r d F l i g h t E q u a t i o n s 

A s w i t h t h e p r e v i o u s s e c t i o n , t h e f o l l o w i n g e q u a t i o n s a r e p r e s e n t e d 

f o r t h e g e n e r a l c a s e a n d o n l y w e r e n e c e s s a r y a r e t h e c o m p u t a t i o n a l 

d i f f e r e n c e s b e t w e e n t h e u p p e r a n d l o w e r r o t o r s h i g h l i g h t e d . R e s u l t i n g 

f r o m t h e o p p o s i t e r o t a t i o n s o f t h e t w o r o t o r s i n t h e CCTR, s i g n c h a n g e s 

c a n o c c u r . T h e s e c h a n g e s a r e s h o w n b y ( - ) w h e r e t h e t o p a n d b o t t o m 

s i g n s r e f e r t o u p p e r a n d l o w e r r o t o r s r e s p e c t i v e l y . A s i n g l e s i g n 

i n d i c a t e s n o c h a n g e o c c u r s w h e n t r a n s f e r r i n g f r o m o n e r o t o r t o t h e 

o t h e r . 

G l a u e r t s a p p r o x i m a t i o n f o r t h e m e a n i n d u c e d d o w n w a s h v ^ y i e l d s 

= T / ( 2 P A V ' ) ( A 2 . 2 0 ) 

W H E R E V ' = / V + (V^ + V ) ( A 2 . 2 1 ) 

w h e n c e s u b s t i t u t i n g ( A 2 . 2 1 ) i n t o ( A 2 . 2 0 ) y i e l d s 

— 4 > — 3 : 
VI T / y v i + V . T 2 / ( 4 P 2 A 2 ) | = 0 ( A 2 . 2 2 ) 

T h e q u a r t i c e q u a t i o n i n i s s o l v e d b y u s i n g a NAG c o m p u t e r l i b r a r y 

r o u t i n e n a m e d COZAEF. 

I n i t i a l c o n d i t i o n a r e s e t b y 

T = (8/3 + W ^ ^ / 2 + X / 2 ) ^ P A B C ( A 2 . 2 3 ) 

V y = 0 . 0 

a n d d e f i n i n g 

a d v a n c e r a t i o y = V c o s a / ^ R ( A 2 . 2 4 ) 

i n f l o w r a t i o A = ( V s i n a + v ^ ~ v ^ ) / OR ( A 2 . 2 5 ) 

S u b s e q u e n t v ^ c o m p u t a t i o n s a r e p e r f o r m e d t h r o u g h o u t t h e p r o g r a m w h e n t h e 

t i p v o r t e x w a k e e f f e c t s a r e k n o w n . 

A 2 . 4 



U s i n g t h e i n i t i a l e s t i m a t e s o f , X a n d |J t h e s o u r c e p r o g r a m c o m p u t e s 

t h e f l a p p i n g c h a r a c t e r i s t i c s o f t h e b l a d e s a r o u n d t h e d i s c . U s i n g t h e 

c o o r d i n a t e s y s t e m s h o w n i n F i g u r e 5 6 , w h e r e t h e t o p a n d b o t t o m r o t o r s 

h a v e p o s i t i v e a n d n e g a t i v e r o t a t i o n s r e s p e c t i v e l y . S i m p l e f l a p p i n g 

t h e o r y ( 1 ) y i e l d s , 

g = a ^ - a ^ cos i j j + b ^ s i n ^ ( A 2 . 2 6 ) 

d S / d t = Q,(+ a ^ s i n ' j i - b ^ c o s ^ ) ( A 2 . 2 7 ) 

w h e r e t h e f l a p p i n g c o e f f i c i e n t s a r e g i v e n b y e q u a t i o n s ( 5 . 1 0 ) - ( 5 . 1 2 ) , 

p r e s e n t e d i n C h a p t e r 5 . 

T h e r o t o r s a r e s t e p p e d a r o u n d t h e d i s c w i t h t h e t r a i l i n g t i p v o r t e x 

f i l a m e n t s c o o r d i n a t e s b e i n g g e n e r a t e d w i t h r e s p e c t t o t h e n o - f e a t h e r i n g 

a x e s , t h e o r i g i n o f w h i c h i s l o c a t e d a t t h e c e n t r e o f t h e u p p e r r o t o r . 

Two o p t i o n s a r e p o s s i b l e f o r c o m p u t i n g t h e v o r t e x f i l a m e n t p o s i t i o n s . 

1 ) C l a s s i c a l Wake 

T h e v e l o c i t y a n d s u b s e q u e n t p o s i t i o n o f t h e j t h v o r t e x f i l a m e n t s t a t i o n 

f r o m t h e k t h b l a d e i s g i v e n b y t h e l o c a l f l o w c o n d i t i o n s w i t h o u t 

c o n s i d e r i n g t h e i n t e r a c t i o n s b e t w e e n f i l a m e n t s , n a m e l y . 

X = - s i n i j j , c o s S, ( A 2 . 2 8 ) 
^ J = L K 

y = + c o s ^ , c o s 6, ( A 2 . 2 9 ) 

^ J = L 

z = s i n g ( A 2 . 3 0 ) 

J = L 

f o r K > , Z = s i n g ^ - ( d / R ) 

w h e r e v = 0 . 0 ( A 2 . 3 1 ) 

V = V c o s a ( A 2 . 3 2 ) 

V = V S I N A - V ^ ( A 2 . 3 3 ) 

A 2 . 5 



S u b s e q u e n t j f i l a m e n t p o s i t i o n s a r e c o m p u t e d f o r k b l a d e s v i a . 

k = b +b 
u b m 

I .1 
k = l i = 2 

V 

k = b +b 
U 1 

= I 
K = L 

J 

+ I A t / R 

J 

I X 

j = 2 " 3 - 1 j : z * j - i 

(A2.34) 

w h e r e A t = 
Alp 

Q 
(A2.35) 

( s i m i l a r s u m m a t i o n s f o r y a n d z ) 

2 ) F r e e - w a k e 

U s i n g t h i s f a c i l i t y , t h e i n t e r a c t i o n b e t w e e n t h e v o r t e x f i l a m e n t s i s 

c o m p u t e d u s i n g t h e B i o t - S a v a r t L a w . T h e s a l i e n t e q u a t i o n s u s e d i n 

s u b r o u t i n e I N D , w i t h s u f f i x e s a b a n d p r e p r e s e n t i n g t h e v o r t e x 

f i l a m e n t s e n d p o i n t s ( a , b ) a n d a g e n e r a l p o i n t ( p ) r e s p e c t i v e l y : -

V = + 
v x 

V 

471 Y ? - F A ZP - = 5 , z - z 
I P A; I^P -

(A2.36) 

V = + 
v y 

KoC r r 

4lT 

1 f f 
I'p" rp - *b. j - i X - X 

IP aj 
=P =BJ (A2.37) 

V y z = i 
4tt ^A ^ P - L?; -

(A2.38) 
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where, C = (AP + BP)/((Af x BP)R((AP x BP + I + J + K) (A2.39) 

a n d , I = (x - ^ 2 ) ( X p - x ^ ) (A2.40) 

J = (Pp - ya)(yp - (A2.41) 

K = ( z - z ) ( z - z . ) ( A 2 . 4 2 ) 
p a p D 

F o r t h e R a n k i n e v o r t e x , t h e s t r e n g t h K i s g i v e n b y : -

2?; 

K = o q c o s a ds ( A 2 . 4 3 ) 

0 

w h e r e f o r t h e v o r t e x c o r e q = V , ds = r d a 
s c 

y i e l d i n g K = 2tt V r ( A 2 . 4 4 ) 
•' ° c s c 

F r o m C h a p t e r 3 , a n d r ^ a r e g i v e n b y : -

V = (1.0 + 6.6/A^) 2.64 x IcT^G (8 in degrees) (A2.45) 

= 1.2R2°'2 VgC/Vy (A2.46) 

w h e r e i s t h e l o c a l t i p s p e e d g i v e n b y ; 

V = OR + Vsin^ (A2.47) 

N o t e t h a t f o r t h e f o r w a r d f l i g h t c a s e t h e s t r e n g t h o f t h e v o r t e x f i l a m e n t s 

v a r y a r o u n d t h e d i s c . F o r c o m p u t a t i o n a l p u r p o s e s t h e a v e r a g e s t r e n g t h 

b e t w e e n t h e t w o f i l a m e n t e n d p o i n t s i s s e t e q u a l t o t h e s t r e n g t h o f t h e 

f i l a m e n t . T h e v e l o c i t y i n d u c e d o n t h e j t h s t a t i o n o n t h e k ^ h v o r t e x 

h e l i x i s g i v e n b y : -

l = b ^ + b ^ m = n - l 

= Z Z V v x , < ^ 2 . 4 8 ) 

j 1 = 1 m = l m l 

w h e r e n = n u m b e r o f s t a t i o n s p e r h e l i x ' . 

A2.7 



W h e n k = l , V , V , V = 0 
v x . v x . , v x . ^ 

m = j m = j - l m = j + l 

S i m i l a r l y f o r V a n d V 
v y v z 

F u r t h e r 

( 1 + r c o s ^ ) ( A 2 . 4 9 ) 

w h e r e v . = v . (V _ ) ( A 2 . 5 0 ) 
1 1 v z r = 0 

T h e w a k e i s c o n t i n u a l l y s t e p p e d a r o u n d t h e d i s c u n t i l t h e d e s i r e d n u m b e r 

o f s t a t i o n s h a v e b e e n r e a c h e d f o r t h e c l a s s i c a l w a k e , o r u n t i l w a k e 

c o n v e r g e n c e i s s a t i s f i e d f o r t h e f r e e - w a k e . T h e u s e r o f t h e p r o g r a m 

ROTOR may d e t e r m i n e w a k e c o n v e r g e n c e b y e i t h e r c o m p a r i n g f i l a m e n t 

l o c a t i o n s f o r c o n s e c a t i v e r e v o l u t i o n s o f t h e d i s c , o r b y c o m p a r i n g 

t h e t i p v o r t e x i n d u c e d v e l o c i t y d i s t r i b u t i o n f o r v a r i o u s b l a d e l o c a t i o n s , 

T o c o m p u t e t h e t i p v o r t e x i n d u c e d v a l u e s a l o n g t h e b l a d e , a t r a n s f e r 

o f a x e s f r o m t h e n o f e a t h e r i n g p l a n e t o a x e s i n s e r t i n g i n a n d r o t a t i n g 

w i t h a g i v e n b l a d e , i s p e r f o r m e d . 

T h e t r a n s f o r m a t i o n i s g i v e n b y 

x ^ = x ^ ^ cos i j j + s i n i j j ( A 2 . 5 1 ) 

Y y = ( y ^ | : c o s ^ - s i n ^ ) c o s 3 + s i n g ( A 2 . 5 2 ) 

z ^ = c o s 3 - ( y g c o s ^ - s in 'v j j ) s i n S ( A 2 . 5 3 ) 

( i f k > b z ^ = z p + d / R ) 

u n f n t 

U s i n g c o o r d i n a t e s y s t e m ( x , y , z ^ ) , 

VY = V V Z ( A 2 . 5 4 ) 

A 2 . 8 



T h e t o t a l v e l o c i t i e s a t a n y b l a d e e l e m e n t r a d i a l s t a t i o n r i s 

g i v e n b y : -

U p p e r r o t o r 

P e r p e n d i c u l a r b l a d e v e l o c i t y U ^ , 

U = ('V s i n a - V. ) c o s S - r - V c o s a c o s ' i s i n g + V ( A 2 . 5 5 ) 
p u l u d t v z 

T a n g e n t i a l b l a d e v e l o c i t y U ^ 

^ t u " * V c o s a s i n i j j ( A 2 . 5 6 ) 

F o r t h e l o w e r r o t o r i m m e r s e d i n t h e u p p e r r o t o r w a k e 

U T = (V s i n a - 2 v . ) c o s 3 ~ r -r V c o s a c o s ^ s i n 3 + V ( A 2 . 5 7 ) 

p i l u d t V Z 

^ t l " * V c o s a s i n i j j ( A 2 . 5 8 ) 

F o r t h e s e c t i o n s o f t h e l o w e r r o t o r t a k i n g i n c l e a r a i r , 

= (V s i n a - v \ ^ ) c o s g - r • — - V c o s a cos i j j s i n 3 + ( A 2 . 5 9 ) 

A t e a c h b l a d e s t a t i o n , t h e b l a d e l i f t , d r a g a n d H - f o r c e i s c o m p u t e d v i a : -

E l e m e n t a l l i f t d l = p c ^ c A r ( A 2 . 6 0 ) 

w h e r e c ^ = a (8 + (1 )^ /11^ ) ) ( A 2 . 6 1 ) 

E l e m e n t a l i n d u c e d d r a g dD^ = d L s i n ^ ( A 2 . 6 2 ) 

1 9 

E l e m e n t a l p r o f i l e d r a g dD^ = p c U ^ c ^ ^ A r ( A 2 . 6 3 ) 

w h e r e = 0 . 0 0 8 7 - 0 . 0 2 1 6 + 0 . 4 0 0 a " ( A 2 . 6 4 ) 

E l e m e n t a l d r a g dD = dD^ + dD^ ( A 2 . 6 5 ) 

A 2 . 9 



E l e m e n t a l H - f o r c e d H . 

DH = (DD COS$ - DL SIN^)SIN^ - ( D L COS$ + DD SIN#) SINB COS^ (A2.66) 

T o t a l b l a d e t h r u s t i s g i v e n b y 

m=14 m=14 

Y DL COS^ + Y DD SIN* 
1 M 1 P 

M=L M=L 

c o s R (A2.67) 

a n d b l a d e t o r q u e b y 

= R COS 

m=14 m=14 

^ DD COS* - Y DL SIN* 

i n = l m = l 
(A2.68) 

T o t a l r o t o r t h r u s t T , t o r q u e Q , p o w e r P a n d H - f o r c e H i s g i v e n b y : -

B +B 
u 1 

T = I T. 

B=L 

b +b 
u 1 

Q = I 
B=L 

(A2.69) 

(A2.70) 

P = Q X 

I H. 

(A2.71) 

(A2.72) 
b = l 

A 2 . 1 0 



A P P E N D I X 3 

3 . 0 I N P U T P R O C E D U R E 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

P R O G R A M R O T O R 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

T H E P R O G R A M C A L C U L A T E S T H E H O V E R A N D F O R W A R D F L I G H T 

P E R F O R M A N C E O F E I T H E R A S I N G L E O R T W I N C O A X I A L R O T O R 

L A Y O U T . B E F O R E R U N N I N G T H E P R O G R A M A N U M B E R O F 

Q U E S T I O N S A R E F I R S T P O S E D . T O A N S W E R E I T H E R I N P U T A 

Y F O R Y E S O R A N N F O R N O , F O L L O W E D B Y T H E R E Q U E S T E D 

D A T A . 

* * * * * I N P U T A L L L E N G T H S I N M E T R E S * * * * * 

DO Y O U R E Q U I R E T H E P E R F O R M A N C E O F A S I N G L E R O T O R ? 

/ - N 

T H E T W O R O T O R S IN A T W I N C O N F I G U R A T I O N A R E L A B E L L E D 

U P P E R A N D L O W E R R O T O R R E S P E C T I V E L Y . 

* * * * * A L L P R O C E E D I N G I N P U T S A R E F O R T H E U P P E R R O T O R 

U N L E S S O T H E R W I S E S T A T E D . * * * * * 

I N P U T N U M B E R O F B L A D E S 

/-2.0 

I N P U T R O T O R R A D I U S 

/ - 0 . 7 6 

A R E T H E B L A D E S T A P E R E D ? 

/-y 

E A C H B L A D E I S D I V I D E D UP I N T O 9 I N B O A R D E L E M E N T S A A M 5 

T I P E L E M E N T S . E A C H I N B O A R D E L E M E N T S P A N S O . I R , S T A R T I N G 

A T T H E R O O T . E A C H T I P E L E M E N T S P A N S 0 . 0 2 R , S T A R T I N G A T 

0 . 9 R . I N P U T T H E M I D P O I N T C H O R D O F E A C H E L E M E N T S T A R T I N G 

A T T H E R O O T E N D . ( 1 4 C H O R D S I N A L L ) 

1 . E . T H E C H O R D A T 0 . 0 5 R , 0 . 1 5 R 0 . 8 5 R , 0 . 9 1 R , 0 . 9 3 R 

0 . 9 9 R 

/ - 0 . 1 2 0 . 1 1 0 . 1 0 0 . 0 9 0 . 0 8 0 . 0 7 0 . 0 6 0 . 0 5 0 . 0 4 0 . 0 3 8 0 . 0 3 6 

/ - 0 . 0 3 4 0 . 0 3 2 0 . 0 3 



I n p u t p r o c e d u r e c o n t i n u e d 

A R E T H E B L A D E S T W I S T E D ? 

/-Y 

I N P U T EACH M I D P O I N T BLADE ELEMENT P I T C H , S T A R T I N G 

AT THE ROOT E N D . ( 1 4 P I T C H E S I N A L L ) 

/ - 1 2 . 0 I I . 0 1 0 . 0 9.0 8.0 7.0 6 . 0 5 . 0 4 . 0 3 . 8 3.6 3 . 4 

/ - 3 . 2 3 . 0 

I N P U T R O T O R R P M 

/ - 4 4 0 . 0 

I N P U T M A S S O F B L A D E IN K G 

/ - 1 . 5 

DO Y O U R E Q U I R E A F O R W A R D F L I G H T C O M P U T A T I O N ? 

/-Y 

I N P U T F O R W A R D F L I G H T VEL IN M/S 

/ - 5 . 0 

I N P U T R O T O R S H A F T A N G L E O F A T T A C K , A L P H A , I N D E G S 

/ - - 3 . 0 

DO Y O U W A N T TO I N C L U D E V O R T E X R O L L - U P ? 

/-Y 

H O W M A N Y W A K E R E V O L U T I O N S DO Y O U R E Q U I R E ? 

I N P U T A N I N T E G E R : 

1 - 2 

I N P U T F I L A M E N T INCREMENT ( I N T E G E R ) I N D E G S O F A Z I M U T H 

/ - 2 0 

* * * * * A L L P R O C E E D I N G I N P U T S A R E F O R T H E L O W E R R O T O R * * * * * 

I N P U T N U M B E R O F R O T O R B L A D E S 

/-2.0 

I N P U T R O T O R R A D I U S 

/ - 0 . 7 6 

ARE THE B L A D E S T A P E R E D 

y - N 

I N P U T B L A D E C H O R D 

/ - 0 . 0 5 4 

ARE THE B L A D E S T W I S T E D ? 

/ - N 



I n p u t p r o c e d u r e c o n t i n u e d 

I N P U T B L A D E P I T C H IN D E G R E E S 

/ - 7 . 5 

I N P U T R O T O R R P M 

/ - 4 4 0 . 0 

I N P U T M A S S OF B L A D E IN K G 

/ - I . 3 5 

I N P U T V E R T I C A L S E P A R A T I O N B E T W E E N R O T O R S 

/ - 0 . 1 9 6 



3.1 Program ROTOR listing 

L l U i U U M H S P F O N T H A N T E X T 

1 REAL M A S S U , n A 6 S L , M u U , M U L , L A N U A U , L A N D A L , L 0 C K U , L 0 C K L , M U 
< REAL KC,KL ,KO,MACHNO,MACHNOU,MACHNOL,KU,KLOW 
5 REAL LANOIU,LANt> - lL 
^ INTEGER Y E S , T O T A L S T P , O t L T A Z I M 
5 D IMENSION HF ( AO) ,H FORCE ( AO) ,MFOf<CEU( ' v j ) ,H FORCEL ( 4 0 ) 
ft D IMENSION X P T ( 4 0 ) , y P T ( 4 0 ) , ? I N ( 1 0 0 , 2 U ) , r I N ( 1 0 0 , 2 0 ) I ( 1 Q O ) 
/ D IMENSION YI ( I C O ) , 2 I F ( 1 0 0 ) , Y I F ( 1 0 0 ) ,V ,< ' 0H (40 ) , V F L A P ( 4 0 ) 

U I ^ ENSIGN T H R U S T U ( 4 0 ) , T O R Q l ! E U ( 4 0 ) , T H R U S T L ( 4 0 ) , T O R a L I E L ( 4 0 ) 
V D I f -EN SI ON X F V T ( 1 0 a , 2 n ) , Y F V T ( 1 0 0 , 2 0 ) , Z F V T CI 0 0 , 2 0 ) , Z F V 1 ( 1 0 0 , 2 0 ) 

1 . D IMENSION T H E T A R { 4 0 ) , C H O R D H ( 4 0 ) , U S R ( 4 0 ) 
11 D IMENSION V t L F V ( 1 0 0 , 2 0 ) , V E L F V T ( 1 0 0 , 2 0 ) , T H I ( 4 0 ) , U T I ( 4 0 ) , t h r u s t ( 4 C ) 

C , i l P ( 1 ( , 0 , 2 N ) , U T ( 1 L u , 2 0 ) , T 0 R 0 U E ( 4 U ) , T H ( 4 0 ) , T 0 R ( 4 0 ) , R A D 6 ( 4 0 ) 
n D IMENSION X f V N E W d 0 0 , 2 0 ) , Y f V N E w ( 1 0 0 , 2 0 ) , Z F V N E W ( 1 0 0 , 2 0 ) 
U EH SI ON X V E L ( 1 C J , 2 0 , 2 0 ) , Y V E L ( 1 0 0 , 2 : , 2 0 ) , Z V E L ( 1 C C , 2 0 , 2 0 ) 

D IMENSION C I R V ( 1 0 0 , 2 0 ) 
1', U l f E I . S I O N TI ME ( 2 0 ) ,R AO ( 2 0 ) ,EPS I (1 J C , 2 j ) ,!?£ TA ( 1 O o , 2 J ) 
1 D IMENSION U t ' E T A ( 1 C O , 2 0 ) , X F V ( 1 0 0 , 2 j ) , Y F V ( 1 0 0 , 2 0 ) , ? F V ( 1 0 0 , 2 0 ) 
1 - D IMENSION * V E L T ( 1 0 0 , 2 0 ) , Y V E L T ( 1 D 0 , 2 0 ) , 7 V E L T ( 1 0 0 , 2 J ) 
W D IMENSION T H E T A L ( 4 0 ) , C H L ( 4 n ) , V I N U ( 4 0 ) , V E C W U L ( 4 0 ) , X L D U ( 4 G ) 
c, D IMENSION Y L D U ( 4 0 ) , Z L D U ( 4 0 ) , V E C U L ( 4 0 ) , V I L ( A G ) , T H L O ( 4 0 ) 
21 DIMENSION h S L ( 4 0 ) , X V L ( 1 0 0 , 2 0 ) , Y V L ( 1 0 0 , 2 0 ) , Z V L ( 1 0 0 , 2 0 ) , V V U L ( 1 0 0 , 2 0 ) 
23 D IMENSION C I R L ( 1 L ' U , 2 0 ) , V E C L ( 4 0 ) , V V L ( 1 0 0 , 2 0 ) , V I T L ( 4 0 ) , T H L ( 4 C ) 
2?, D IMENSION X V l ) ( 1 0 j , 2 0 ) , Y V U ( 1 0 U , 2 C ) , Z V U ( 1 0 0 , 2 0 ) , V V U ( 1 0 0 , 2 0 ) 
^4 D IMENSION C n U ( 1 0 0 , 2 0 ) , C U ( 4 C ) , B S U ( 4 0 ) , X P ( 4 0 ) , Y P ( 4 L ) 
2 i D IMENSION Z P ( 4 C ) , V E C U ( 4 C ) , V I U ( 4 G ) , T H E T A U ( 4 0 ) , V l T ( 4 u ) , T H U ( 4 C ) 

26 D IMENSION T O R L ( 4 0 ) , T H E 0 ( 4 u ) , T O R U ( 4 0 ) , N O ( 1 ) , T o T ( 4 0 ) 
27 D IMENSION R C 1 ( 2 0 0 0 ) , R C D 1 { 2 0 0 0 ) 
2 ' D IMENSION R C U ( 2 O 0 0 ) , R C O U ( 2 C O 0 ) , R C L C 2 O 0 O ) , R C D L ( 2 u O C ) 
29 D IMENSION V O R T E X A ( 1 0 0 , 2 0 ) , V O R T E X B ( 1 0 0 , 2 0 ) , V O P T E X C ( 1 O C , 2 C ) 
5 1 C,VOPTEXDC 1 C O , 2 C > , V O R T E X E ( 1 0 0 , 2 0 ) , V O R T E X K C ( 1 0 0 , 2 0 ) 
n C , VORTEX K L ( I T ' C , 2 0 ) , VORTEX KO ( 1 0 0 , 2 0 ) , VORT E X R C ( 1 00 , 2 0 ) 
52 C , V O R T E X K L ( 1 0 0 , 2 C ) , V O R T E X R O ( 1 0 0 , 2 0 ) 
3< C , X V L 1 ( 1 0 0 , 2 C ) , Y V L 1 ( 1 0 C , 2 0 ) , Z V L 1 ( 1 0 0 , 2 0 ) , V V L U C 1 0 0 , 2 0 ) , V V I ( 4 0 ) 
5 4 C , V E C U I ( 4 C ) , V I U I ( 4 J ) , V I T I ( 4 ' : ) , T H U I ( 4 0 ) , T 0 R U I ( 4 0 ) 

55 C 0 M M 0 N / B L 2 / A 1 , A 2 , A 3 
56 C O M f O N / B L S / W , A L P H A , V 
57 C 0 M K 0 N / B L 9 / V A , V B , V C , V 0 , V E 
56 C 0 * M 0 N / B L 2 1 / T 0 T A L S T P , N F I L A S T P 
<9 C 0 M M 0 N / B L 2 2 / 0 E T , A 7 M , S I G N 
« R C O M ^ O N / B L 2 5 / V S G U , W C U 

41 CALL I C L 9 h t M A S K ( 6 4 , 1 ) 
42 D'.TAA/5.7.'/,r.TYPV/0/ 
45 D A T A N O / I H I M / , M 7 / 1 H N / 
4 4 D A T A Y E S / L K Y / 

45 D A T A V I S , R O E , H I / I . 4 5 5 E - 5 , 1 . 2 2 5 , i . 1 4 1 5 9 2 7 / 
4 6 D a T A f , / 1 2 / 
4 7 D A T A E U / D . S / , E L / 0 . 5 / 

4b W P I T E ( 6 , 5 ) 
4 9 5 F O R M A T ( ' 

Sr W R I T E ( 6 , 6 ) 
51 6 F O R M A T ( ' « » ' ) 
52 W R I T E ( 6 , 7 ) 
55 7 F O R M A T ( ' • PROGRAM ROTOR * ' ) 
S4 W R I T E ( 6 , 6 ) 
5 5 W R I T E ( 6 , 5 ) 
56 w f » I T E ( 6 , 1 C ) 



1,1'It-. F !.'» TR AN TEXT 

) 7 1 

yv 1 1 

0 ; 
Ol 1') 
62 
63 1 
64 
6L 
o6 
i ? 
o f 21 
ov 29 
?v 
7 1 
/ 2 < s 

7 t 
J ? >2 
Tc-
^9 3 5 
lO 
Kl 5« 
y2 

t i 60 
«4 
85 
t o 65 
o7 70 
68 
o9 
90 
91 
92 75 
•)i 

95 •<0 
96 
97 
9^ 
99 

IOC 
i u l 
1U2 
103 ••5 
1J4 
1 j 5 
106 10 
1 r / 10 
1 lIO 
1 j v 1 J 
11: 
11 1 11 
11 ( 

F U K » A T ( / , ' T H E PKOGfAC CALCULATES THE MOVER AND FORWARD F L I G H T " ) 
W R I T E ( 6 , 1 1 ) 
FORt«AT( •PfcI<FOI>rANCt OF EITHER A SINGLE OR TWIN COAXIAL ROTOR') 
W R I T E ( 6 , 1 5 ) 
FOFCAT( 'LAYOUT.PEFOPE RUNNING TWE PROGRAM ROTOR A NUMBER O F ' ) 
WRITE ( 6 , 1 8 ) 
FORhAT( ' l iUeST lONS ARE FIRST POSED.TO ANSWER EITHER INPUT A T ' ) 
W R I T E ( 6 , 2 1 ) 
F O R A T ( • R O H Y F ? . O R A N N F O P N O , F O L L O W E D A Y T H F, R E Q U E S T E D D A T A 

L ' ) 
W H I T E ( 6 , 2 1 ) 
F OR MA T ( / ' * • * I NP UT ALL LENGTHS I r; M E T R E S * * * ' / ) 
W R I T E ( 6 , 3 0 ) 
F 0 R K A T ( / / ' l : 0 YOU HEQIi IGf THE PERFORMANCE OF A SINGLE R O T O R ? . ' ) 
R F A D ( 5 , 3 5 ) M 1 
F C k M A T ( l A 4 ) 
1 F ( M 1 . E U . Y E S ) GOTO 65 
w H I T E ( 0 , 5 U ) 
FOR MAT( •THt TWO RuTORS IN A TWIN CONFIGURATION ARE L A B E L L E D ' ) 
W R ] T E ( A , 5 2 ) 
FOR FAT( 'UPPER ROTOR AN U LOWER R O T O R . ' ) 
W R I T E ( 6 , 5 5 ) 
F 0 R h A T ( ' T H 6 UPPER ROTUR CENTRE IS ALWAYS SITUATED AT T H E ' ) 
WRITE{o,5<S) 
FORkAT('REFERENCE AXES O R I G I N ' ) 
W R I T E ( 6 , 6 0 ) 

F O R K A T ( / ' * * « ALL PROCEEDING INPUTS ARE FOR THE UPPER ROTOR') 
W k l T E ( 6 , 6 3 ) 
FORMAT('UNLESS OTHERWISE STATED * * * ' / ) 
WRITE ( 6 , 7 0 ) 
FORMAT( ' INPUT NUMBER OF ROTOR B L A D E S ' ) 
READ(5,*)nu 
I F ( M 1 . E f i . Y E S ) N O B L A D E S = I F I X ( B U + 0 . 2 ) 
N u U - I FI X (FLI+O . ? ) 
W R I T E ( 6 , 7 5 ) 
FORPAT( ' INPUT ROTOR R A D I U S ' ) 
R £ A O ( S , * ) R U 
W R I T E ( 6 , £ 0 ) 
FORMAT('ARE THE BLADES T A P E R E D ? . ' ) 
KEAD(S ,3S)M2 
I F ( M 2 . E & . Y E S ) SOTO 100 
W R I T E ( 6 , 9 0 ) 
FORMAT( ' I N P U T PLADE CHORD') 
R E A D ( 5 , * ) C 
DO 95 1 = 1 , 1 4 
C U ( I ) = C 
CONTINUE 
C AV U= CU(8 ) 
GOTO 128 

W R I T E ( 6 , 1 0 6 ) 

F O R M A T ( ' T I P I 
W R I T E ( 6 , 1 I C ) 
FORMAT('EACH 
W R I T E ( 6 , 1 1 2 ) 



LINE NUMHEP FORTRAN TEXT 

11 ? 112 FOPfATC 'ENi ' .EACH T IP ELEMENT SPANS ; . u 2 R , S T A R T I N G AT 0 . 9 R . ' ) 
114 W R I T E ( 6 , 1 1 5 ) 
11 3 11 5 FORKAT( ' INPUT THE MIDPOINT CHORD OF EACH SEGMENT,STARTING A T M 
116 wf i iTE ( 6 , 1 1 •;) 
11 7 l i f t F OR AT ( 'ROOT E N D . ( 1 4 CHORDS IN A L L ) . ' ) 
lie W R I T E ( 6 , 1 2 5) 
119 12 5 F O R M A T ( ' I . E . THE CHORD AT 0 . 0 5 R , 0 . 1 5 P , . . . . 0 . 7 5 R , 0 . 8 5 R , 0 . 9 1 R , ' ) 
120 k K I T E ( 6 , 1 2 6 ) 
121 12 6 FOkf AT ( • • ; • . ^ 3 P , . . . . : . .99R • ) 
122 R E A D ( 5 , * ) ( C O ( I ) , I = 1 , 1 4 ) 
123 CAVU=CU(3) 
124 12 f k R I T E ( 6 , 1 3 u ) 
125 1 5 0 FOR^AT( •AR^ THF "LADES T W I S T E D ? . ' ) 
126 R E A D ( 5 , 3 5 ) * 3 
127 I F C M . E Q . Y E S ) C-OTO 148 
ize WRITE ( 6 , 1 6 1) 
129 140 FORKAT( ' INCUT M A D E PITCH IN DEGREES') 
n c K E 6 C ( 5 , * ) THFTA 
131 DO 145 1 = 1 , 1 4 
132 T H E T A 11 ( I ) = T H c X A » P I / 1 0 . 0 
133 1 CONTINUE 
134 THcTAVU=THFTAU( "') 
155 GOTOI57 
13c 14^ I F ( » 2 . E 0 . Y E S ) f OTo 1 5 . 
137 W H I T E ( 6 , 1 u 5 ) 
13^: W R I T E ( 6 , 1 O o ) 
13': u R i TE ( 6 , 1 1 : : ) 
U C W R I T E ( 6 , 1 1 2 ) 
141 149 F 0 R K A T ( ' T H T R O O T END. (14 PITCHES IN A L L ) . ' ) 
1 4^ 150 W R I T E ( 6 , 1 5 5) 
14 5 W r I T E ( 6 , l 4 4 ) 
144 155 FUR"AT( ' I N P U T EACH ' . IDPOINT BLADE ELEMENT P ITCH,ST ANTING A T ' ) 
145 K E A D ( S , * ) ( T H E T A U ( I ) , I = 1 , 1 4 ) 
1 46 DO 170 K=1 , 1 4 
147 THE TAU(<) = TH E T a U ( K ) * P I / 1 6 0 . 0 
14>) 17 ? CONTINUE 
149 THETAVU=THETAU(b) 
15C 157 THETASW = THETASW*PI/ISO .0 

151 W R I T E ( 6 , 1 5 8) 
152 15S FORMATC'INPUT ROTOR R P * ' ) 
153 R E A D ( 5 , * ) OMEGAU 
154 WU=OMEGAU*PI/3C .0 
155 00 2uQ K = 1 , 1 4 
156 e S U { K ) = ( B U * C U ( K ) ) / ( P I * R U ) 

157 V £ C U ( K )=0.0 
158 20-, CONTINUE 
159 B S = e S U ( 8 ) 
160 DO 21 J K=1 , 9 
161 K P ( K ) = 0 . G 
162 Y P ( K ) = ( [ . 0 5 * K ) + ( ( K - 1 ) * L . 0 5 ) 
163 Z P ( K ) =0 . 0 
164 21 ' CONTINUE 1 
165 DO 215 K = 1 ' , 1 4 
166 X P( K) =G .3 
167 Y P ( K ) = Y P ( 9 ) + Q . G 5 + ( ( K - 9 ) ' 0 . 0 1 ) + ( ( K - 1 0 ) * 0 . 0 1 ) 

160 Z P( K )=0 .0 



LINE NUM^EK fOKTKAN TEXT 

16V ^15 CONTINUE 
170 VTU = W(i*HU 
171 HACHN0U = V T I I / 3 AO .0 
172 R £IJ = VTU*CU ( 8 ) / V I S 
173 AR1/ = R U / C U ( 8 ) 
176 C CALCULATION OF VORTEX MAX SWIRL VEL AND CORE R A D I U S . 
175 V S 0 U = ( 1 . n + < 6 . 6 / A R U ) ) * ( 2 . 6 A E - 2 ) * T H E T A U < 1 2 ) * V T U * 1 6 0 . 0 / P I 
176 P C C U = C U ( 1 2 ) * 1 . 2 * C R F U * » ( - 0 . 2 ) ) * V S 0 U / V T U 
177 WRITE ( 6 , 5 C 2 2 ) 
1 / < 592 2 FOPMAT( ' INPUT CASS OF BLADF IN K G ' ) 
179 K E A D ( 5 , * ) MASSU 
liSQ WRITE ( 6 , 2 1 6 ) 
161 216 F O P M A T ( ' 0 0 YOU REQUIRE A FORWARD FLIGHT COMPUTATION? ' ) 
162 K E A 0 ( i , ?5 ) ••• 6 
185 NAA=2 
184 I F (^ '6 .EQ .Y FS ) NAA=1 
U S I F ( N A A . E Q . 2 ) GOTO 5364 
1K6 W K I T E ( 6 , 5 " 2 1 ) 
167 5021 FORMAT( ' I N P U T FORWARD FLIGHT V E L . IN M / S ' ) 
I t " R E /.D ( , • ) V 
1«V W H I T E ( 6 , 5 4 7 2 ) 
1«0 547? FURMATC"INPUT ROTOk SHAFT ANGLE OF A T T A C K , A L P H A , I N D E C S ' ) 
191 R e A D ( 5 , * ) ALPHA 
1V2 5 36 4 W H I T E ( 6 , 2 1 Q ) 
193 2 1 9 FORMAT('DO YOU WANT TO INCLUDE VORTEX R O L L - U P ? ' ) 
194 K E A 0 ( 5 , T 5 ) W51 
195 W R I T E ( 6 , 2 1 7 ) 
196 217 FORMAT('HOW MANY WAKE REVOLUTIONS DO YOU R E Q U I R E ? ' ) 
197 W R I T E ( 6 , 2 1 8 ) 
196 21B F O P M A T ( ' I N P U T AN I N T E G E R : ' ) 
199 R E A D ( 5 , * ) NREV 
200 W R I T E ( 6 , 7 0 1 ) 
201 701 FORMAT( ' INPUT FILAMENT INCREMENT (INTEGER ) IN DECS OF A Z I M U T H ' ) 
2u2 R £ A D ( 5 , * ) UELTAZIM 
205 A L P H A = A L P H A * P I / 1 8 0 . 0 
204 N F I L A S T P = ( 5 6 C / D E L T A 2 I M ) + 1 
205 T 0 T A L S T P = ( N R E V « ( N F I L A S T P - 1 ) ) + 1 
2L'6 I F ( K 6 . E 0 . Y E S ) GOTO 409 
207 CALL S T R I P ( V E C U , Y P , T O T , C T U , V I U , R U , T H E T A U , C U , B S U , B U , A , W U ) 
208 CALL L A N D 6 ( X V U , Y V U , Z V U , C T U , B U , B S , R U ) 
209 I F ( N B U . E O . I ) GOTO 221 
210 DO 220 K=2 ,NHU 
211 CALL U L V O C O ( X V U , Y V U , Z V U , B U , K ) 
212 22 0 CONTINUE 
213 221 W R I T E ( 6 , 2 2 ? ) V s n u , R C 0 U 
214 222 F 0 P M A T ( ' V S U = ' , 1 F 8 . 4 , ' M / S , R C U = ' , 1 F 8 . 4 , ' M ' ) 
215 NC0UNT=1 
216 2 2 ! DO 230 K=1 ,NBU 
217 CALL C A L ( X V U , Y V U , Z V U , X P , Y P , 7 P , 1 , V V U , 0 , R U , B U , K , K C , K L , k o , r c u 
21ft C , V P L , f i O , V A , V B , V C , V O , V E , N C 0 U N T , 6 A M A X U , R C 0 U , V S O U , C A V U , N T Y P V 
219 C, SI GN,1 , C I R V ) 
2 20 23 0 CONTINUE 
221 DO 240 K = 1 , 1 4 
222 V E C U ( K ) = V V I i ( K , 1 ) 
225 240 CONTINUE 
22 4 I F ( N B U . E U . 1) f O T u ? 51 
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225 DO 2 5 0 K = 2 , N B U 
2 2 6 DO 2 5 3 J = 1 , 1 4 

2 2 7 V E C U ( J ) = V E C U ( J ) • V V U ( J , K ) 

22? ' 2 5 " CONTINUE 
229 2 5 1 WSI TE ( 6 , * ) (VECU ( L ) , L = 1 , U ) 
23 0 CALL S T R I P ( V E C M , Y P , T O T , C T U , V I l i , R U , T H E T A U , C U , B S U , B U , A , W U ) 
2 3 1 DO 2 6 0 K = 1 , 1 4 
232 V I T ( K ) = V E C U ( K ) + V I U ( K ) 
233 2 6 0 CONTINUE 
2 3 4 W R I T E ( 6 , 5 5 6 1 ) 

235 5 5 6 1 F O R M A T ( ' T O T A L DOWWWASH D I S T R 1 8 U T 1 0 N ( V I T ) ON UPPER ROTOR I S : * ) 
236 W f c I T t ( 6 , * ) ( V I T ( L ) , L = 1 , 1 4 ) 
237 CALL H E R H ( V I T , Y P , T H t l , T O R U , T H E O , R U , T H E T A l l , C U , R S U , e U , E N U , G A M A X l t 
238 C , A , W L ' , T H I , 1 , U T I , H f ) 
239 KC=2 . 0 * P I * V S 0 U * R C L i U 
2 4 0 E N U = E N U * ( K C / G A r - A X l l ) • * ? 

241 W R I T E ( 6 , 7 0 3 3 ) ENU 
242 7 0 3 ? F O R f A T ( 'ENU= • , 1 F I G . 4 ) 
24 3 W t t I T F ( o , * ) ( T H U ( l 4 ) , T 0 R U ( 1 4 ) ) 
2 4 4 CTII = ( B U * T H U ( 1 4 ) ) / ( F O E « ( W U * R ' U ) * * 2 * P I * f t U * « ? ) 
245 CQU = ( H U * T O R U ( 1 4 ) ) / ( R O E * ( W U * R U ) * * 2 * P I * f < U * * I ) 
2 4 6 W R I T E ( 6 , 6 n C ) CTb 
247 6 0 0 F O R f A T ( ' 'THRUST C0EFF , CTU , F0R UPPER ROTOR I S : ' , 1 F 8 . 6 ) 
2 4r: WRITE ( 6 , 2 ) c a n 
249 2 F O R f A T ( ' ' . ' T O R Q U E C O c F F . FOR UPPER ROTOR I S : ' , 1 F 1 0 . 8 ) 
2 5 0 I F ( t.C CUNT . fC. c ? ) GOTO 4 ' ^ 

251 CALL T I P V O P ( E N U , G f M A X U , V T U , A R U , C A V U , T H E T A V U , T H E T A S W , R E U , K C 
2 5 2 C , K L , K O , V N L , R r , N T Y k V , P A C H N O n ) 

25 3 I F ( < C . G T . G 4 v A X U ) GOTO 8 0 4 1 
25 , GOTO 30 42 
255 3 0 4 1 VSCU=VSOU*GAMAXU/KC 
256 KC = 6A!"AXU 
257 8 0 4 ? CALL D E C A Y ( R C O U , V S 0 U , W U , R U , R C U , R C D U , 8 U , E N U ) 
2 5 o DO 2 6 1 J = 1 ,TOTALSTP 
259 NVAR1 = ( D E L T A Z I f i * ( J - 1 ) ) + 1 
2 6 0 f,VAR2 = (DELTAZ I I H * J ) + 1 
261 R C U ( J ) = ( R C U ( N V A R 1 ) + R C U ( N V A R 2 ) ) / 2 . 0 
262 2 6 1 CONTINUE 
263 N 2 1 = 1 
2 6 4 NC0UNT=2 
265 GOTO 223 
266 C ST&RT OF LOWER ROTOR COMPUTATION. 
2 6 7 C 
268 40"5 I F ( ( P 1 . E U . Y E S ) . A N D . ( M 6 . E Q . Y E S ) ) GOTO 1 5 1 0 
269 I F < « 1 . E Q . Y E S ) GOTO 5 8 0 
273 408 W R I T E ( 6 , 4 1 0 ) 
2 7 1 4 1 0 F O R H A T ( / ' * * * ALL PROCEEDING INPUTS ARE FOR THE LOWER ROTOR * * * ' / ) 
272 W R I T E ( 6 , 7 0 ) 
273 R E A 0 ( 5 , * ) e t 
2 7 4 N n L = I F I X ( B L + 0 . 2 ) 
275 W R I T E { 6 , 7 5 ) . 
276 R E A 0 ( 5 , * ) RL 
277 W R I T E ( 6 , S O ) 
278 R t A D ( 5 , 3 5 ) M2 
27V I F ( C 2 . E Q . Y F S ) GOTO 4 2 0 
2 8 0 W R I T E ( 6 , 9 0 ) 
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281 R E A D ( 5 , * ) C 
262 00 415 1 = 1 , 1 4 
283 C H L ( I ) = C 
284 415 CONTINUE 
285 C A V L = C H L ( S ) 
286 GOTO 425 
287 4 2 0 W R I T E ( 6 , 1 0 5 ) 
2 b ( . WRITE ( 6 , 1 C i ) 
289 W R I T E ( 6 , 1 i n ) 
290 W H I T E ( 6 , 1 1 2 ) 
291 W R I T E ( 6 , 1 1 5 ) 
29? W R I T E ( 6 , 1 1 5 ) 
2 9 3 W R I T E ( 6 , 1 2 5 ) 

294 w ( i l TE f 6 , 1 2 f.) 
295 R£At j ( 5,*) ( CHL ( I ) , 1 = 1 , 1 4) 
296 C A V L = C H L ( i ) 
2 9 7 42 5 W R I T E ( 6 , 1 / 0 ) 
2 9 " H E A G ( 5 , 3 5 ) 
2 99 I F ( F 3 . E 0 . Y E S ) GOTO 435 
30(1 WRITE ( 6 , 1 4C) 
3 0 1 R E A 0 ( 5 , * ) T H E T A 

302 DO 4 3 0 1 = 1 , 1 4 
303 T H F T A L ( I ) = T H E T A * P I / 1 8 0 . 0 
304 430 CONTINUE 
305 THETAVL=THETAL(S ) 
3 06 GOTO 441 
3 0 7 435 I K H Z . E Q . Y E S ) GOTO 4 4 0 
308 W R I T E ( 6 , 1 U 5 ) 
3 0 9 W R I T E ( 6 , 1 0 6 ) 
310 W R I T E ( 6 , 1 1 C ) 
311 W R I T E ( 6 , 1 1 2 ) 
312 440 W R I T E ( 6 , 1 5 5) 
313 W R I T E ( 6 , 1 4 9 ) 
314 R E A D ( 5 , * ) ( T H E T A L ( i ) , I = 1 , U ) 
315 DO 443 K K = 1 , 1 4 
3 1 6 T W E T A L ( K K ) = T W E T A L ( K K ) * P I / 1 8 0 . 0 
317 443 CONTINUE 
318 T H £ T A V L = T H E T A L ( 8 ) 
319 4 4 1 W R I T E ( 6 , 1 5 8) 
320 R E A 0 ( 5 , * ) OMEC-AL 
321 W R I T E ( 6 , 5 0 2 2 ) 
322 R E « D ( 5 , * ) MASSL 
323 W L = 0 M E G A L * P i / 3 0 . u 
324 VTL=WL*RL 
325 M A C H N 0 L = V T L / 3 4 0 . 0 
326 R E l = V T L * C H L ( S ) / V I S 
3 2 7 W R I T E ( 0 , 4 6 0 ) 
3 2 8 460 F O R K A T ( ' I N P U T VERTICAL SEPARATION BETWEEN ROTORS') 
329 R E A D ( 5 , * ) VSEP 
330 VSEP=ABS(VSEP) 
331 DO 445 K = 1 , 1 4 
33 2 R S L ( K ) = ( B L * C H L ( K ) ) / ( P I » R L ) 
333 445 CONTINUE 
334 R S = ( B L * C H L ( r ) ) / ( P I * R L ) 
335 ARL = RL/CHL ( 3 ) 
336 V S 0 L = ( 1 . G + ( 6 . 6 / A R L ) ) » ( 2 . 6 2 E - 2 ) * T H E T A H 8 ) * V T L * 1 8 J . U / P I 
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5 i / R C Q L = C H L ( ^ ) * 1 . 2 » ( R £ L * » ( - 0 . ? ) ) * V S U L / V T L 
3 5.4 1 F ( H'6 .E(J .T E.S ) GOTO 1 5 1 0 
33 9 T H E T A V = ( ( ( - V S E P / H U ) - ( / < 1 * ? . 0 * P I / B U ) ) / A ? ) 
34 J R 2 = ' j . 7S + ( 0 .2 2 »F >P( - A i . TH ET AV ) ) 
341 K3= R2 *RU/HL 
34? W R I T F ( 6 , 3 3 0 ) R 3 
343 ) 0 0 F OR i-A T ( • VO^JT EX I N T t k S t C T S LOWER ROTOR A T ' , 1 F 8 . 4 , ' ' ( N O N - 0 WRT R L ) ' ) 
344 T H E T A V = T H { T A V'IFC . J/PL 
34 5 WRI TE ( 6 , 3 0 5 ) THE TAV 
346 (0 5 F u R k * T ( ' A ^ r AT an 4GE u F ' , 1 F f . . 4 , ' D E G S . ' ) 
34 7 C 
3 4 .K c THF C O^Pi i T f. T I G t THE KO'- 'EMUf. INDUCED OOWNWASH VELOCITY COMPUT 
349 c ON THE LOWER ROTOR fRO^ THE UPPER ROTOR ALLOWING FOR THE 
35 f I P O S S I B I L I T Y Of 1)1 r f £RE NT lAL R A D I I AND WAKE CONTRACTION NOW 
35 1 c FOLLOWS: 
352 c 

353 c I F ( AP S ( K L - R l l ) .L T . 02 ) GOTO 3 4 0 
354 K = 1 
355 U 0 I F ( k- , r. T . 1 4 ) GOTO 5 4 7 
356 K K = 1 
357 c 
35r c r P ( K K ) IS THE NON-U DISTANCE ON THE UPPER ROTOR. 
359 c ( Yp (If ) . kL / Ktl ) IS THE DISTANCE OF THE STATION PT K ' ON THE LOWER 
36C c ROTOR,NON-U WRT THE UPOEP MOTOR. 
361 c 
36? I f ( Y P ( K < ) . G T . K 2 ) GOTO 32 5 

363 312 1 F( Yp (<IC) .GT . (1 .C7 «2 ) * ( YP( K ) * R L / R U ) ) GOTO 315 
364 KK=KK. + 1 
365 I F ( < H . G T . l 4 ) GOTO 326 
36 6 GOTO 312 
36 7 31 5 I F ( K K . E O . I ) GOTO 3 2 0 
368 W R I T E ( 6 , * ) K ,KK 
369 6 R A D = ( V I T ( K K ) - V I T ( K K - 1 ) ) / ( Y P ( K K ) - Y P ( K K - 1 ) ) 
370 C O N S = V I T ( K K ) - ( G R A D * Y P ( K K ) ) 
371 V I N U ( K ) = ( G R A D * ( 1 . 0 / R 2 ) * Y P ( K ) * R L / R U ) + C O N S 

372 V E C M U L ( K ) = V I N U ( K ) * ( 1 . 0 / R 2 ) * * 2 
373 K = K + 1 

374 GOTO 310 

375 3 2 0 GRAD = V IT (H .H ) / Y P ( K K ) 
376 V I N U ( K ) = G R A D * ( 1 . C / R 2 ) * Y P ( K ) * R L / R U 
377 V E C M U L ( K ) = V I N U ( K ) * ( 1 . C / R 2 ) * » 2 

37R K =K + 1 
379 GOTO 31C 
380 32"; 1 F ( K . L T . 1 4 ) GOTO 3 26 
3d1 V EC i»UL ( K ) = C , C 

382 GOTO 34 7 
383 326 0 0 327 L = < , 1 4 
384 V t CMUL ( L ) = , 0 
3«5 32 7 CONTINUE 
38A GOTO 347 
387 c 3 4 0 DO 345 K = 1 , 1 4 
3%2 c I F ( YP (K) .G T .R 2 ) GO TO ) 3 5 
3f.9 c V E C M U L ( K ) = V I U ( K ) « ( 1 . 0 / R 2 ) * * 2 

3 91. c GOTO 345 
391 335 V E C M U L ( K ) = 0 . 0 
392 (45 C ON TINUF 
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395 C 
394 C END Of MUMkNTUh COMPUTATION. 
395 c 
396 347 W R I T E ( 6 , 3 6 0 ) 
3 9 7 3 6 0 F O R r * T ( ' V E C M U L D I S T R I B U T I O N I S : ' , / ) 
396 wHlTE (6 , 3 6 5) < V E C f U L ( L ) , L = 1 , 1 4 ) 
3 9 9 36 5 F O R M A T ( 7 ( 1 F 8 . 4 , 1 X ) , / ) 
40'- < A 7 f = 1 
401 ( K A / M - 1 ) * P I / 6 . n 
402 A r ' l L U - A / f" L * 1 8 C . C / P I 
403 WRITE ( 6 , 3 7 : ) A/ML 0 
406 370 FOR MAT( 'LOWER ROTOR AT AZIMUTH POSTN 0 F ' , 1 F * . 4 , ' DECS' , / ) 
405 00 375 K - 1 , 1 4 
406 Z L U U ( K ) = - V S C P / R U 
4 0 / Y L D I ) ( K ) = y P ( K ) « C O S ( A Z H L ) » R L / R U 
40c X L D U ( K ) = Y P ( K ) . S : N ( A Z M L ) * R L / R U 
40Q ^75 CONTINUE 
41 C 00 38 C J K = 1 , N b U 
411 CALL C A L ( X V U , Y V U , Z V U , X L D U , Y L O U , Z L D U , 2 , V V U L , K A 2 M , R U , B U , J K , K C , K L 
41 C , K O , R C U , V K L , R C , V A , V R , V C , V D , V E , N C O U N T , G A M A X U , R C O U , V S O U , CAVU 
413 c , N T Y P V , S I & N , 1 , C I R V ) 
4 U (8 0 CONTINUE 
415 00 38 5 K = 1 , 1 4 
416 V E C U L ( t ( ) = VVl)L ( K , 1 ) 
41 7 385 CONTINUE 
416 00 3 9 0 K = 2 , R U 
419 DO 3 9 0 J = 1 , 1 4 
42C V £ C U L ( J ) = V £ C U L < J ) + V V U L ( J , K ) 
4 2 1 ^9 0 CONTINUE 
422 K = 1 

423 53 6 I F ( Y P ( K > .C- T . R ' ) UOTO 5 37 
424 K =K + 1 
425 I F ( K . G T . 1 4 ) GOTO 5^8 
426 GOT 0 •: 3 6 
627 537 f,21 = K 
4 ? t GOTO ' 0 c' 
42V 5 3 6 M21=1 4 
430 392 DO 391 K = 1 , 1 1. 
431 I F ( K . L T . M f l ) GOTO 393 
432 V E C U L ( K ) = V E C U L ( K ) 
45 5 GOTO 3 9 1 
434 39 3 V E C b L ( K ) = V e C M i i L (K ) 
435 39 1 CONTINUE 
43 6 URI TE (6 , 39 ""i 
437 W 5 F0RKAT( ' V E C U L D 1 STWI BUT ION I S : ' , / ) 
43 8 WhlTE ( c , ' . 0 0 ) ( VE CUL ( L ) , L = 1 , 1 4 ) 

439 400 f O R y A T ( 7 ( 1 F3 . 4 , 1 X) , / ) 
440 40 1 CALL S T R I P ( V E C U L , Y P , T O T L , C T L , V I L , R L , T M C T A L , C N L , P S L , B L , A ,WL) 
441 CALL L A N 0 G ( X V L , Y V L , Z V L , C T L , 6 L , B S , R L ) 
442 I F( \r<L . EG . 1 ) GOTO 51 1 
443 DO 510 K = 2 , N P L 
444 CALL o L V O C O ( X V L , Y V L , Z V L , e L , K ) 
445 51 0 CONTINUE 
446 51 1 VSCL = ( 1 . 0 - t - ( 6 . 6 / A R L ) ) » ( 2 . 6 4 E - 2 ) * T H E T A L < 1 2 ) * V T L * 1 8 0 . 0 / P I 
447 R C C L = C H L ( 8 ) * 1 . ? » ( R £ L * * ( - 0 . 2 ) ) * V $ 0 L / V T L 

44 f. W R I T E ( 6 , 5 1 5 ) V S U L , R C O L 
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44 V 51 5 F U k h A T ( ' V 5 L = ' , 1 F m . 4 , ' M / S , S C L = ' , 1 F 8 . 4 , ' M ' / ) 
M CO UN T= 1 

45 1 SI 6 DO 52 : K = 1,NF<L 
45? CALL C . M ( X V L , Y V L , 7 V L , X P , Y P , Z P , 1 , V V L , 0 , R L , P L , K , K C , K L , K 0 , R C L , V R L 
453 C , n C , V A , V n , V C , V P , V E , N C 0 U N T , i : A M A X L , R C 0 L , V S 0 L , C A V L , N T Y P V , S I G N , 1 
454 C , C I R V ) 
455 5 2 0 CONTINUE 
456 00 525 K = 1 , 1 4 
457 V E C L ( K ) = V V L ( K , 1 ) 
45., 52 5 CON TINUE 
459 I F ( N B L . t U . I ) GOTO 531 
460 0 0 5 3 w K - 2 
4 6 1 0 0 5 3 0 J = 1 , 1 4 
46? V ECL ( J ) = V E CL < J ) + V V L ( J , K ) 
463 53 0 CONTINUE 
464 5 5 1 DO 535 * = 1 , 1 4 
465 I F ( K . L T . M 2 1 ) GOTO 532 
4t,6 V E C L ( K ) = V E C L ( K ) + V E C U L ( K ) 
467 GOTO 535 
46M 3 ' 3 V E CL ( K ) =VE C O L ( K ) 
469 53 S CONTINUE 

CALL S T R I P ( V E C l , Y P , T O T L , C T L , V I L , R L , T M E T A L , C H L , B S L , e L , A , U L ) 
471 DO 54C K=1 , 1 4 
472 I F ( K . L T . M 2 1) GOTO 5 4 1 
473 V I T L CK)=VE C L ( K ) +V X L ( K ) 
4 74 GOTO 540 
475 541 V I T L ( K ) = V E CMUL(K) 
47(5 5 4 0 CONTINUE 
477 W R I T E ( 6 , 5 4 5) 
478 545 FORMAT( ' V l TL 01 STRI BUT ION I S : ' , / ) 
470 W R I T E ( 6 , 5 5 C ) ( V I T L ( L ) , L = 1 , 1 4 ) 
<80 55 0 F 0 « r < A T ( 7 ( 1 F 8 . 4 , 1 X ) , / ) 
481 CALL P E R M ( V I T L , Y P , T H L , T 0 R L , T H L 0 , R L , T H E T A L , C H L , B S L , B L , E N L , G A M A X L 
482 C, A,WL ,TH I , 1 , U T I , H F ) 
483 K C - 2 . 0 * P 1 * VSr)L*RCOL 
48/. E NL = F N L * ( K C / G A M A X L ) * * 2 

465 I F ( N C O U N T . E Q . 2 ) GOTO 3 5 2 

486 CALL T I P V 0 K { E N L , G A M A X L , V 7 L , A R L , C A V L , T H E T A V L , T H E T A S U , R E L , K C , K L 
487 C , K O , V k L , R O , N T Y P V , M A C H N O L ) 
488 I F ( K C . G T . G A M A X L ) GOTO 8 0 4 3 
48S GOTO 8 0 4 4 
4 40 8 0 4 3 V SOL = VSOL•GAMAXL/KC 
4V1 K C = G A M A X L 

492 8 04 4 CALL 0 E C A Y ( R C 0 L , V S O L , W L , R L , R C L , R C D L , B L , E N D 
493 DO 551 J = 1 ,TOTALSTP 
494 N V A R 1 = ( 0 E L T A 2 1 M * ( J - 1 ) ) » 1 

495 N V A R 2 = ( D E L T A Z I M * J ) + 1 
496 R C L ( J ) = ( k C L ( N V A R 1 ) + R C L ( N V A R 2 ) ) / 2 . 0 
497 55 1 C O N T I N U E 

49K N C 0 U N T : 2 

49V GOTO 516 
5 0 0 552 O E G S U = T H £ T A U ( 8 ) « 1 8 0 . 0 / P I 
5 0 1 D E G S L = T H E T A L ( 8 ) * 1 8 0 . 0 / P I 

502 W R I T E ( 6 , 5 5 5 ) T H I I ( 1 4 ) , D E G S U , T H L ( 1 4 ) , D E 6 S L 
5C3 555 F 0 R K A T ( ' T H U = ' , 1 F 8 . 4 , ' N . T H E T A U = ' , 1 F 8 . A , ' D E 6 S . THL = ' , 1 F 8 . 4 , ' N ' 

5 04 C T H E T A L = ' , 1 F 8 . 4 , ' D E G S . ' ) 
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505 W R I T E ( 6 , 56 0) TOR 0 ( 1 4 ) , T O R L ( U ) 
5L'6 56C FOPf AT( •TORO = ^ I f d . 4 , ' N f T 0 R L = ' , 1 F 8 . 4 , ' NK, . • ) 
507 T H C = ( a u * T H U ( 1 4 ) ) + ( 8 L * T H L ( l 4 ) ) 
5 08 T O R C = ( f U * T O R U ( 1 4 ) ) « - ( B L * T O R L ( 1 4 ) ) 
5 0 9 C T L = ( B L * T H L ( 1 4 ) ) / ( R O E * ( U L * R L ) * * 2 * P I * C R L * * 2 ) ) 
510 COL = { B L * T O W L { 1 4 ) ) / ( R O E « ' C W L » R L ) * * 2 * P i « ( R L * * 3 ) ) 
511 E Ff U=CTl l /CCU 
512 C L U = 6 . 0 * C T U / F S U ( 6 ) 

51 E Ff l. = C T L / C a L 
5 1 i C L L = 6 . G » C T L / h i L ( ' j J 
515 CTC=CTU+CTL 
5 1 ;; Cf<C = COU + COL 
51 7 C L C = 6 . 0 * C T C / ( F S U ( i ) + h S l ( U ) ) 
51 h £ FFC=CTC/CQC 
519 W R I T E ( 6 , 5 6 1) 
5 2 0 56 1 F 0 R K A T ( ' C T U ' , t X ' C 0 U ' , 8 X , ' C T L ' , 6 X , ' C 0 L ' , 8 % , ' C T C ' , 8 X , ' C 0 C ' , / ) 
521 W H I T E ( 6 , 5 6 2 ) C T U , C G U , C T L , C Q L , C T C , C Q C 
5 2 2 5 6 2 F OR "'A T( 6 ( 1 Fe 3X) , / ) 
5 2 3 WRITE ( 6 , 5 6 ( ) 
5 2 4 5 6 3 F 0 R f A T ( ' C T U / C a i l ' , i X , ' C L 0 ' , 5 X , ' C I L / C S L ' , 1 X , ' C L L ' ) 
5 2 5 W R I T E ( 6 , 5 6 4 ) E F F U , C L U , E F F L , C L L 
b i t . 56 4 FOR f'AT ( 4 ( 1 f ? . '. ) ) 
527 W R I T E ( 6 , 5 6 5 ) 
S 2 c 5 6 5 F OR »"AT ( / • • • * OVERALL COAXIAL ROTOR PERFORMANCE FIGORES * * « ' / ) 
5 2 9 W R I T E ( 6 , 5 6 6 ) 
5 3 M 56 6 F O R h A T ( ' C T C ' , C X , ' C G C ' , y * , ' C L L ' , K X , ' C T C / C O C ' / ) 
5 3 1 W R I T E ( 6 , 5 6 7 ) C T C , C U C , C L C , E F F C 
53? 56 7 F 0 R M A T ( 6 ( 1 F 1 0 . 6 ) , / ) 
5 3 3 W R I T E ( 6 , 5 6 2 ) IHC 
53 4 56: ' FORMAT( 'OVERALL COAXIAL ROTOR T H R U S T = ' , 1 F 1 0 . 4 , ' N • ) 
535 W R I T E ( 6 , 5 6 9 ) TORC 
536 569 FGPi 'AT( 'OVERALL COAXIAL ROTOR T 0 RQ 0 E = ' , 1 F 1 0 . 4 , ' NM ' ) 
537 D E L T 0 R = T 0 R U ( 1 4 ) - T 0 R L ( 1 4 ) 
53S I F ( A B S ( C t L T O R / T O R U ( 1 4 ) ) . L T . C . 0 5 ) GOTO 5gC 
5 3 9 D T O R = A R S ( D E L T O R ) / T O R L ( 1 4 ) 
540 F A C T 0 H = 0 T 0 R • •> ( i . 0 / ? . 0 ) 
541 I F ( D E L T O R . L T . C . C ) FACT0R=-FACTOR 
542 C C 0 N 4 = 0 . 5 * R 0 E * ( V T L * * 2 ) * ( R L * * 4 ) * A * C H L ( 8 ) 

543 DO 5 7 0 K = 1 , 1 4 
5 4 4 T H E T A L ( K ) - T H E T A L ( K ) ' ( 1 . 0 + F A C T O R ) 
545 57 0 CONTINOE 
5 4 6 GOTO 401 
S " . ? 5 8 0 I F ( « 1 .EO .Y ES) GOTO 582 
54c I F ( N 2 1 . G T . 1 ) GOTO 582 
549 N 2 1 = N 2 1 + 1 
55u c COMPUTATION OF INTERFERENCE OF LOWER ROTOR ON UPPER 
551 0 0 6 0 1 K = 1 , N H L 
5 5^- 00 6 0 1 J = 1 , T 0 T A L S T P 
5 5 3 X V L l ( J , K ) = X V L ( J , K ) * R L / R U 
5 5 4 Y V L l ( J , K ) = Y V L ( J , K ) * R L / R U 
5 5 5 Z V L 1 ( J , K ) = ( 7 V L ( J , K ) * R L / R U ) - ( V S E P / R U ) 
5 5 6 t o 1 C ONTINUE 
557 c ROTOR FOR W H I C H INDUCED VELS ARE GOING TO PE CALCULATED I N 
5 5 6 c •CAL • =R ,B 
559 c ROTOR FROM WHICH THE VORTEX WAKE I S GENERATEn=C 
SAC 00 60? K = 1 , N P L 



L U j E NUMBER FORTRAN TEXT 

561 CALL CAL ( X VL 1 ,Y V L I , Z V L 1 , X P , y p , 2 P , 1 , V V L U , 0 , R U , 8 U , I C , l i ; C , K L , I C U 
562 C , R C L , V f t L , R 0 , V A , V B , V C , V D , V E , 2 , 6 A M A X L , R C 0 L , V S G t , C A V L , N T T P V 
563 C , S I G N , 1 , C I R V ) 
564 6 0 2 CONTINUE 
56 5 DO 6 0 3 K = 1 , 1 4 
566 V V I ( K ) = V V L U ( X , 1 ) 
567 6 0 3 CONTINUE 
56B I F ( N B L . E Q . 1 ) GOTO 6 0 9 
569 t)0 6 0 4 K = 2 , N H L 
570 DO 6 0 4 J = 1 , 1 4 
571 V V I ( K ) = V V I ( K ) + V V L U ( J , K ) 
5 7 2 6 0 4 C O N T I N U E 

573 6 0 9 DO 605 K = 1 , 1 4 
574 V E C U I ( K ) = V E C U ( K ) + V V I ( K ) 
573 605 CONTINUE 
576 CALL S T R I P ( V E C U I , Y P , T 0 T , C T U I , V I U I , R U , T H E T A U , C U , B S U , B U , A , U U ) 
577 00 6 0 o K = 1 y 1 4 
57.'" V I T K K ) = VE CU I (K ) -cv l u l ( < ) 
579 6 0 6 CONTINUE 
5b0 CALL P E P M ( V I T I , Y P , r H U l , T O » U I , T H E O , R U , T H E T A U , C U , 8 S U , B U , E N U I 
581 C , 6 A M A X 1 , A , W U , T H I , 1 , U T I , H F ) 
582 W K I T E ( 6 , 6 C 7 ) T H U ( 1 4 ) , T H U I ( 1 4 ) 
5A3 6 0 7 FORrATC 'OLD THR UST ( U .R 0 TOR ) = • , 1 f 1 2 . 6 , ' NEW TH R U S T t=' , 1 F1 2 . 6 ) 
584 W K I T E ( 6 , 6 0 8 ) T O R U ( 1 4 ) , T O R U I ( 1 4 ) 
585 608 f O R K A T C ' O L L TORQUE = ' , 1 F12 . 6 , ' NEW T O R Q U E = ' , 1 F 1 2 . 6 ) 
586 W K I T £ ( 6 , 5 B 3 ) 
58 7 583 F OR l»A T < / / , ' * • * * R E - C t L OF LOWER ROTOR PERMFORMANCE * * * * ' , / / ) 
568 DO 584 K=1 , 1 4 
589 V IT ( I C ) = V I T 1 ( K ) 
590 584 CONTINUE 
591 T H U C I 4 ) = T H U I ( 1 i ) 
592 T O R U ( 1 4 ) = T O W U I ( 1 4 ) 
593 GOTO 3 0 9 
594 582 W R I T E ( 6 , 5 8 1 ) 
595 581 FORMATC'DO YOU REQUIRE FURTHER PERFORMANCE C O M P U T A T I O N S ? ' ) 
596 R E A D ( 5 , 3 5 ) M4 
597 I F ( M 4 . E Q . Y E S ) GOTO 29 
598 GOTO 2 0 5 6 
599 c 
600 C 
601 C START OF FORWARD FL IGHT COMPUTATION 
6 0 2 C 

6 u j C 
6 0 4 1 5 1 3 A U = A 

605 AL=A 
606 MAND=C 
607 C COMPUTATION O f GLAUERT MEAN INDUCED DOWNWASH,ROTOR ADVANCE AND. 
60? C INFLOW RATIOS AND FLAPPING C O E F F I C I E N T S . , 
609 C . . * * * * * * « • * . II * * • » * * * . * . . » * * * . . * * * « * * * * * * * * * * * * * * * * * * * * * * - * * * * * * 
610 V V V - 0 . 0 
611 CALL G L A U E R T ( A U , D U , C A V U , W U , R U , T H E T A V U , A L P H A , V , V I G U , V V V , T G U ) 
612 I F( i«1 .EO .Y ES ) GOTO 1 5 1 1 
613 v v v = o . n , 
614 CALL G L A U E R T ( A L , e L , C A V L , U L , R L , T H E T A V L , A L P H A , V , V I G L , V v " v , T G L ) 
615 1 5 1 1 L A N 0 A U = ( ( V » S I N ( A L P H A ) ) - V I G U ) / V T U 
0 l 6 MUU=(V*COS ( A L P H A ) ) / V T U 



L I N E NUMBER FORTRAN TEXT 

61 7 I f ( M l .EQ .YFS ) GOTO 1 5 1 4 
61 S L A N D A L = ( ( V * S I N ( A L P H A ) ) - ( V i r . L ) ) / V T L 
619 M U L = ( V » C O S ( A L P H A ) ) / V T L 
6 2 0 C BLADE FLAPPING COEFFS A 0 , A 1 , B 1 
6 2 1 1 51 4 P A R 1 = ( T H E T A U ( g ) / 4 . 0 ) * ( 1 . 0 + ( M U U * H U U ) ) + ( L A N D A U / 3 . 0 ) 
622 L O C K U = 3 . 0 * C U ( 8 ) * R O E * A U * R I J * P U / « A S S U 
623 E P S I L 0 N U = 1 . 5 * E U 
6 2 4 A C U = ( L 0 C K U / ( 2 . n * ( 1 . 0 + E P S I L C N U ) ) ) * P A R 1 
625 P A H 2 = M U U * < ( 8 . C * T H E T A U ( 8 ) / 3 . 0 ) + ( 2 . 0 * L A N D A U ) ) 
626 PAf 3 = 1 . 0 - < <J. 5 
627 L A N D I U = V I G U / V T U 
62 H VAR66= -LANDAU 
6 2 9 KU = ATAN(MUU/V AR66) 
6 3 0 P A R 4 = ( 4 . 0 « M U U * A L U / 3 . 0 ) + ( K U « L A N D I U ) 
631 P A R 5 = 1 . 0 K 0 . 5 * « U U * M U U ) 
6 3 2 PAR5B = 8 J ' * c P S I L O N U / ( P A R 3 * L O C K U ) 

633 PAR5C=PAR4 /PA f i 5 
634 P f R 5 D = 8 . n « S P S I L 0 N U / ( P A P 5 * L 0 C K U ) 
6 3 y W R I T E ( 6 , * ) K U , L A N 0 I U , P A P 4 , P A R 5 , P A R 5 D 
636 PAC:SA = PA(<2/PAP3 

6 3 7 A 1 U = ( P A R 5 A + ( P A R 5 8 * P A R 5 C ) ) / ( 1 . 0 + ( P A R 5 8 « P A R 5 D ) ) 
63!< B 1 U = ( P A R 5 C - ( P & R 5 0 * P A R 5 A ) ) / ( 1 . 0 + ( P A R 5 B « P A R 5 D ) ) 
6 3 9 U R I t E ( 6 , 5 0 C C ) A C U , A 1 U , B 1 U 
64U FON MAT( ' AOr= • , 1 F 8 . 4 , • AU l= ' , 1F8 . 4 , ' P1U = ' , l F 8 . 4 ) 
641 C W R I T E ( 6 , 5 0 0 1 ) 
642 5 3 0 1 FORMATC ' I N P U T AO,A 1 , H 1 ' ) 
6 4 3 C R EA D ( 5 , • ) ACU , A l U , B l U 
644 I F C M . E O . Y E S ) GOTO 1 5 1 2 
6 4 5 PAR 6 = ( T H E T A L ( £ ) / 4 . 0 ) * ( 1 . 0 + ( M U L * M U L ) ) + <LAN D A L / 3 . 0 ) • ' 
6 46 L O C K L = 3 - . O * C H L ( 8 ) * R O E * R L * R L * A L / M A S S L 

647 E P S I L 0 N L = 1 . 5 « E L 

646 A o L = ( L 0 C K L / ( 2 . 0 * ( 1 . 0 + E P S I L 0 N L ) ) > * P A R 6 
649 PAR7 = C U L * ( ( & . C * T H £ T A L { 8 ) / 3 . 0 > + ( 2 . 0 * L A N D A L ) ) 

6 5 0 PAR8=1 . 0 - ( 0 . 5 * M U L * M U L ) 
6 5 1 L A N D 1 L = V I G L / V T L 
652 V A R 6 7 = - L A N 0 A L 
653 KL0W=ATAN(KUU/V AR67) 
6 5 4 P AR 9 = { 4 - . 0 * M U L * A O L / 3 . 0 ) + ( KLOU*LANOI L ) 
655 PAR10 = 1 . 0 + ( 0 . 5 * M U L « K U L ) V % \ - . 
656 P A R 1 0 A = P A R 7 / P A R 8 , . • 
657 P A R 1 0 E ) = 8 . 0 * E P S I L O N L / ( P A R 8 * L O C K L ) : 
6 5 o P A R 1 0 C = P A R 9 / P A R 1 0 
6 5 9 PAR10D=8 . 0 * E P S I L 0 N L / ( P A R 1 0 * L 0 C K L ) 
66 0 A 1 L = ( P A R 1 0 A + ( P A R 1 0 B * P A R 1 0 C ) ) / ( 1 . Q + ( P A R 1 0 B * P A R 1 0 0 ) ) 

661 B 1 L = ( P A R 1 0 C - ( P A R 1 0 0 * P A R 1 0 A ) ) / ( 1 . 0 + { P A R1 OB * P A R 1 01>) ) ' • 
6 6 2 W R I T E ( 6 , 5 9 2 6 ) A 0 L , A l L , 8 l L 
6 6 3 5 9 2 6 FORMAT( •AOL= • , 1 F 8 . 4 , • A l L = ' , 1 F 8 . 4 , ' B 1L •=' , 1 F & . 4 ) " 
664 N O B L A O E S = N B U + N B L 

665 C 
666 C TOTAL NUMBER OF VORTEX FILAMENT STATION PTS PER H E L I X , T O T A L S T P . 

6 6 7 1 5 1 2 T O T A L S T P = ( N RE V * < N F I L A S T P - 1 ) ) + 1 
6 6 8 C T IME BETWEEN SUCCESSIVE BLADE AZIMUTH STEPS 
6 6 9 00 1 5 2 0 K = 1 , N 0 B L A D E S ' " 

6 7 0 C W R I T E ( 6 , 1 5 3 7 ) K 
6 7 1 1 537 F 0 R M A T ( ' K = ' , I 2 ) 

672 I F ( F L O A T ( K ) . G T . ( B U + 0 . 2 ) ) GOTO 1 5 2 1 



L I N E N U M I E R F O R T R A N T E X T 

6 7 3 

6 7 4 

6 7 5 

6 7 6 

6 7 7 

6 7 8 
6 7 9 C 

6 8 0 C 

6 8 1 c 

6 6 2 C 

683 C 

6 8 4 c 

6 3 5 c 
6 8 6 c 

6 8 7 c 
6 8 8 c 
6 8 9 c 

69C C 
6 9 1 c 

6 9 2 c 

6 9 3 c 
6 9 4 c 
6 9 5 c 
6 9 6 c 
6 9 7 

6 9 8 

6 9 9 

7 0 0 

7 0 1 

7 0 2 

7 0 3 

7 0 4 

7 0 5 

7 0 6 

7 0 7 

708 
7 0 9 

7 1 0 

7 1 1 

7 1 2 

7 1 3 

7 1 4 
7 1 5 

7 1 6 

7 1 7 

7 1 8 c 
7 1 9 

7 2 0 c 
7 2 1 c 
7 2 2 c 
7 2 3 c 
7 2 4 

7 2 5 c 
726 c 
7 2 7 c 

r / ' f c 

T 1 M E ( K ) = 2 . 0 * P I / ( F L 0 A T ( N F I L A S T P - 1 ) * W U ) 

R A D ( K ) = R U 

G O T O 1 5 2 0 

1 5 2 1 T I H E ( K ) = 2 . C * P I / ( F L 0 A T ( N F I L A S T P - 1 ) * W L ) 

R A D ( K ) = R L 

1 5 2 0 C O N T I N U E 

THE R E F E R E N C E A X E S U S E D A R E ; 

* V , + V E A L O N G + V E Y 
* 

* K ' T H B L A D E 

• * \ 

2 Y E P S K J , K ) 

• V E UPWARD +VE FROM C E N T R E 

TO A F T OF D I S C 

F L A P P I N G P A R A M E T E R S E V A L U A T E D FOR A L L B L A D E S A R O U N D Z l H E D I S C 

DO 2 0 0 0 K = 1 , N 0 B L A D E S • ^ 

DO 2 0 0 0 J = 1 , T 0 T A L S T P 

F 0 R 1 = F L 0 A T ( J - 1 ) • o'-, • 

F 0 R 2 = F L 0 A T ( N F I L A S T P - 1 ) 

I F ( F L O A T ( K ) . G T . ( B U + 0 . 2 ) ) G O T O 2 0 0 1 _ ' 

E P 5 I ( J , K ) = ( F O R 1 * 2 . 0 * P I / F O R 2 ) + ( F L O A T ( K - 1 ) * 2 . 0 « P I / B U ) 

A Q = A O U 

A 1 = A 1 U 

8 1 = B 1 U - , , 

w=wu 
G O T O 2 0 0 2 

2 0 U 1 E P S I ( J , K ) = - ( F O R 1 * 2 . C * P I / F O R 2 ) + ( ( - B U + F L O A T ( K - 1 ) ) * P I * 2 . 0 / B L ) 

A 0 = A 0 L 

A 1 = A 1 L : • 

B 1 = - B 1 L 

W=WL ' -
2 0 0 2 0 E T A ( J , K ) » A O - ( A 1 * C O S ( E P S I ( J , K ) ) ) - ( B 1 * S I N ( E P S I ( J , K > ) ) 

I f ( K . G T . N B U ) A 1 = - A l L 

I F ( K . G T . N B U ) B 1 = B 1 L . 

D B E T A ( J , K ) = W * < ( A 1 « S I N ( e P S I ( J , K ) ) ) - ( B l * C 0 S ( E P S I ( J , k ) ) ) ) 

2 0 0 0 C O N T I N U E 

W R I T E ( 6 , 5 6 3 9 ) 

5 6 5 9 F O R K A T ( ' B E T A D I S T R I B U T I O N I S : ' ) 

DO 5 0 0 5 M G I = 1 , 4 _ 

W R I T E ( 6 , * ) ( B E T A ( M G , M G I ) , M G = 1 , T 0 T A L S T P ) ' Y v l 

5 0 0 5 C O N T I N U E . 

W R i TE ( 6 , 5 0 0 9 ) • 

5 0 0 9 F O R M A T ( ' D B t T A D I S . FOR B L A D E O N E I S : ' , / ) 

W R I T E ( 6 , • ) ( D 8 E T A ( N G , 1 ) , M G = 1 , T O T A L S T P ) 

I N I T I A L L Y S E T UP T H R E E H E L I C A L S T A T I O N P T S P E R B L A D E 

( T W O F I L A f F N T S PER B L A D E ) 



L I N E N U K ^ E R F O R T R A N T E X T 

7Z9 C THF ROTOf t WAKE T I P V O R T E X C O O R D I N A T E S AWE G I V E N 

7 .5 0 c TM c a r r a y s x r V , Y k V , 7 F V . F U k * F V ( J , K ) , J R E F E R S TO 

7 3 1 c S T A T I O N P O I N T OK THE K ' T H H E L I X . I . E . T H E H E L I C A L 

73? c F I L A M E N T G E N E R A T E D BY THE K ' T H B L A D E . 

733 c 

734 H OR y = V COS ( A L P H A ) 

7 3 5 V E R V = V * S I N ( A L P H A ) 

7 56 DO 2 0 1 C K = 1 , N 0 ( < L A P f S 

737 % F V ( 1 , K ) = - S l N ( E P S I ( 1 , < ) ) * C 0 S ( H E T A ( 1 , f ) ) 
73M Y F V ( 1 , K ) = C 0 S ( t M S I ( 1 , < ) ) * C u S ( b E T A ( 1 , K ) ) 

7 39 I F ( K . G T . S h U) GOTO 2 0 1 1 

7 4 L Z F V ( 1 , K ) = S [ N ( b E T A ( 1 , K ) ) 
741 G O T O 2 0 1 2 

7 4 ? 2 0 1 1 Z F V ( 1 , K ) = S l N ( h E T A ( 1 , K ) ) - ( V S E P / R U ) 

7 4 5 2 0 1 2 X F V ( 2 , K ) = X F V ( 1 , K ) 

744 X F V ( 1 , I O = - S I K ' ( E P S I ( 2 , < ) ) * C O S ( B E T A ( 2 , I C ) ) 

74 " ) Y F V ( 2 , K ; ) = Y F V ( 1 , K ) + { H O R V * T I M E ( K ) / R A D ( I C ) ) 

7 4 o Y F V ( 1 , K ) = C 0 S ( E P S I ( 2 , K ) ) * C 0 S ( B E T A ( 2 , K ) ) 

7 4 7 I F ( « 6 . E 0 . Y E S ) V E R V = V * S I N ( A L P H A ) 
746 I F ( " 6 . E 0 . Y F S ) GOTO 2 2 1 0 

7u9 R V 0 R T = S 9 R T ( X F V ( 1 , K ) * * 2 + Y F V ( 1 , K ) * * ? ) 

7 5 - R = R U 

7 5 1 V 1 0 = V I G U 
752 I F ( K . G T . N P U ) R = R L 

7 5 3 I F ( K . G T . N B U ) V 1 0 = V 1 6 L 
754 1 F < R V 0 R T , G T . 1 . 0 ) V E R V = ( V * S I N ( A L P H A ) ) - ( 2 . 0 * V 1 0 ) 
7 5 5 I F ( R V O R T . G r . 1 . 0 ) GOTO 2 2 1 0 
7 5 6 I F ( K 7 . E Q . Y E S ) V E R V = ( V * S I N ( A L P H A ) ) - V 1 0 
7 5 7 IF(k7.Ea.YES) GOTO 2210 

7 5 0 E P S V = A T * N 2 ( - X F V ( 1 , K ) , Y F V ( 1 , K ) ) 
7 5 9 I F ( K . G T . N B U ) E P S V = A T A N 2 ( X F V ( 1 , K ) , Y F V ( 1 , K ) ) 
7 6 0 V E R V = ( V * S I N ( A L P H A ) ) - ( V 1 0 * ( 1 . 0 + ( R V O R T * C O S ( E P S V ) ) ) ) 

7 6 1 2 2 1 0 Z F V ( 2 , K ) = Z F V ( 1 , K ) + ( V E R V * T I M E ( K ) / R A D ( K ) } 

7 6 2 I F ( F L O A T ( K ) . G T . ( B U + 0 , 2 ) ) GOTO 2 0 1 4 

7 6 3 i F V C I , K ) = S I N C B E T A ( 2 , K ) ) 
7 6 4 GOTO 2015 
7 6 5 2 0 1 4 Z F V ( 1 , K ) = S I N ( B E T A < 2 , K ) ) - ( V S E P / R U ) 

7 6 6 2 0 1 5 X F V ( 3 , K ) = X F V ( 2 , K ) 

7 6 7 X F V ( 2 , K ) = X F V ( 1 , K ) 

7 6 8 X F V D , K ) = - S I f J ( E p S I < 3 , < ) ) * C 0 S ( B E T A ( 3 , < ) ) 

7 6 9 Y F V ( 3 , K ) = Y F V ( 2 , K ) + ( H 0 R V * T I M E ( K ) / R A D ( K ) ) 

7 7 0 Y F V ( 2 , K ) = Y F V ( 1 , K ) + ( H 0 R V * T I M E ( K ) / R A D ( K ) ) 

7 7 1 Y F V ( 1 , K ) = C 0 S ( E P S I ( 3 , l t , ) ) * C 0 S ( B E T A < 3 , < ) ) 

772 I F ( t 6 . E Q . Y E S ) V E R V = V * S 1 N ( A L P H A ) 
7 7 3 I F ( M 6 . E U . Y E S ) GOTO 2 2 1 1 

774 * V 0 O T = $ n K T ( X F V ( 2 , K ) « * 2 + Y F V ( 2 , K ) * * 2 ) 

7 7 5 R =R U 

7 7 O V 1 "•: = V I G U 

777 1 F ( H . G T - . N B U) R = RL 

7 7 ? I F ( K . G T . N H U ) V1C=V1GL 
779 I F C R V O R T . G T . I . 0 ) V E R V = ( V » S I N ( A L P H A ) ) - C 2 . 0 * V 1 0 ) 

7U0 1 F ( R V O R T . G T . I . 0 ) GOTO 2 2 1 1 

7 8 1 I F ( M 7 . E Q . Y E S ) V £ R V = ( V * S I N ( A L P H A ) ) - V 1 0 
782 I F ( K 7 . E 0 . Y f S ) GOTO 2 2 1 1 

7k3 E P S V = A T A N 2 ( - X F V ( 2 , K ) , Y F V ( 2 , K ) ) 
7K4 I F ( K . G T . N B U ) E P S V = A T A N 2 ( X F V ( 2 , K ) , Y F V ( 2 , K ) ) 

OY 

THE 

V O R T E X 



L I N F N U M H E R F O R T R A N T E X T 

785 V E R V = ( V » S I N ( A L P H A J ) - ( V 1 0 * ( 1 . 0 + ( R V O R T * C O S ( £ P S V ) ) ) ) 
r 8 6 2211 Z F V ( 3 , K ) = Z F V ( 2 , K ) + ( V E R V * T I M E ( K ) / R A D ( K ) ) 
787 I F ( H 6 .EO.YES) VERV = V « S I N ( A L P H A ) 
786 I F ( ^ 6 . F . Q . Y E S ) GOTO 2212 
789 R V 0 R T = S Q R T ( X F V ( 1 , K ) * * 2 + Y F V ( 1 , K ) * * 2 ) 
79U K = R II 
791 V10=V IGU 
792 1 F( K .GT .NF.U) H=RL 
79? I f ( X- ,&T .NEiU) V10 = V1&L 
794 I F C R V C R T . G T . I . O ) V E R V - ( V * S I N ( A L P H A ) ) - ( 2 . 0 » V i n ) 
7 9 ) I F ( R V 0 R T , G T . 1 . 0 ) GOTO 2212 
796 I F ( M 7 . E Q . Y t S ) V E R V = ( V « S I N ( A L P H A ) ) - V l u 
797 1 r"{ K7 . E U . Y E S ) GOTO 221? 
798 EPSV = A T A N 2 ( - X F V ( 1 , K ) , Y F V ( 1 , I C ) ) 
799 I F ( K . G T . N W U ) E P S V = A T A N 2 ( X F V ( 1 , K ) , Y F V ( 1 , K ) ) 
800 V E R V = { V * S I ! ' J ( A L P H A))-(Vin * ( 1 . 0 + ( R V O R T » C O S ( E P S V ) ) ) ) 
801 2 2 1 ? Z F V ( 2 , K ) = Z F V ( 1 , K ) + ( V E R V * T I M E ( K ) / R A D ( K ) ) 
8 j ? r Ff FLOATfif ) .GT . (B (J + 0 . 2 ) ) GOTO 2016 
A U j ? F V ( 1 , < ) = S l N ( h E T A ( 3 , < ) ) 
30 4 GOTO ? c i r 

8 05 2 0 1 6 Z F V ( 1 , K ) = S I N ( P E T A ( 3 , K ) ) - ( V S E P / R U ) 
8 0 6 2 01 - CONTINUE 
807 N0STPS=3 
8 C 8 5 7 9 1 I F ( f 5 0 . EO . YE S) GOTO 5 016 
809 C COMPUTATION OF THE INTERACTION BETWEEN FILAMENTS C O M M E N C E S 

8 1 0 C 
811 N0M1=? 
81 ? I F ( M l .EG.YES) NOMI = 1 
81 J 00 2043 JKL=1 ,N0M1 
814 I F ( J K L . E 0 . ? ) GOTO 2041 
81 5 w = w u 

816 R=RU 
817 A«=ARU 
8 1 8 C = Cl ' (%) 
819 THETA = THETAU(<'?) 
8 2 C V I = V I G U 
821 R=kU 
8 2 2 E N= ENU 
8 2 3 G AMAX = GAMAXU 

8 2 4 MACHNO=MACHNOH 
8 2 5 GOTO 2C42 
8 2 6 2041 U = W L 

8 2 7 R=PL 
82X AR=ARL 
8 2 9 C=CHL C8) 
830 r H E T A = T H £ T A L ( 8 ) 
8 3 1 V 1 = V I GL 
h S e. =PL 
8 3 3 E N=ENL 
8 3 4 G AMAXzGAMAXL 
, i 3 5 MACHNO=MACHNOL 
3 3 6 2 U 4 2 CALL V O R P R A M ( W , R , A R , C , T H E T A , 0 . 0 , V l , E N , R A m A X , 1 , 0 , 7 , D E L T A Z I M 

8 3 7 C , T O T A L S T P , V , R , N T Y P V , F A C H N O ) 

,3 3 d CALL VOkTFXAV(VORTEXKC,VORTEXKL,VORTEXKO,VORTEXRC ,VORTEXRL 
8 3 9 C,VORTEXRO,NOSTPS,NCPLADES,VORTEXA,VORTEXB,VORTEXC ,VORTEXO 
8 4 0 C , V O R T E X E , P E L T A 7 I M , P , R , C , G A M A X ) 
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8 4 1 

8/ .^ 
843 
8 4 4 

845 
84o 
847 
d 4 L 
8 4 9 

8 5 0 

8 5 1 

8 5 Z 

8 5 j 

8 5 4 

8 5 5 

8 5 6 

857 
8 5 c 

85") 
86C 
861 
862 
863 
8 6 4 
8 6 5 

866 
867 
868 
869 
8 7 0 

871 
872 
873 
8 7 4 

8 7 5 

8 7 6 
8 7 7 
878 
8 7 9 

S 8 0 

881 
382 
883 
8 R 4 

8 8 5 

886 
887 
8 8 8 
8 8 9 

8 9 0 

8 9 1 

6 9 ? 

8 9 3 

8 9 4 

895 
8 9 6 

F I L A M E N T V A L U E S : ' , / ) 

2 04 3 CONTINUE 
C W R I T E ( 6 , 3 3 0 0 ) 

3 500 FORKATC 'AVERAGE VORTEX 
DO 3 3 1 0 K = 1 , N 0 ! a A D E S 

C W R I T E ( 6 , 3 3 Z C ) K 
3 3 2 0 FURMAT( 'FOLLOWING DATA RFOR H E L I X ' , 1 2 , / ) 

C W R I T E ( 6 , 3 3 3 0 ) 
333 0 F 0 R M A T ( 7 X , ' R C ' , 7 X , ' A ' , 7 X , ' 8 ' , 7 X , ' C ' , 7 X , ' D ' , 7 X , ' E ' ) 

C W R I T E ( 6 , 3 3 k O ) ( V O R T E X R C ( J , K ) , V O R T E X A ( J , K ) , V 0 R T E X 8 
C C , V O R T E X C ( J , K ) , V O R T E X D { J , < ) , V O R T E X E ( J , K ) , J = 1 , T O T A L S T P - 1 ) 

3 340 F 0 R M A T ( 6 ( 1 F 4 . 4 ) ) 
3 3 1 0 COMTI'WJF. 

GOTO 3 0 1 5 
3016 DO 3 0 1 7 K = 1 , N 0 B L A 0 E S 

S IGN=1 . 0 
I F ( K . G T . N O U ) GOTO 3018 
WrWU 
T=TGU 
n =b u 
MU=MUU 
R =R U 
A K = A R U 
C=CU(S) 
T H E T A = T H E T A U { O ) 

GOTO 3019 
3 01 f; W =W L 

S IGN = - 1 . 0 
T = TGL 
B=BL 
MU=MUL 
R = RL 
AR=ARL 
C = C H L ( 8 ) 

THETA = THET I L ( 8 ) 
3 0 1 9 NTYPV=1 

CALL f A N K I N t ( V , W , R , A R , C , T H E T A , E P S l , C I R V , K , N 0 S T P S , S I G N , M 5 1 , T , H U , R ) 
3 0 1 7 CONTINUE 
3 0 1 5 1 F ( K 7 . E Q . Y E S ) GOTO 2C31 

I F ( M 8 . E Q . Y t S ) GOTO 2 0 3 1 
2 0 1 7 DO 2 0 2 0 K = 1 , N 0 B L A D E S 

DO 2 0 2 0 L=1 ,N0HLADES 
S I G N = 1 . C 
MMM=2 ' 
I F ( K . G T . N b U ) GOTO 3 3 5 0 
6AMAX=GAMAXU 
R = R U 

GOTO 3353 
3 3 5 0 GAMAX=GAMAXL 

S I G N = - 1 . 0 
R=RL 

3 3 5 3 I F ( K . E O . L ) MMM=1 
CALL I N D ( X F V , Y F V , Z F V , K , L , X V E L , Y V EL ,7VEL ,MMM,HOST PS,R 

C,VORTEXKC,VORTEX KG,VORTEXRC,VORTEXRL,VORTEXRO,VORrexA 
C , V O R T £ X B , V O R T E X C , V O R T E X D , V O R T E X E , N T Y P V , G A M A X , C I R V ,SIGN) 

2 02 0 CONTINUE -



L I N E N U M H E P F O R T R A N T E K 1 

3V7 C SUMMATION Of THE VORTEX INDUCED V E L O C I T I E S AT EACH H E L I C A L 
8 9 8 C STAT ION POINT NOW COMMENCES.E.G.THE TOTAL INDUCED VELOCITY 
8 9 9 C I N THE X D I R E C T I O N AT STATION POINTS 1 AND 2 ON H E L I X 1 
9U'J C I S GIVEN BY X VELT ( 1 , 1 ) , X V E L T ( 2 , 1 ) R E S P E C T I V E L Y . 
901 C 
902 2 0 3 1 00 2 0 3 0 J = 1 , N O S T P S 
903 DO 2 0 3 0 K = 1 , N 0 B L A D E S 
904 X V E L T ( J , K ) = 0 . r 
905 Y V E L T ( J , K ) = 9 . C 
90fe Z V F L T ( J , K ) = T . r . 
9 0 7 2 0 3 0 CONTINUE 
908 I F ( M 7 . E Q . Y E S ) GOTO 24<,1 
909 I F ( f B . E O . Y ( S ) GOTO 2 4 4 1 
9 1 0 0 0 Z 0 4 0 K = 1 , N 0 B L A D E S 
9 1 1 u n 2 C 4 0 J = 1 , N O S T P S 
912 DO 2 0 4 0 L = 1 , N 0 P L A D £ S 
9 1 3 X V E L T ( J , K ) = X V E L ( J , K , L ) + X V E L T ( J , K ) 
914 Y V E L T ( J , K ) = Y V E L ( J , K , L ) + Y V E L T ( J , K ) 
915 7 V E L T ( J , K ) = Z V E L ( J , K , L ) + Z V E L T ( J , K ) 
9 1 6 2 0 4 0 C O N T I N U E 

917 C GOTO 2 4 4 1 
9 1 8 DO 6 0 4 1 K = 1 , N 0 P L A D E S 
9 1 9 DO 6 0 4 1 J = 1 , 1 
920 S I G N = 1 . 0 
921 C = C U ( 1 4 ) 
922 w=wu 
923 R=RU 
924 I F C K . G T . N H b ) GOTO 6 0 4 2 
925 GOTO 6043 
926 6 0 4 2 S IGN = - 1 , 0 
92 7 W=WL 
928 R=RL 
929 C = C H L ( 1 4 ) 
9 3 0 6 0 4 3 V L O C A L = ( W - R ) • K V * S I G N « S I N ( E P S I ( J ,K ) ) ) 
9 3 1 V V O R = 0 . 1 7 6 * V L O C A L 
932 X V E L T ( J , K ) = X V E L T ( J , K ) + ( V V 0 R * ( S 1 N ( E P S I ( N 0 S T P S , K ) ) * C O S ( B E T A ( N O S T P 
933 C ) ) ) ) 
9 3 4 Y V E L T ( J , H ) = Y V E L T { J , K ) - ( V V 0 R * C 0 S ( E P S I ( NO S T P S , X ) > * ( : OS (BETA (NOSTPS 
93 5 C ) ) 
93o Z V E L T ( J , < ) = 2 V E L T ( J , K > - ( V V 0 R * S I N ( B E T A ( N 0 S T P S , K ) ) ) 
937 6 0 4 1 CONTINUE ;;V,- y ' ' ' 
938 C 
9 3 9 C EVALUATION OF NEW VORTEX F ILAMENT LOCATIONS COMMENCES , ^ 

9 4 1 244 1 DO 2 0 5 0 K=1,NOOLAOES i 
942 V I G = V I 6 U 
9 4 3 I F ( K . G T . N B U ) V I G = V I G L 
9 4 4 CALL P O S T N ( X F V , Y F V , Z F V , X V E L T , Y V E L T , Z V E L T , K , X F V N E W , Y F V N E W , Z F V N E W 
9 4 5 C N O S T P S , R A D , T I M E , V I G , N B U , M 7 , M 8 , M 6 ) ' ' ' 
9 4 6 2 0 5 0 CONTINUE 
9 4 7 N 0 S T P S = N 0 S T P S + 1 
948 I F ( N O S T P S . G T . TOTALSTP) SOS TPS = TOT ALSTP 
949 2 0 5 1 00 2 0 6 0 K = 1 , N 0 B L A D E S / V ' V : • % 
950 DO 2 0 6 0 J = 2 , N O S T P S 
9 5 1 X F V ( J , K ) = X F V N E W ( ( J - 1 ) , K ) ' C ' ' 

9 5 ? Y F V ( J , K ) = Y f V N f W ( ( J - 1 ) , K ) 



LINF. NUHt ' f l ' FORTRAN TEXT 

953 
954 
955 c 
9 5 6 c 
957 c 
9 5 8 
959 
9 6 0 

961 
9 6 2 

9 6 3 

9 6 4 

9 6 5 

9 6 6 c 
967 
9 6 ^ ; 

9 6 9 

970 
971 
9 7 2 

973 
9 74 
9 7 5 

9 7 6 c 
977 
976 
979 
980 
981 
9 8 2 

9 8 3 
984 
9 8 5 c 
9«6 c 
987 c 
9 8 8 c 
9 8 9 c 
990 
991 
9 9 2 
993 
994 
9 9 5 

99 C 
997 
996 
9 9 9 

1 000 
1001 
1 002 
1 0 0 3 

1 0 0 4 
1 00 5 
1 006 
1 007 
1 00 5-

Z F V ( J , < ) = ? F V N E W ( ( J - 1 ) , K ) 
2 06 0 CONTINUE 

* * * * * * * # * * * * * * * * * * # * * * * * * * * * * * * * * * A * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SETTING UP THE NEW J=1 VORTEX FILAMENT STATION PT FOR ALL PLAOES 

DO 2070 K=1,N0BLADES 
X F V ( 1 , I C ) = - S I N ( E P S 1 ( N 0 S T P S , K ) ) « C 0 S ( B E T A { N 0 S T P S , K ) ) 
Y F V ( 1 , K ) = C 0 S ( E P S I ( N 0 S T P S , K ) ) * C 0 S ( B E T A ( N 0 S T P S , < ) ) 
I F ( K . G T . N R U ) GOTO 2061 
Z F V ( l , K ) = S I N ( h E T A ( N O S T P S , K ) ) 
GOTO 21)70 

2 06 1 Z F V ( 1 , K ) = S I N ( f : E T A < S 0 S T P S , < ) ) - ( V S E P / R U ) 
2 07 0 CONTINUE 

I F<NOSTPS . EQ .TOTALSTP) GOTO 2 0 8 0 
GOT (I 5791 

2 0 8 0 W R I T E ( 6 , 2 0 « 5 ) 

20S5 FORMATC'WAKE REVOLUTIONS COMPLETE,PERM CAL COMMENCES' , / ) 
DO 2038 JP, = 1 ,NOBLAD£S 
0 0 2 088 J = 1 , 1 4 
VELFVTC J,JK.) = 0 . 0 

2088 CONTINUE 
I F ( M 1 . E Q . Y E S ) GOTO 9091 
CLASSICAL WAKE I NTERCEPT,VINCEPT2 

788?. Y IN CEPT2= ( - 1 . C * R U / R L ) - (MUU*VSEP / (L ANDAU*RL ) ) 
W h I T E ( 6 , ? 0 0 7 ) Y I N C E P T 2 

3 0 0 7 FORMAT( 'CLASSICAL WAKE INTERCEPT I S : ' , 1 F 1 2 . 6 ) 
I F ( P 7 . E Q . Y C S ) Y INCEPT=YINCEPT2 
I F ( M 7 . E Q . Y E S ) GOTO 3008 
CALL I N C E P T ( W U , V , A L P H A , V 1 G U , K U , V S E P , R U , R L , Y I N C E P T ) 

3 0 0 8 W R I T E ( 6 , 4 0 2 2 ) YINCEPT 
402 2 FORKATC'INCEPT FROM HELIX INTERSECTION I S ; ' , 1 F 1 2 . 6 ) 

CALCULATION OF VORTEX INDUCED VELOCIT IES ON THE BLADES 
BEGINS.TRANSFER OF AXES FROM STATIONARY AXES I N THE NO 
FEATHERING PLANE TO AXES ROTATING WITH THE K ' T H BLADE 
I S ALSO PERFORMED. 

9 09 1 K = 1 
2089 DO 2222 J = 1 , 1 4 

R E P E A T = ( ( C . 0 5 * J ) + ( ( J - 1 ) * 0 . 0 5 ) ) 
I F ( J . G T . 9 ) ( i E P E A T = ( 0 . 9 + ( ( J - 9 ) * 0 . 0 1 ) + < ( J - 1 0 ) * 0 . 0 1 ) ) 
* P( J ) =0 .C 
YP(J )=REPEAT 
Z PC J ) = 0 . 0 

2222 CONTINUE 
DO &5C0 LM=1,NO0LADES 
DO 8500 J=1,NOSTPS 
ANG = EPSI (NOSTPS,K) 
BET=BETA(NOSTPS,K) 
7 F V 1 ( J , L M ) = 7 F V ( J , L M ) 
I F ( K . G T . N 8 U ) Z F V I ( J , L M ) = Z F V ( J , L M ) + (VSEP/RU ) 
X F V T ( J , L M ) r ( X F V ( J , L H ) * C O S ( A N G ) ) + ( Y F V ( J , L M ) * S I N ( A N S ) ) 
A N 1 = ( Y F V ( J , L M ) * C 0 S ( A N G ) ) - { X F V ( J , L M ) « S I N ( A N G ) ) 
Y F V T ( J , L M ) = ( A N 1 » C 0 S ( B E T ) ) + ( Z F V 1 ( J , L M ) * S I N ( B E T ) ) 
Z F V T ( J , L M ) = ( Z F V 1 ( J , L M ) * < : 0 S ( H E T ) ) - ( A N 1 * S I N ( H £ T ) ) 

8 SCO CONTINUE 



L I N E NUMUER FORTRAN TEXT 

1 009 
1 01 0 

1 0 1 1 C 
1 01 2 
101 3 C 
1 01 4 
101 5 C 
1 016 
1 0 1 7 

1 0 1 8 
1 01 9 
1 0 2 C 

1 0 2 1 

1 C 2 2 

102 3 
1 0 2 4 

1 0 2 5 

1 0 2 6 

1 0 2 7 

1 0 2 a 

1 3 2 9 

1 0 3 0 

1031 
1 0 3 2 

1 033 
1 034 
1035 
1 036 
1 0 3 7 
1 0 3 8 
1039 C 

1 0 4 0 

1 0 4 1 

1042 
1 C 4 3 c 

1 0 4 4 

1 0 4 5 C 

1 0 4 6 

1 0 4 7 C 
1 0 4 8 c 

1 0 4 9 

1 0 5 0 
1051 
1052 
1053 
1054 
1055 c 
1 0 5 6 

1 057 
1058 
1 0 5 9 
1 060 
1 0 6 1 

1062 
1 0 6 3 
1 06 4 

2 2 2 3 

2 2 2 4 

2 0 6 1 

5 001 

500 3 

5 55 5 

3 0 0 4 

3 3 3 3 

3 0 0 9 

3 0 0 0 

3 006 

7 01 6 

ANG21=2 . 0 * H I 
A N G = ( A M O O ( E P S I ( N O S T P S , K ) , A N G 2 1 ) ) * 1 8 0 . 0 / P I 
W R I T E ( 6 , 2 2 2 3 ) 

F 0 R M A T ( 7 X , ' X P ' , 7 X ' Y P ' , 7 X , ' Z P ' ) 

W R I T E ( 6 , 2 2 2 4 ) ( X P ( J ) , Y P ( J ) , Z P ( J ) , J = 1 , U ) 

FORI"AT( 3 (2X , 1 F 8 . 2 ) ) 
W R I T E ( 6 , 2 0 8 1 ) K , A N G 

FORMAT( ' INDUCED VEL ON B L A D E ' , 1 2 , ' AT AZTH P 0 S ' , 1 F 1 0 . 4 , • D E G S ' ) 
DO 3 0 0 0 L = 1 , N 0 B L A D E 5 
I F { L .r-T .NRU) r-OTO ?C'f1 
R=RU 
T = TGU 
D=PIJ 
MU=hUU 
B=BU 
HCO=RCOU 
VSO=VSCU 
C = C U ( ? ) 

S I 6 N = 1 . 0 
G O T r j O O ? 

R = RL 
T = TGL 
R = n L 

H U = M U L 

B=BL 
R CO = R CuL 
VS0=VS0L 
C =CHL eg ) 
I F C L . G T . N O U ) S I G N = - 1 . 0 
C A L L R A N K I N E ( V , W , R , A R , C , T H E T A , E P S I , C I R v , L , N 0 S T P S , s i G N , M 5 1 , T , M U , l 

I F ( C L . E Q . 1 ) . A N D . ( K . £ Q . 1 ) ) W R I T E ( 6 , 5 5 5 5 ) ( C I R V ( J , L ) , J = 1 , N 0 S T p S - 1 ) 

F O R M A T ( ' C I R = ' , 1 F 1 0 . 4 ) 

C A L L C A L ( X F V T , Y F V T , Z F V T , X P , y p , Z P , 1 , V E L F V , 0 , R , B , L , i c ; K L , K O , R C , R L 
C , V A , V B , V C , V 0 , V E , 1 , G A H A X , R C 0 , V S 0 , C , 1 , S I G N , 2 , C I R V ) 

W R I T E ( 6 , 3 0 0 4 ) L , K 

FOR M A T ( / , • F R O M H E L I X ' , 1 2 , ' W I T H COORDS. p R T ' , 1 2 , ' B L A D E A X E S I S : ' 

W R I T E ( 6 , 3 3 3 3 ) 

F 0 f t M A T ( 7 X , • X V ' , 7 X , ' Y V , 7 X , ' 2 V ' ) 

W R I T E ( 6 , 2 2 2 4 ) ( X F V T ( j , L ) , Y F V T ( J , L ) , Z f 9 T ( J , L ) , J * t ^ W G S i % S ) 

W R I T E ( 6 , 4 0 C ) ( V E L F V ( J , L ) , J = 1 , U ) V . ' v ' ' 

0 0 3 0 0 9 J = 1 , 1 4 • . 

V E L F V T C J , K ) = V F L F V T ( J , ) C ) + V E L F V ( J , L ) " • 

C O N T I N U E • 

CONTINUE ' 
K=K+i i V 
I F ( K .LE .NOELADES) GOTO 2 0 8 9 * * * * * * * * * * * * * * * * * * * * * * * * * * 

N0M21=0 
K = 1 

I F O C . G T . N P U ) GOTO 7 0 1 6 

R=RU 
W = W I I 

S I G N = 1 . 0 
GOTO 7017 
R=PL 
W =WL 
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S i r , N = - 1 . 0 065 
066 701 7 
067 
068 
069 
0 7 0 

071 
0 7 2 
073 
0 7 4 701 H 
075 
076 
0 7 7 
0 7 8 
0 7 9 C 

0 8 0 
081 
082 
083 
084 
065 
0 8 6 3 01 1 
0 8 7 
088 
0 8 9 
C9C C 

091 
0 9 2 
093 
0 9 4 
0 9 5 
096 
097 
098 3 01 2 
C99 
100 
101 8 7 3 4 
102 
103 301 4 
104 
1U5 
106 701 4 
107 
108 
109 
i i u 7 0 1 2 
111 
112 
113 
11 4 
115 
116 3 00 5 
1 1 7 C 
1 U b s a a 
119 c 
120 a All 9 

N0H21 =N0M2 1 + 1 
I f ( N 0 M 2 1 . G T . 1 ) GOTO 7 0 1 8 
CALL G L A U E R T ( A U , B U , C A V U , W U , R U , T H E T A V U , A L P H A , V , V I S U , V V V , T G U ) 
I F ( M . E O . Y t S ) GOTO 7 0 1 6 
1 J = N B U + 1 
V V V I V E L F V T ( 1 , I J ) 
CALL G L A U E R T ( A L , P L , C A V L . W L , R L , T H E T A V L , A L P H A , V , V I G L , V V V , T G L ) 
00 2 0 0 5 J = 1 , U 
R A D F j ( J ) = ( ( j . J 5 * J ) + ( < J - 1 ) » 0 . 0 5 ) ) * C O S ( B E T A ( N O S T P S , » C ) ) 
I F ( J . R T . 9 ) R A D n ( J ) = ( 0 . 9 - « - ( ( J - 9 ) * 0 . 0 1 ) + ( ( J - 1 0 ) * 0 . 0 1 ) ) 

C * C O S C B E T A ( N O S T P S , K ) ) 
I F C K . L E .NHLl) GOTO 3 0 1 1 
COMPUTATION OF UPPER ROTOR WAKE V E L O C I T I E S ON LOWER ROTOR 
X P T ( J ) = - R A I ) b ( J ) * S l N ( F P S I ( N O S T P S , K ) ) 
Y P T ( J ) = ( R A D C I < J ) * C O S ( E P S I ( N O S T P S , K ) ) ) - ( ( 1 . 0 * R U / R L ) + Y I N C E P T ) 
R G = S Q R T ( X P T ( J ) * * 2 + Y P T ( J ) « * 2 ) 
GG=RU/RL 
I F ( R G . G T . G G ) GOTO 3 0 1 1 
I F ( R G . L E . G G ) V E L F V T ( J , K ) = V E L F V T ( 1 , 1 ) 
UP1 = ( V* SI N < ALPH A ) * COS < BE TA (NOSTPS, IC) ) ) - V E L FVT ( J , i < ) 
U P 2 = - ( R * R A 0 B ( J ) * 0 B E T A ( N 0 S T P S , K ) ) - ( V » C 0 S ( A L P H A ) * CO S ( EPS I ( MOST P S ,1C ) ): 

C * S I N ( e E T A ( N O S T P S , K ) ) ) 
1 F ( M 7 , E Q . Y E S ) GOTO 7 0 1 4 ' " 
I F ( M 6 . E 0 . Y E S ) GOTO 7 0 1 4 
I F C K . L E . N B U ) UP3 = - V I G l ) ' ( 1 . 0 + ( R A D B ( J ) * K U « C 0 S ( E P S I ( N O s T P S , I C ) ) ) ) 
I F ( K . G T . N B U ) UP3 = - V I G L * ( 1 . 0 + ( R A D 8 ( J ) * K L O W » C O S ( E P S I ( N O S T P S , I C ) ) ) ) 
1 F ( Y I NCEPT..G T ,1 - .C) GOTO 7 0 1 2 
I F ( A B S ( Y P T ( J ) ) . L T . 1 E - A > GOTO 3 0 1 2 

I F ( A B S ( X P T ( J ) ) . I T . 1 E - 4 ) GOTO 8 7 3 4 • . 
A N G R G = A T A N 2 ( X P T ( J ) , Y P T ( J ) ) 
GOTO 3 0 1 4 
I F ( y P T ( J ) . L T . C . O ) A N G R G = 3 . 0 * P I / 2 . 0 
I F ( X P T C J ) . G T . C . 0 ) ANGRG = P I / 2 . 0 
GOTO 3G14 
I F ( Y P T ( J ) . L T . 0 . 0 ) ANGRG = P I 
I F ( Y P T ( J ) .GT . C . U ) ANGRG = 0 . 0 
I F ( ( R G . L E . G G ) . A K O . C K . G T . N H U ) ) U P 3 = ( - 2 . 0 * V I G U * C G 6 + ( R 6 * C O $ 

C ( A N G R G ) « K U ) ) ) + U P J 
GOTO 7 0 1 2 . -
I F ( K . L E . N 8 U ) U P 5 = - V I G U 
I F ( K . G T . N B U ) U P 3 = - V I G L 
I F < Y I N C E P T .GT . 1 ,C ) GOTO 7 0 1 2 
I F ( ( R G . L E .GG ) . A N D . ( K . G T . N B U ) ) UP3 = - 2 . 0 * V IGU 
v r o M C J ) = - U P 3 
V F L A P ( J ) = - U P 2 
U P ( J , K ) = - ( U P 1 •UP2 + UP3) 
U T ( j , K ) = ( W * R A O B ( J ) * R ) + < V * S I G N * C O S { A L P H A ) * S I N ( E P S l ( N O S T P S , K ) ) ) 
T H I ( J ) = I I P C J , K ) / U T ( J , K ) 
U T I ( J ) = U T ( J , K ) 
CONTINUE 
WRITE C 6 , 8 8 E 3 ) 
F 0 R ^ A T ( 6 * , ' T H I • , 7 X , 'UT ' , / ) 
W R I T E ( 6 , g 8 89 ) < T H I ( J ) , U T I ( J ) , J = 1 , 1 < . ) 
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12 1 I F ( K . 6 T . N B U ) GOTO 9 0 0 1 

122 S 1GN = 1 . 0 
123 B E T = B E T A ( N O S T P S , K ) 
124 A Z M = E P S I ( N O S T P S , K ) 
125 R=RU 
126 B=BU 
127 W=WU 
1 2 t 00 9 0 0 2 J = 1 , 1 4 
129 T H E T A R ( J ) = T H E T A U ( J ) 
130 C H 0 (< D R ( J ) = C U ( J ) 
131 D S R ( J ) = 6 S U ( J ) 
132 ? 3 0 2 C O N T I N U E 

133 GOTO 9004 
134 9 0 0 1 R=RL 
135 8=BL 
1 36 W=WL 
137 S IGN = - 1 . 0 
138 B E T = B e T A ( N O S T P S , < ) 
139 AZM = EPS I (NOSTPS , K ) 
140 00 9 0 0 3 J = 1 , 1 4 
141 T H E T A R C J ) = T H E T A L < J ) 
142 C H O R D R ( J ) = C H L ( J ) 
143 e SR < J ) = BSL ( J ) 
144 9 0 0 3 C O N T I N U E 

145 9 004 I J K L = 2 
146 C COMPUTATION OF SLAOE PERFORMANCE 
147 C * * * * * * * * * * 

U S CALL P E R M ( V I T , P A D 8 , T H , T 0 R , T H E 0 , R , T H E T A R , C W 0 R D R , 8 S R , B ,ENERGY 
149 C , G A M A X , A , W , T H I , I J K L , U T I , H F ) 
150 C W R I T E ( 6 , & 0 9 l ) 
151 8 0 9 1 FORHATC ' I AM HERE TOO*) 
152 H F 0 R C E ( K ) = H F ( 1 4 ) 
153 T H R U S T ( K ) = T H ( U ) 
154 TOPQUE(K) = TOR < 1 4 ) 
155 C 
156 c OUTPUT DATA 
157 c 
158 ANG12=2 . 0 « P 1 
159 A N G 8 L A D E = ( A M O D ( E P S I ( N O S T P S , K ) , A N G 1 2 ) ) * 1 8 & . 0 / P I 
160 W R I T E ( 6 , 7 7 7 8 ) ANGBLAOE 
161 7 7 7 3 F0RMAT( 'BLADE AT AZIMUTH POSTS ' , 1 F 1 2 , 6 , ' DECS' 
162 W R I T E ( 6 , 7 0 0 1 ) B E T A C N O S T P S , K ) , D B E T A ( N O S T P S , K) 
163 7 0 0 1 F 0 R M A T ( ' B E T A = ' , 1 F 1 2 . 6 , ' D B E T A = ' , 1 F 1 2 . 6 ) 
164 C WRITE ( 6 , 7 0 0 2 ) 
165 7 0 0 2 F O R M A T ( ' T O T A L VORTEX INDUCED VELOCITY I S : ' ) 

166 C W R I T E ( 6 , 4 0 C ) ( V E L F V T ( J , < ) , J = 1 , 1 4 ) 
167 c W R I T E ( 6 , 7 0 C 3 ) 
168 7 00 3 FORMAT('MOMENTUM VELOCITY D I S T R I B U T I O N I S : ' ) 

169 C W R I T E ( 6 , 4 0 C ) ( V M 0 M ( J ) , J = 1 , 1 4 ) 
170 C W R I T E ( 6 , 7 0 C 5 ) 
171 7 0 0 5 F O R H A T C F L A P VELOCITY D I S T R I B U T I O N I S : ' ) 
172 C W R I T E ( 6 , 4 0 0 ) ( V F L A P ( J ) , J = 1 , 1 4 ) 
173 C W R I T E ( 6 , 7 0 0 4 ) 
174 7 0 0 4 FORMAT( ' TOTAL VELOCITY D I S T R I B U T I O N I S : ' ) 
175 C W R I T E ( 6 , 4 0 0 ) ( U P ( J , K ) , J = 1 , 1 4 ) 
176 W R I T E ( 6 , 7 7 7 7 ) T H R U S T ( K ) , T O R Q U E ( K ) , K 



I. I N E N U N BE K F O R T R A N T E X T 

1 1 / 7 7 77 7 FORMAT( • THkUST= • , 1F9 . 3 , • T0RQUE = ' , 1 F9 . J , ' (BLADE 
117 3 K, = f + 1 
1 1 7 9 I F ( K . L E . N O R L A D E S ) GOTO 3 0 0 6 

1 1 8 0 N O S T P S = T O T A L S T P 
1 1 8 1 M A N D = M A N D + 1 

1182 H F O O C E U ( M A N O ) =0 .Li 
1 1 8 3 T H R U S T U ( M A N D ) = 0 . C 

11&4 T O R Q U E U ( M A N D ) = C . C 
1185 H F O R C F C L ( M A N L ) ) = 0 . 0 
1 1 8 6 T H R U S T L ( M A N 0 ) = C . 0 

1 1 8 7 T O R Q U E L ( H A N D ) = 0 . 0 

1 U 8 DO ? 0 9 4 < = 1 , N 0 B L A D E S 

1 1 8 9 I F ( K . G T . N 8 U ) GOTO 2 0 9 5 
1 1 9 0 HFOPCEU(MAND)=HFORCEU(WANO)+HFORCE(K) 
1 1 9 1 T H R U S T U ( M A N D ) = T H R U S T U ( H A N D ) + T H R U S T ( K ) 

1 1 9 2 T O R Q U E U ( M A N D ) = T O R Q U E U ( M A N D ) + T O R Q U E ( K ) 

1 1 9 3 GOTO 2 0 9 4 

1 1 9 4 2 0 9 5 T H R U S T L ( M A N D ) = T H R U S T L ( M A N D ) + T H R U S T ( K ) 
1195 H F O R C E L ( H A N D ) = H F O R C E L ( « A N D ) + H F O R C E ( < ) 
1 1 9 6 TORQUEL(MAND)=TORQUEL(MAND)+TORQUE(K) 
1 1 9 7 2 0 9 4 CONTINUE 
1198 A L P H A C U = - ( H F 0 R C E U ( M A N D ) / T H R U S T U ( H A N D ) ) * 1 8 0 . 0 / P I 
1 1 9 9 I F ( H l . E Q . y E S ) GOTO 5 0 0 3 

1 2 0 " A L P H A C L = - ( H F O R C E L ( M A N D ) / T H R U S T L ( H A N D ) ) * 1 8 0 . 0 / P I 
1 2 0 1 5 0 0 3 W R I T E ( 6 , 2 0 9 8 ) T H R U S T U ( H A N D ) , T O R Q U E U ( H A N D ) 

1202 2 0 9 8 FORMAT( 'UPPER ROTOR,THRUST = ' , 1 F 1 2 . 6 , ' N ' , ' T0RGUE = ' , 1 F 1 2 . 6 , ' N / y 
1 2 0 3 C , ' ) 

1 2 U 4 W R I T E ( 6 , 8 0 2 1 ) H F O R C E U ( W A N D ) , A L P H A C U 

1 2 0 5 6 0 2 1 F O R M A T ( ' C O R R E S P O N D I N G H F O R C E * ' , I F 1 2 . 6 , ' N ' , ' A L P H A * ' , 1 F 8 . 4 , ' D E C S 

1 2 0 6 I F ( M I . E O . Y E S ) GOTO 1 0 1 0 

1 2 0 7 W R I T E ( 6 , 2 0 9 9 ) T H R U S T L ( M A N 0 ) , T O R Q U E L ( M A N D ) 

1206 2 3 9 9 FORMAT( 'LOWER R O T U H , T M R U S T = ' , 1 F 1 2 . 6 , ' N ' , ' T O R Q U E * ' , 1 F 1 2 . 6 , ' N / P 
1 2 0 9 C , ' ) 

1 2 1 0 W P I T E ( 6 , D 0 2 1 ) H F O R C E L ( P A N D ) , A L P H A C L 

1 2 1 1 C 
1212 C • • * « N O T E THE FOLLOWING DOES NOT TAKE INTO ACCOUNT O f V A R I A B L E 
1 2 1 3 C B L A D E S S T E P P E D F U L L Y A R P O N D I N EACH R OTOR « * * • • * * -

1214 C 
1 2 1 5 1 0 1 0 V A R A = 3 6 0 . D / ( R U « D E L T A Z I M ) 

1 2 1 6 C W R I T E ( 6 , 1 0 1 1 ) V A R A , F A N D 

1 2 1 7 1 0 1 1 FOR M A T ( " V A R A = • , 1 F 1 2 , 6 , • M A N D = ' , L 2 ) 

1 2 U . 1 F ( F L C A T ( M A N D ) . G E . V A R A ) GOTO 2 0 9 2 

1 2 1 9 F O R 1 = F L 0 A T ( T O T A L S T P + M A N D - 1 ) 

122U 00 2 0 9 0 K = 1 , N 0 e L A 0 E S 
1 2 2 1 I F ( K . G T . N B U ) GOTO 2 0 9 1 

1 2 2 2 E P S I ( N O S T P S , K ) = ( F O R 1 * 2 . 0 * P I / F O R 2 ) + ( F L O A T ( K - 1 ) * Z . Q * P I / B U ) 

1 2 2 3 F L A P = - ( A L U * C 0 S ( E P S I ( N 0 S T P S , K ) ) ) - ( B 1 U * S I N ( E P S I ( N 0 S T P S , K ) ) ) 

1 2 2 4 R £ T A ( N O S T P S , K ) = A 0 U + F L A P 

1 2 2 5 D 8 E T A ( N 0 S T P S , K ) = W U * ( ( A L U * S I N ( E P S I ( N 0 S T P S , K ) ) ) - ( B L U * C 0 S 

1 2 2 6 C ( E P S I ( N O S T P S , * ) ) ) ) 

1 2 2 7 GOTO 2 0 9 0 . ' •• 

1 2 2 8 2 0 9 1 ANL = ( - B U + F L 0 A T ( K - 1 ) ) * 2 . 0 * P I / B L i 

1 2 2 9 EPS I ( N O S T P S , K ) = - ( F 0 R 1 * 2 . 0 * P r / F 0 R 2 ) + A H L . / X VVV - " ^ J 

1 2 3 0 F L A P = - ( A L L « C 0 S ( E P S I ( N 0 S T P s , K ) ) ) + ( B 1 L * S l N ( E P S I { N 0 S T P $ , I C ) ) ) 

1 2 3 1 B E T A ( N O S T P S , K ) = AOL + F L A P ! • - ; X V - , ' ; . • I 
123? DHE TA (NOSTPS ,K:) =WL* ((-A1 L«SIN (EPS! (NOSTpS ,K ) ) ) - ( B 1 L * C 0 S 



L I N E NUMBER F O R T R A N T E X T 

1 2 3 3 C ( E P S I ( N O S T P S , * ) ) ) ) 
1 2 3 4 2 0 9 : CONTINUE 
1 2 3 5 G O T O 5 7 9 1 

1 2 3 6 2092 W R I T E ( 6 , 2 0 9 3 ) 
1 237 2 09 3 F O R M A T ( ' B L A D E S S U C C E S S F U L L Y S T E P P E D A R O U N D D I S C 

1 2 3 8 T H A V = 0 . 0 
123V T O R A V = 0 - . 0 

1240 H F A V = 0 . 0 
1241 DO 2096 K=1,MAND 
1 242 I F ( M I . E Q . Y F S ) T H R U S T L ( K ) = 0 . 0 
1 2 4 3 I F ( K I . E Q . Y E S ) TORQUEL ( < ) =0-.D 
1 2 4 4 I F ( f 1 . E Q . Y t S ) HFOR G E L ( K ) = 0 . 0 
1 2 4 5 HFAV=HFORCEU(K)+HFORCEL(K)+HFAV 
1 246 THf tV=THRUSTU(K)+THRUSTL(<)+THAV 
1 2 4 7 TORAV=TORQUEU(K)+TORQUEL(K)+TORAV 
1 2 4 8 2uV6 CONTINU E 
1 249 THAV=THAV/FLOAT(MAND) 
125 0 TORAV = TORAV/FLOAT(MANC)) 
1 2 5 1 H F A V = H F A V / F L O A T ( H A N D ) 

1 2 5 2 W R I T t ( 6 , Z 0 9 7 ) T H A v , T 0 R A V 
1 2 5 3 2 0 9 7 FORf"AT( 'TOT TH R US T = ' , 1 F 1 2 . 6 , ' N • , ' TOT TOROUE = ' , 
1 2 5 4 A L P H A F = ( - H F A V / T H A V ) » I A O . O / P I 

1 2 5 5 W R I T E ( 6 , 8 0 2 1 ) HFAV,ALPHAF 
1 2 5 6 GOTO 58 2 
1 2 5 7 2 0 5 6 STOP 
1 2 5 8 E N D 

, 1 F 1 2 . 6 , ' N / M ' ) 



LINE NUMHEk FORTRAN TEXT 

1 25V 
i 2 o n 
1 261 
1262 
1 263 

1264 
1265 

1266 
1267 
12ob 
1269 
1270 
12 71 
1 2 / 2 
127? 
1276 
12 7^ 
1276 
1277 
t27r 
1 2 / 9 
126L 
1281 
1262 
12&3 

23 

SUBROUTINE R A N K I N E ( V , W , R , A R , C , T H E T A , E P S I , C I R , K , N O S T P S , S I G N , M 5 1 
C , T , M U , B ) 

REAL MU 
INTEGER YES 
DIMENSION E P S I ( 1 0 0 , 2 C ) , V T ( 1 0 0 , 2 0 ) , V S O ( 1 0 0 , 2 0 ) , R C O ( 1 0 0 , 2 0 ) 
dimension re(100,20),cir(100,20),ciroll(100,?0) 
DATA Y E S / l H Y / 
DATA V I S / 1 . 4 5 5 E - 5 / , P I / 1 . 1 4 1 5 9 2 7 / , R 0 E / 1 . 2 2 5 / 
V A R 1 = T / ( R n E * B * R » W » R * ( 0 . 5 - ( 3 . 0 * ( M U * * 2 ) / 1 6 . a ) ) ) 
DO 10 J = 1 , N 0 S T P S 
L = N O $ T P $ - ( J - 1 ) 
V T ( J , K ) = ( W ' H ) + ( S I G U . V * S I N ( E P S I ( L , K ) ) ) 
V S C ( J , K ) = ( 1 . U * ( 6 . 6 / A R ) ) * ( 2 . 6 4 E - 2 ) * T H E T A * V T ( J , K ) * 1 8 0 . 0 / P I 
r ' E ( J , < ) = V T ( J , K ) . C / v I S 
RCC(J,K)=C'1.2«(RE(J,K)*"(-0.2))*VS0(J,K)/VT(J,K) 
C I R ( J , K ) = ? . 0 • P I • V S 0 ( J , < > • R C t ( J , < ) 
C I I < O L L ( J , K ) = V A R 1 * ( 1 . 0 - ( 1 . 5 * M U » S I G N « S I N ( E P S I ( L , i < ) ) ) ) 
C 11 tv T I N IJ I 
iJO 2 0 L = 1 , r.o STP S - 1 
C i " ( L , K ) = ( C I R ( L , K ) + C I H ( L + 1 , K ) ) / 2 . 0 

6 T . ' , ) . A r v l ) . C > . 5 1 . E Q . Y E S ) ) C I R ( L , K ) = ( C l R a L L ( L , K ) + C I R 0 L L ( L + 1 , K ) ( (L I 
C/2. 

C ON T I 
RETUw 
E fJ l> 

•Ut 



L I N E NUMBEW F O R T R A N T E X T 

12B4 
128b 
1 286 
1 2 8 7 
12b6 
1 289 
1 290 
1 291 
1 292 
1293 
1 2 9 4 

1295 
1 2 9 6 
1 297 
1 298 
1 299 
13UC 
1 3 0 1 
1302 
1305 
1 3 0 4 
1 305 
1306 
1 307 
1306 
1 3 0 9 

1310 
1 3 1 1 

1312 
1313 
1314 
1315 
1316 
1 3 1 7 

1318 
1319 
1 3 2 0 
1321 
1322 
1323 
1324 
1325 
1326 
1 3 2 7 

1 3 2 t 

1329 
1330 
1 3 3 1 
1332 
1 333 
1334 
1 335 
1 336 
1337 
1336 
1339 

SUHWODTINE CAL( XV , Y V , 7V ,)( P , Y P , 2 P , N 0 , V I ND V , J , R , P , J J , K C , K L , K 0 
C , R C , R L , f ' f ' , V A , V H , C , O , E , N C O U N T , G A r A X , R C 0 , V S C , C C , N T Y P V , S I G N , N T Y P C 
C , C I R ) 

REAL tCC ,KL ,K0 
DIMENSION RC<200D) 
DIMENSION X P ( 4 0 ) , Y P ( 4 U ) , Z P ( 4 0 ) 
D IMENSION X V ( 1 0 0 , 2 0 ) , y v ( 1 0 0 , 2 0 ) , Z V ( 1 0 0 , 2 0 ) , V l N O V ( 1 0 0 , 2 0 ) 
DIMENSION CIR ( 1 0 0 , 2 0 ) , V I V ( 1 0 0 ) , V I V T ( 1 3 0 ) 
D I M E N S I O N T H E T A ( 1 0 0 ) 

C O V r O N / f i L 1 / W Y ( 4 0 ) 
C0NM0N/BL2 1/ N , U F I L A S T P 
D A T A K 0 E , P 1 / 1 , 2 2 5 , 3 . 1 4 15 9 2 7 / 

M = 1 
C W R I T E ( 6 , 2 0 1 V ) N C O U N T , N , N T y P V 

2,J1C F 0 R K A T ( ' N C 0 U N T = ' , I 2 , ' N = ' , I 2 , ' N T Y P V = ' , 1 2 ) 
C W R I T E ( 6 , 9 f i ) 

50 FOf. ^ A T ( 'H • , 1 r . x , • VORT E * X C 0 0 R D ' , 1 C X , ' V O R T E X Y COORD' ,1 O X , ' V O R T E X 2 
C COORD') 

C W R I T E ( 6 , 9 1 ) ( X V ( L ) , Y V ( L ) , Z V ( L ) , L = 1 , 7 ) 
91 F ( j R N A r ( ' ' , 1 Ox , 1 FI 4 . 4 , 1 O x , 1 F 14 . 4 , 1 Ox , 1 F 14 . 4 ) 
22 DO 40 K = 1 , N - 1 

T H E T A ( K ) = ( K - 1 ) * 2 * P I / ( N F I L A S T P - 1 ) 
C D 1 = ( X P ( M ) - X V ( ( K + 1 ) , J J ) ) * ( Y P ( M ) - Y V ( K , J J ) ) 
C D ? = ( Y P ( M ) - Y V ( ( K + 1 ) , J J ) ) * ( X P ( M ) - X V ( K , J J ) ) 
C D = ( C D 1 - C D 2 ) 
C 1 = ( X P ( M ) - X V ( ( K + 1 ) , J J ) ) * « 2 
C 2 = ( Y P ( M ) - Y V ( ( K + 1 ) , J J ) ) * * 2 
C ? = ( 7 P ( M ) - 7 V ( ( K + 1 ) , J J ) ) * * 2 
AP=S(iKT ( C I +C2+C3) 
C 4 = ( X P ( M ) - X V ( K , J J ) ) * » 2 
C 5 = ( Y P ( M ) - Y V ( K , J J ) ) * * 2 
C 6= ( 7 P( M) - ZV ( K , J J ) ) * * ? 
HP=SC|RT ( C 4 + C 5 + C 6 ) 
A 4 = X V ( ( K + 1 ) , J J ) * X V ( I C , J J ) 
A 5 = ( Y P ( M ) - Y V ( ( K + 1 ) , J J ) ) * ( Y P ( M ) - Y V ( K , J J ) ) 
A6= Z V ( ( K + 1 ) , J J ) * Z V ( K , J J ) 
A 7 = ( A P - t - B P ) / ( A P * B P ) 

A 8 = R * ( ( A P * P P ) + A A + A 5 + A 6 ) 
F = A 7 / A 8 

I F ( N T y P C . E C J . I ) C I R ( K , J J ) = 2 . 0 * P I * V S 0 « R C 0 
C I F ( K . E O . I ) GOTO 5 4 0 
C CORE 
C CHECK I F BLADE TIP STATION POINTS ARE LOCATED I N S I D E VORTEX 

V M = ( X V ( K + 1 , J J ) - X V ( K , J J ) ) * * 2 
V N 2 = { Y V ( K + 1 , J J ) - V V ( K , J J ) ) « * 2 
V H 3 = ( Z V ( < + 1 , J J > - Z V ( K , J J ) ) * * 2 
A[(= SORT (VN 1+VN2+VN3) 
I F ( ( B P . L T , 1 E - 3 ) .OR . ( A B . L T . 1 E - 3 ) ) GOTO 2 0 2 0 
GOTO 2 0 2 1 

202 I W R I T E ( 6 , 2 0 ^ 0 ) 
2C50 F O R r A T ( ' B P OR AP LESS THAN 1 E - 3 ' ) 

GOTO 5 4 0 
202 1 I F ( N C 0 U N T . 6 Q . 1 ) GOTO 7 78 

A N G L E P = A C 0 S ( ( ( B P * * 2 ) + ( A R * » 2 ) - ( A P « * 2 ) ) / ( 2 . 0 « b P * A 8 ) ) 
H =AE'S (BP* S IN ( ANGLt B ) ) * P 
I F ( N T Y P V . F Q . I ) GOTO 5 3 1 



L I N E NUMBER FORTRAN TEXT 

) 3 4 0 I f ( K T Y P V . e a . 2 ) GOTO 532 
1341 I F ( H . G T . R O ) GOTO 500 
1 34? I F ( (H . G T . R L ) . AND . ( H .LE .RO) ) GOTO 5 1 0 
1 343 I F( (H . C T . R C ( < ) ) .AND . ( H .LE . R L ) ) GOTO 520 
1 3 4 4 I F ( H . L E ,RC ( K ) ) GOTO 5 3 0 
1 345 50 0 C 1 R ( K , J J ) = K 0 
1 346 GOTO 778 
1 347 'J1 0 C I R ( I C , J J ) = ( 1 . C - E X P ( ( 0 « H / C C ) + E ) ) * 0 . 9 9 * 6 A M A X 
1 348 GOTO 77S 
134U ) 2 CIR(K,JJ)=((Vr*ALOG(w/CC))+C)'0.99 * R A m A X 
1 3S0 GOTO 7 7 6 

1351 ) 3 . ; C I P ( K , J j ) = « : c * ( H / k C ( < ) ) * * 2 
1 3 5 2 GOTO 7 7 8 
1 3 5 3 1.3 1 I F ( H . G T . R C ( K ) ) GOTO 71? 

1 354 C I R ( K , J J ) = K C * ( H / R C ( K > ) ' » 2 
1355 G U T O / 7 K 

1 35o 53 2 I F ( H . G T . R O ) GOTO 533 
1 3 5 7 1 F( ( H .L f .R C) . A N b . C H .GT ,RC(K: ) ) ) GoTO 534 
1 3 5 t C I R ( K , J J ) = K C * ( H / R C ( K ) ) * * 2 
1359 GOTO 7 7 8 
1 3 6 : } 5 3 3 CIR(K,JJ)=Kn 

1 3 6 1 GOTO F7F 
1 362 5 3 4 F F = K C / ( ( ( R t 0 + C . 0 0 1 8 ) / C C ) * * ( . 7 7 8 ) ) 
1 3 6 3 C I R ( K , J J ) = F F * ( ( ( H 4 0 . 0 a i e ) / C C ) » * ( . 7 7 8 ) ) 
1364 GOTO 778 
1365 5 4 0 I F ( C Y V ( K , J J ) . L T . 1 . 0 1 ) . A N & . ( Y V ( K , J J ) . G T . 0 . 9 9 ) ) G 0 T 0 7 7 7 
1 366 GOTO 778 
1 367 777 I F ( N O . E C . I ) GOTO 779 
1 3 6 8 GOTO 778 
1 3 6 V 779 S M X ( 1 - Y P ( M ) ) * R 

1 3 7 0 I F ( S M . L T . R C O ) GOTO 801 
1371 GOTO 778 
1372 aoi V I V ( K ) = V S O * S N / H C O 

1373 GOTO 40 
1374 7 7 8 V I V ( K : ) = S I G N * ( ( C I R ( K , J J ) * F ) / ( 4 * P I ) ) * C O 

1 3 7 5 C W R I T E ( 6 , 2 ( J R O ) K , J J , C I R ( K , J J ) 

1 3 7 6 2 U 0 0 F 0 R « A T ( ' C I R ( ' , I 2 , 1 2 , ' ) = ' , 1 F 1 2 . 6 ) 

1 3 7 7 C C H E C K C O M P L E T E 

1 3 7 8 40 CONTINUE 
137V c W R I T E ( 6 , 5 1 ) 
1380 51 F OR MA T ( "H • , • • ) 

1 3 6 1 V IV T ( 1 ) = V I V ( 1 ) 
1392 DO 45 1 = 2 , N - 1 
1 3K3 V I V T ( I ) = V I V ( 1 ) + V I V T ( I - 1 ) 
1 334 45 CONTINUE 
13E5 V IK' HV (M , J J ) = V I V T <H - 1 ) 
1386 M=M + 1 
1 3R f I F( .LE . 1 t ) U O T O 22 
13B» c W R I T E ( 6 , 8 0 ) 
1 3 y v FOR M A T ( •H • , ' T O T A L V O R T E X I N D U C E D V E L O C I T Y AF EACH STAT ION 
13V0 C P O I N T I S ' ) 

1 391 c W R I T E ( 6 , * ) ( V 1 N D V ( L ) , L = 1 , 1 4 ) 
1 392 RETURN 
1393 E 



L I N E NIIMHEP fORT»AN TEXT 

13V4 
1 3 9 5 
1 3 9 6 
1 397 
1 3 9 3 
1 3 9 9 
u u o 
1 4C1 
1 402 
1 403 
1 404 
1 405 
1 406 
1 4 r 7 

51 

SUHPOIJTINFC B L V O C O ( X V , T V , Z V , B B , I ) 

DIMENSION X V ( 1 0 C , 2 0 ) , Y V ( 1 W C , 2 0 ) , Z V ( 1 0 0 , 2 0 ) , T H E T A ( I O U ) 
C0MM0N/PL2 1/ N , N F I L A S T P 
P I = 3 . 1 4 1 59 27 
VORTEX COORDS FROM OTHER BLADES 
0 0 31 K = 1 , N 
T W E T A ( K ) = ( K - 1 ) * Z « P I / ( N F I L A S T P - 1 ) 
A B = S 0 R T ( Y V ( K , 1 ) * ' ^ + X V ( K , 1 ) « * 2 ) 
Y V ( K , I ) = A B * C 0 S ( ( ( 2 ' P I ) / B B ) + T H E T * ( K ) ) 
X V ( T ( , L ) = A T ^ * S I N ( ( ( ? * P I ) / B R ) + T H E T A ( K ) ) 

Z V ( K , I ) = Z V ( K , 1 ) 

CONTINUE 
R E T U R N 

END 

L I N E DUMBER FORTRAN TEXT 

1 4 0 8 
1 409 
1 4 1 0 
141 1 
1 4 1 ? 
1413 
1 4 1 4 
1415 
1 4 1 6 
1 4 1 7 
1 4 1 8 
1 4 1 9 
1 4 2 0 
1 4 2 1 
1 42? 
1 4 2 3 
1 4 2 4 
1 425 
1 4 2 6 
1 427 
1 428 
1 4 2 9 
1 4 3 0 

4 

5 

3 0 

SUBROUTINE L A N D G ( X V , Y V , Z V , C T , B , B S , R ) 
DIMENSION XV ( 1 0 0 , 2 0 ) , - f v ( 1 0 0 , 2 0 ) ,ZV ( 1 0 0 , 2 0 ) 
DIMENSION T H E T A ( 1 0 0 ) , R V ( 1 0 0 ) 
C 0 M M 0 N / k L 2 / A 1 , A 2 , A 3 
COMM0N/PL21 / N , N F I L A S T P 
DATA R O E , P I / 1 .2 2 5 , 3 . 1 4 1 5 9 2 7 / 
LANOGREBE WAKE COEFFS. 
A l = - 0 . 2 5 * ( C T / b S ) 
A 2 = - 1 . 4 1 * S Q f ( T ( C T / 2 ) 
A 3 = 0 . 1 4 5 + ( ? 7 * C T ) 
VORTEX FILAMENT ANGLE 
DO 50 K = 1 , N 
T H E T A ( K ) = { K - 1 ) * 2 * P I / ( N F I L A S T P - 1 ) 
I F < T H E T A ( K ) - P 1 ) 3 , 4 , 4 
Z V ( K , 1 ) = A 1 * T H E T A ( K ) 
GOTO 5 
Z V ( K , 1 ) X ( A 1 * 2 * P I / B ) + A 2 * ( T H E T A ( K ) - 2 * P I / 8 ) 
R V ( K ) = 0 . 7 8 + 0 . 2 2 * E X P ( - A S ' T H E T A ( K ) ) 
X V ( K , 1 ) = R V ( K ) * S I N ( T H E T A ( K ) ) 
Y V ( k , 1 ) = R V ( K ) * C 0 S ( T H E T * ( K ) ) 
CONTINUE 
RETURN 
END 



L I N E N U M H E K F O R T R A I Y T E X T 

4 5 1 SUbWOUIINE S T R 1 P ( V 0 , Y , T O T , C T , V I , R , B E I A , C , 8 S , 8 , A , W ) 
432 REAL MACHNO 
433 DIMENSION E H E T A ( 4 0 ) , V A R 7 ( 4 0 ) , B E T A { 4 0 ) , C ( 4 0 ) 
4 3 4 DIMENSION Y ( 4 0 ) , B S ( 4 0 ) 
435 DIMENSION V O ( 4 0 ) , T < 4 0 ) , V I ( 4 0 ) , T T ( 4 0 ) 
4 36 DIMENSION A N ( 4 0 ) 
4 3 7 DIMENSION A A ( 4 0 ) 
438 DATA ROE,P 1/ 1 .2 2 5 , 5 . 1 4 15 92 7 / 
4 3 9 V AR S = BE T A ( 8 ) » 1 8 0 / P I 
4 4 0 DO 5 1 = 1 , 1 4 
441 E B E T A ( n = T A N ( V O ( I ) / ( W * Y ( I ) * R ) ) 
442 5 CONTINUE 
443 C WRITE ( 6 , 3 0 f J ) VAR8 
444 300 FORMATC ' H ' , ' G E O M E T R I C ANGLE Of INCIDENCE ( 7 S X R ) I S 
445 C W R I T E ( 6 , 4 0 0 ) R 
446 4 0 0 F O R M A T ( ' ' , ' B L A D E RADIUS I S : ' , 1 F 8 . 4 , ' M • ) 
447 C W R I T E ( 6 , 4 0 1 ) ( C ( L ) , L = 1 , 1 4 ) 
446 4 0 1 f O R M A K ' ' , ' B L A D E CHORD AT .75R I S : ' , 1 F 8 . 4 , ' M ' ) 
449 c W R I T E ( 6 , 4 0 2 ) ( B S ( L ) , L = 1 , 1 4 ) 
4 5 0 402 F O R K A T ( ' ' , ' R O T O R S O L I D I T Y I S : ' , I F 8 . 4 ) 
451 c W R I T E ( 6 , 3 0 1 ) 
45? 3 0 1 FORMATC' ' , ' E L E M E N T A L INFLOW ANGLES FROM APPARENT 
453 C INCIDENT V E L O C I T I E S A R E : ' ) 
454 c W R I T E ( 6 , 3 0 2 ) ( E B E T A ( L ) , L = 1 , 1 4 ) 
455 502 F O R M A T ( ' ' , 2 F 8 . 4 ) 
456 DO 10 1 = 1 , 1 4 
457 V A R 1 = ( V 0 ( I ) / 2 ) + ( B S C I ) * A * W * R / 1 6 ) 
456 V A R 2 = 2 * ( ( B E T A ( I ) * Y ( I ) * W « R ) - V O ( I ) ) 
459 V A R 3 = ( 4 * V O ( I ) * V O ( l ) ) / ( 8 S ( I ) * A * W * R ) 
4 6 0 VAR4=RS ( I ) » A * W « R / 1 ' 6 . 
4 6 1 V A R 7 ( 0 = 1 . 0 + ( ( V A R 2 ) / ( V A R 3 + V 0 c l ) + VAR4) ) 
462 V I ( I ) = V A R 1 * ( - 1 . 0 + S Q R T ( A B S ( V A R 7 ( 1 ) ) ) ) 
463 A N ( I ) = ( V I ( I ) + V O ( I ) ) / ( W * Y ( I ) * R ) 
464 M A C H N O = ( W * R * Y ( 1 ) ) / 3 4 0 . 0 
465 P R A N O T L = 1 . 0 / S Q R T ( 1 . 0 - ( M A C H N O « » 2 ) ) 
466 V V V = C O S ( A N ( I ) ) * P R A N D T L 
467 A A ( I ) = ( 8 E T A ( I ) - A N ( I ) ) * 1 8 0 . 0 / P 1 
468 I F { A A ( I ) . L T . 0 . 0 ) GOTO 36 
46 9 I F C I . L E . 9 ) GOTO 20 
470 GOTO 21 
471 20 T ( I ) = 0 . 5 * R 0 E * ( W * R * Y ( I ) ) * * 2 * A « C ( I ) « 0 . 1 0 * R » ( B E T A C I ) r 
472 GOTO 10 
473 21 T ( I ) = 0 . 5 * R O E * ( W * R * Y ( I ) ) * * 2 * A * C ( I ) » 0 . 0 2 * R * ( B E T A ( I ) -
474 GOTO 10 
475 36 T ( I ) = 0 . 0 
476 10 CONTINUE 
477 c W R I T E ( 6 , 3 0 3 ) 
478 303 FORMATC' ' , ' I N D U C E D V E L O C I T Y ( S T R I P ) SORT Q U A N T I T Y : 
479 c W R I T E C 6 , 3 0 4 ) ( V A R 7 ( L ) , L = 1 , 1 4 ) 
480 3 0 4 F O R M A T C • , 2 F 8 . 4 ) 
481 c WRITE ( 6 , 3 0 5 ) 
482 305 FORMATC' ' , ' E F F E C T I V E ELEMENTAL ANGLE OF INCIDENCE 
483 c W R I T E ( 6 , 3 0 6 ) ( A A ( L ) , L = 1 , 1 4 ) 
484 306 FORMATC' • , 2 F 8 . 4 ) 
485 V A R 9 = 1 . 0 
486 TT C 1 ) = T C I ) 



L INE NUMBEk FORTRAN TEXT 

1 487 00 80 1 = 2 , 1 4 
1483 T T ( I ) = T ( I ) + T T ( I - 1 ) 
1489 80 CONTINUE 
1 490 C T = ( B * T T ( 1 4 ) ) / ( R 0 E * ( W * R ) * « Z * P I « P * » 2 ) 
1491 C W R I T E ( 6 , 1 0 0 ) 
1492 100 FORf .ATC • , ' T H R U S T WITHOUT T I P LOSS I 
1 493 C W R I T E ( 6 , * ) T T ( 1 4 ) 
1494 C W R I T E ( 6 , 9 1 ) C T 
1 495 91 F 0 R r A T ( * 'THRUST COEFF. WITHOUT T IP 
1496 c T IP LOSS FACTOR 
1497 I F ( C T . L T . 0 . 0 ) GOTO 592 
1498 VAR 5 = 1 - ( S O R T ( 2 . Q * C T ) / B ) 
1499 c W R I T E ( 6 , 8 0 0 ) V A R 5 
1500 3C0 FORMAT( ' ' , ' T I P LOSS FACTOR I S : ' , 1 F 8 . 
1501 GOTO 806 
1 502 592 VAR5 = 1 . 0 
1503 806 DO 30 1 = 1 , 1 4 
1504 I F(Y ( I ) .GT .VAR5) GOTO 31 
1505 GOTO 30 
1506 i 1 T ( 1 ) = 0 . 0 
1 507 30 CONTINUE 
1508 c DO 33 K = 1 , 14 
1509 c I F( V I ( K ) . L T . 0 . 0 ) GOTO 34 
1510 c GOTO 53 
1511 c V I ( K ) = 0 . 0 L INE =54 
1512 c T ( K ) = G . O 
1513 c CONTINUE LAHEL=33 
1514 c W R I T E ( 6 , 8 9 ) 
1S15 89 FORMAT{ ' ' S T R I P INDUCED V E L S . A R E : ' 
1516 c W K I T E ( 6 , * ) (V I ( L ) , L = 1 , 1 4 ) 
1517 c W R I T E ( 6 , 9 0 ) 
151b 90 FORMAT( ' ' , ' S T R I P ELEMENTAL L I F T S ARE 
1519 c W R I T E ( 6 , * ) ( T ( L ) , L = 1 , 1 4 ) 
1520 00 32 1 = 2 , 1 4 
1521 TT( I ) = T ( I ) + T T ( 1 - 1 ) 
1522 32 CONTINUE 
1523 T 0 T = T T ( 1 4 ) 
1524 C T = ( B * T T ( 1 4 ) ) / ( R O E * ( W * R ) * « 2 * P I * R * * 2 ) 
1525 c W R I T E ( 6 , 2 0 0 ) TOT 
1526 200 FORMAT( ' ' , ' T H R U S T VALUE WITH T I P LOS 
1 527 RETURN 
152% END 



LINE NUMBER FORTRAN TEXT 

1529 SUBROUTINE P E R M ( V I T , Y , T H , T O R , D T , R , T H E T A , C , B S , B , ENERGY,GAMAX 
1530 C , A , U , T H I , N U H , U T , D H S U H ) 
1531 REAL MACHNO 
1532 DIMENSION D L ( 4 0 ) , D P D ( 4 0 ) , D H ( 4 0 ) , D H S U M ( 4 0 ) 
1533 DIMENSION G * M A ( 1 4 ) , T 0 R I T I P ( 1 4 ) , D L 2 D ( 4 0 ) 
1 534 DIMENSION T 0 R ! S ( 4 0 ) , 8 S ( 4 0 ) , C L ( 4 G ) , T 0 R P S ( 4 0 ) 
1535 DIMENSION Y ( 4 0 ) , T H I ( 4 0 ) , V I T ( 4 0 ) , 0 T ( 4 0 ) , C D 0 ( 4 0 ) , T O R I ( 4 0 ) , 
1536 C T 0 R P ( 4 G ) , T H ( 4 0 ) , T O R ( 4 0 ) , C ( 4 0 ) , T H E T A ( 4 0 ) , U T ( 4 0 ) 
1537 C0MM0N/8L2 2 / B E T A , A Z I M U T H , S I G N 
1538 DATA R O E , P I / 1 . 2 2 5 , 3 . 1 4 1 5 9 2 7 / 
1539 DO 50 1 = 1 , 1 4 
1540 I F ( N U M . E Q . 2 ) GOTO 95 
1541 T H I ( I ) = V I T ( I ) / ( U * Y ( 1 ) » R ) 
1542 V5 I F ( A H S ( T H E T A ( I ) - T H I ( I ) ) .GT . 0 . 2 1 ) GOTO 81 
1543 I F ( { T H £ T A ( I ) - T H I ( I ) ) . LT . 0 . 0 ) W R I T E ( 6 , 8 4 ) I 
1544 VELR = W*ft*Y ( I ) 
1545 I F ( N U M . E a . Z ) V E L R = U T ( I ) 
1546 I F ( V E L R .LT .0 . 0 ) GOTO g l 
1547 M A C H N 0 = V E L R / 3 4 0 . 0 
1548 VV= C O S ( T H I ( 1 ) ) 
1549 VVV = 1 . 0 / ( 1 . 0 - ( M A C H N O * * 2 ) ) 
1 550 I F ( I . L E , 9 ) GOTO 36 
1 551 GOTO 37 
1 552 36 D L ( I ) = O . 5 * R O E * ( V E L R * « 2 ) * A * C { I ) * C . 1 0 * R * ( T H E T A ( I ) - T H I ( I ) ) * V V V 
1553 DL2 DC I ) = D L ( 1 ) / ( 0 . 1 * R ) 
1554 G A M A ( I ) = O L ( I ) / ( R O E * V E L R * 0 . 1 * R ) 
1555 GOTO 38 
1556 37 D L ( I ) = 0 . 5 * R 0 E * ( V E L R * * 2 ) » A * C ( I ) * 0 . 0 2 * R * ( T H E T A ( I ) - T H I ( I ) ) * V V V 
1557 I F C { I , E Q . 1 4 ) . A N D . ( D L ( I ) , L T . 0 ^ « 0 ) ) D L ( I ) = 0 . 0 
1 558 D L 2 0 ( I ) = 0 L ( I ) / ( 0 . 0 2 * R ) 
1559 G A M A ( I ) = D L ( I ) / ( R 0 E * V E L R * Q . 0 2 * R ) 
1560 C PROFILE DRAG COEFF. 
1 561 38 P A R l = A B S ( T H E T A { I ) - T H I ( I ) ) 
1562 C D O ( I ) = 0 . 0 0 8 7 - ( 0 . a 2 1 6 * P A R l ) + ( 0 . 4 # P A R l * * 2 ) 
1 563 c INDUCED TORQUE 
1 564 T O R I ( I ) = D L ( I ) * Y ( I ) * T H I ( I ) * R 
1 565 I F { I < , L E . 9 ) GOTO 39 
1 566 GOTO 40 
1 567 c PROFILE TORQUE -

1 568 39 T O R P ( I ) = n . 5 « R O E * ( V E L R « * 2 ) * Y ( I ) * R * C ( l ) * 0 . 1 0 * C D 0 ( I ) * R * V V 
1 569 GOTO 50 
1570 40 T 0 R P ( I ) = 0 . 5 * R 0 E * ( V F . L R * * 2 ) * Y ( I ) * R * C ( n * 0 . 0 2 * C D 0 ( I ) * R * V V 
1571 GOTO 50 
1572 81 D L ( I ) = 0 . 0 
1573 T O R I ( I ) = O . C 
1 574 T O R P ( I ) = 0 . C 
1575 c W R I T E ( 6 , 8 2 ) 1 
1 576 82 FORMATC'BLADE AT STATION P T . ' , I 2 , ' IS S T A L L E D ' ) 
1 577 84 FORMAK 'BLADE ELEMENT AT STATION P T . ' , I 2 , ' IS AT A -VE A - O -
1 575 50 CONTINUE 
1579 DO 51 1 = 1 , 1 4 
1 5«0 D P O ( I ) = T O R P ( I ) / ( Y ( I ) . R * C O S ( T H I ( 1 ) ) ) 
1 581 D T ( I ) = ( D L ( I ) « C 0 S ( T H I ( I ) ) ) - ( 0 P D ( I ) * S I N ( T H I ( 1 ) ) ) 
1 582 I F ( N U h . E 0 . 2 ) D T ( l ) = D T ( I ) * C O S ( f i E T A ) 
1 583 I F ( N U M . E Q . 2 ) GOTO 52 
1 58 4 GOTO SI 



L I N E NUMPER F O R T R A N T E X T 

1 585 
1586 
1 587 
15B& 

1 589 
1 590 
1 591 
1 593 
1 59.5 
1 594 
1 595 
15?4 
1 597 
159d 
1 599 

1 6 i J " 

1 6 0 1 
1 6 0 ( 
1603 
16J4 

1 6 0 5 

1606 
1 6 0 7 

1606 
1609 
1610 
1611 
161? 
1613 
161 A 
1615 
1 6 1 6 
1 6 1 7 
1618 
1619 
1620 
1 6 2 1 
1 6 2 2 

1623 
1 6 2 1 
1625 
1626 
1 6 2 7 

1628 
1629 
1630 
1631 
1 63c 
163 3 
1634 
1635 
1 6 3 h 
1637 
163% 
1639 
1 6 4 r, 

52 V A k 1 = ( D P 0 ( I ) * C 0 S ( T M I ( l ) ) ) + ( 0 L ( I ) * S I N ( T H l ( I ) ) ) 
V A R 2 = ( D L ( I ) ' C O S ( T H I ( I ) ) ) - ( O P D ( I ) * S I N ( T H I ( I ) ) ) 
D H ( I ) = ( V * R 1 * S I G N * S I N ( A Z I M U T H ) ) - ( V A R 2 * S I N ( B E T A ) * C 0 S ( A Z I « U T H ) ) 

51 CONTINUE 
C W R I T E ( 6 , 6 0 ) 

60 F O R f A T ( ' ELEMENTAL L I F T S A R E : ' ) 
C W R I T E ( 6 , * ) ( D L ( L ) , L = 1 , 1 4 ) 

C W k I T E ( 6 , 5 3 ) 
53 F O R f A T ( ' E L E M E N T A L THRUST D I S T R I B U T I O N I s : ' ) 

C W R I T E ( 6 , ' ) ( D T ( L ) , L = 1 , 1 4 ) 
C W R I T E ( 6 , 6 1 ) 

M F OR • A T < • ? - D I r^FN S I ON AL L I F T D I S T R I B U T I O N I S : ' ) 
C W R I 1 E ( 6 , * ) ( D L 2 D ( L ) , L = 1 , 1 4 ) 
C W R I T E ( 6 , 7 0 ) 

70 FORPATC' ' , ' I N D U C E D TORQUE D I S T R I B U T I O N I S : ' ) 
C W k I T £ ( 6 , * ) ( T 0 M l < L ) , L = 1 , 1 4 ) 
C W R I T E ( 6 , 7 1 ) 

71 F O R * A T ( ' ' , ' P R O F I L E Df<At COEFF. D I S T R I M U T I O ^ I S : ' ) 
C URI T E ( 6 , « ) ( C 0 0 ( L ) , L = 1 , U ) 
C W H I T E ( 6 , 7 2 ) 

72 F O R M A T ( ' ' , ' H R O F I L F lORUUE D I S T R I B U T I O N I S : ' ) 
I W R I T E ( 6 , ' ) ( T O W P ( L ) , L = 1 , 1 4 ) 

TOR I S (1 ) = TORI ( 1) 
TORRS { 1 ) = TOR P ( 1 ) 
DO 30 H = 2 , l < f 
T 0 R I S ( M ) = T 0 K I ( M ) + T 0 R I S ( M - 1 ) 
T O R P S ( M ) = T O R P ( M ) + T O R P S ( M - 1 ) 

^0 CONTINUE 
W R I T E ( 6 , 3 1 ) 

31 F O R N A T ( ' ' , ' I N D U C E D TORQUE VALUE I S : ' ) 
W R I T E ( 6 , * ) T 0 R I S ( 1 4 ) 
W R I T E ( 6 , 3 5 ) T 0 R P S ( 1 4 ) 

35 f O R M A T ( ' P R O F I L E TORQUE VALUE I S : ' , 1 F 1 0 . 5 ) 
T H ( 1 ) = 0 T ( 1 ) 
TOR(1 ) = T O R I ( 1 ) + TORP ( 1 ) 
I F ( N U P . E a . Z ) D H S U M ( 1 ) = D H ( 1 ) 

DO 20 K = 2 , 1 4 
I F ( N U M . E Q . 2 ) D H S U M ( K ) = D H ( K ) + D H S U M ( K - 1 ) 
T H ( K ) = D T ( K ) + T H ( K - 1 ) 
T U R ( K ) = T O R I ( K ) + T O R P ( K ) + T O R ( K - 1 ) 

20 CONTINUE 
GAMAX=0 . 0 
DO 5 0 0 L = 1 , 1 4 
GAMAX=AMAX1(GAHAX,GAMA(L ) ) 

s e e CONTINUE 
DO 1 1 0 L = 1 , 1 4 
I F ( A R S ( G A M A ( L ) - G A M A X ) . L T . 1 E - 3 ) NUM=L 

110 CONTINUE 
W R I T E ( 6 , 1 2 C ) Y ( N U M ) 

12 3 F O R r A T ( ' T H E MAXIMUM CIRCULATION IS LOCATED A T ' , 1 F 4 . 2 , ' R A D I U S ' ) 
W R I T E ( 6 , 1 2 1) GAMAX 

121 FOR P A T ( / , ' M A X I M U M BOUND C I R C U L A T I O N I S : ' , 1 F 8 . 4 ) 
W R I T E ( 6 , * ) ( G A M A ( L ) , L = N U M , 1 4 ) 
TOR IT I P ( N U M - 1 ) = 0 ,0 
DO 130 L = N U M , 1 4 
TOR I T I P ( L ) - T O R I T I P ( L - 1 ) + ( D T ( L ) * T H I ( L ) ) 

L I N E N U M B E R F O R T R A N T E X T 

164 1 
1642 
1643 
1644 

130 CONTINUE 
E N E R G Y = T 0 R I T I P ( 1 4 ) 
R E T U R N 

E N D 



LINE NU^HER FOR 

1 64 5 
1646 
1647 
1648 
164V 
1 6 5 'J 
1651 
1632 
1651 
1634 
1 6 ) 5 
1 6 i c c 
1637 
163h 
1659 
166' 
1 661 
1662 
1665 
1664 
1665 
1666 
16o7 
166; 
166V 
i67r 
1671 n 
1672 
1673 22 
1674 
1675 
1676 23 
1677 
1 6 7 t 
1679 10 
1 0 6 iJ c 
1681 2a 
1682 c 
1683 7 
1634 C 
1685 8 
168 6 C 
1687 60 
1 688 C 
1629 61 
1690 C 
1691 62 
1 692 C 
1693 63 
1 694 C 
1695 30 
1 696 C 
169 7 c 
169/ i.n 
16V" 
1 7 u ' 

0 IMENSION 
DIMENSION 
DIMFNSION 
0 I f ENSION 
DIMENSION 

FORTRAN TEXT 

SUBROUTINE P O S T N ( X F V , Y F V , Z F V , X V E L T , Y V E L T , Z V E L T , I C O , X F V N E W , r F V N E W 
C , Z F V N E W , M , R A D , T I M E , V I G , N H U , M ? , M K , M 6 ) 

REAL YES 
V E L G ( 1 0 0 , 2 0 ) 
X V E L T ( 1 0 0 , 2 0 ) , Y V E L T ( 1 0 0 , 2 0 ) , Z V E L T ( 1 0 0 , Z U ) 
X F V ( 1 0 Q , 2 0 ) , Y F V ( 1 0 0 , 2 0 ) , Z F V ( 1 C 0 , 2 0 ) , X F V N E W C 1 0 0 , ? O ) 
Y F V N E W ( 1 0 0 , 2 0 ) , Z F V N E W ( 1 0 0 , ? , 0 ) , D E L T A X F V ( 1 0 0 , 2 0 ) 
D E L T A Y F V ( 1 0 U , 2 0 ) , D E L T A Z f V ( 1 0 0 , 2 0 ) , T I M E ( 2 C ) , R A D ( 2 u ) 

CUKhON/BLS/ 0MEGA,ALPHA,V 
DATA Y E S / I W Y / 
DO 10 < = 1 , 

.^7 = Y£S,CL ;>iS I C AL WAKE RE&UIRED. 
I F ( M ? . E Q . Y E S ) GOTO 22 
D E L T A X F V ( K , K O ) = X V E L T ( K L , K O ) * T I M E ( K O ) / R A D ( K O ) 
U E L T A Y F V ( K , K O ) = ( Y V E L T ( K , K O ) + ( V * C O S ( A L P H A ) ) ) * T I M E ( K O ) / R A D ( K O ) 
l F ( r 4 . E G . Y E S ) V E R V = V * S I N ( A L P H A ) 
I f ( M 6 . E 0 . Y E S ) GOTO 21 
R V 0 K T = S Q R T ( X F V ( K , < 0 ) * * 2 + Y F V ( K , K 0 ) * « 2 ) 
I F ( Y F V ( K , < 0 ) . G T . 1 . 0 ) V E R V = ( V « S I N ( A L P H A ) > - ( 2 . 0 * V I G ) 
VELC-(< ,KO) =2 . 0 * V I & 
I F ( ( RVORT .GT . 1 . 0 ) ,ANL) . ( Y FU (K ,KO ) .G T . 1 . 0 ) ) GOTO 21 
E P S V = A T A N 2 ( - X F V ( K , K 0 ) , Y F V ( K , K 0 ) ) 
I F ( K U . G T . N b U ) E P S V = A T A N 2 ( X F V ( K , K 0 ) , Y F V ( K , K O ) ) 
1 F ( R V 0 R T . G T . 1 . 0 ) RVORr = 1 . 0 
V E R V = ( V * S I N ( A L P H A ) ) - ( V I G * ( 1 . 0 + ( R V 0 R T * C 0 S ( £ P S V ) ) ) ) 
V F L G ( K , K O ) = V I G * ( 1 . 0 + ( R V O R T * C O S ( E P S V ) ) ) 
D E L T A Z F V ( K , K O ) = ( Z V E L T ( K , K O ) + ( V E R V ) ) * T i m E ( K O ) / R A D ( K O ) 
GOTO 21 
D E L T A X F V ( K , K O ) = 0 . d 
D E L T A Y F V ( K , K 0 ) = ( V * C 0 S ( A L P H A ) ) « T I M E ( < O ) / R A D ( K O ) 
D E L T A Z F V ( K , K O ) = ( ( V « S I N ( A L P H A ) ) - V I G ) * T I M E ( K O ) / R A O ( K O ) 
X K V N E W ( K , K O > = X F V { K , K O ) + D £ L T A X f V ( K , K O ) 
Y F V N E W ( K , K O ) = Y F V ( K , K O ) + D E L T A Y F V ( K , K O ) 
Z F V N E W ( K , K O ) = Z F V ( K . , K O ) + D E L T A Z F V ( K , K O ) 
CONTINUE 
W«t T E ( 6 , Z U ) M , K 0 
FORMAT! 'ROTOR AT P0STN ' , 1X , 1 2 , ' FOR HELIX N O ' , 1 2 , / ) 
W R I T E ( 6 , 7 ) 
FORMAT( 'GLAUERT D I S T R I B U T I O N I S ; ' , / ) 
W R I T E ( 6 , 9 ) ( V E L G ( L , K 0 ) , L = 1 , M ) 
F U R H A T ( 1 F 1 2 . 6 ) 
W R I T E ( 6 , 6 0 ) 
F 0 R K A T ( 7 X , ' D E L T A X F V ' , 7 X , ' 0 E L T A Y F V ' , 7 X , ' D E L T A Z F V ' ) 
W R I T E ( 6 , 6 1 ) ( D E L T A X F V ( L , K O ) , D E L T A Y F V ( L , K O ) , D E L T A Z F V ( L , K O ) , L = 1 , * ) 
F 0 R M A T ( ( 6 X , 1 F f . 4 , 2 ( ? X , 1 F 8 . 4 ) ) ) 
W R I T E ( 6 , 6 ? ) 
F 0 R M A T ( / , 7 X , ' X V E L T ' , 7 X , ' Y V E L T ' , 7 X , ' Z V E L T ' ) 
W R I T E ( 6 , 6 ' 5 ) ( X V E L T ( L , K O ) , Y V E L T ( L , < 0 ) , Z V E L T ( L , K O ) , L = 1 , M ) 
F 0 R K A T ( J ( 4 X , 1 Ffl . 4 ) ) 
W R I T E ( 6 , S C ) 
F 0 R M A T ( / , 7 X , ' X P ' , 7 X , ' X P 1 ' , 7 X , ' Y P ' , 7 X , ' Y P 1 ' , 7 X , ' Z P ' , 7 X , ' Z P 1 ' ) 
W R I T E ( 6 . 4 0 ) ( x f V ( L , K O ) , X F V N £ W ( L , K O ) , Y F V ( L , K O ) , Y F V N E W ( L , K O ) 

C , Z F V ( L , K 0 ) , Z F V N £ W ( L , K , 0 ) , L = 1 , M ) 
F0RMAT( (4X 
RETURN 
E r . ' i 

, 1 F •( , 2 , s ( 1 X , 1 F 8 . ? ) ) ) 



LINfc FORTRAN T t X T 

V V V . T ) 701 Su r 'POuT INF f-LA U E R T ( A , r i , C , W , R , T H E T A , A L P H A , F O R V E L , V I 
7Ci D l f f N S I O N COf ( S ) , 7 P { 5 ) , R P ( 5 ) 
7 C i REAL MU,LANDA 
71.4 DATA P I 7 3 . 1 4 1 5 9 2 7 / , R O E 7 1 .2 2 5 / 
705 V 1 = 0 . 0 
706 NUM = 0 
707 5 P 1 = 0 . 1 E 0 
708 T0L = XU2 AAF ( P I ) 
709 C WRI TE ( 6 , 2 f ' r u ) tvLlf. 
7 K . ? ••0 FORh'ATC 'NOr-^ ' , I 2 ) 
71 1 NUM zNUM + 1 
71 ? L H f ! [ ' A - { { f O H V f l . * 5 I \ ( A L P H A ) ) - { V l + V V V ) ) / { W * R ) 
71 i M U = ( F O f < V E L ' C O S ( A L P H A ) ) / ( W « R ) 
71 V A P 1 = ( ( T H E T A / 3 . ) + ( ( C M U * « 2 ) * T H E T A ) / 2 . ) t ( L A N 0 A / 2 . )) 
71 5 V A R 2 = 0 . 5 * R C f * A * H * C * ( W * * 2 ) * ( R * * 3 ) 
716 T = V A R 1 « V A R / 
71 7 C WRITE(6,8) 

7 M FORI 'ATC'GLAUERT THRUST I S : ' ) 
719 C W R I T E ( 6 , * ) T 
7 Z r I f ( h U M . G T . 1 0 ) 6 0 TO 1 0 
721 V I A P P R 0 X = T / ( 2 . 0 < R 0 E * P I » ( R « * 3 ) * F 0 R V E L ) 
722 COF (1 ) = 1 . 0 
723 C O F ( 2 ) = 2 . 0 * V V V 
724 C O F ( 3 ) = F O R V E L * « 2 + V V V * » 2 
725 C O F ( 4 ) = 0 . 0 
726 C 0 F ( S ) = - ( T * * 2 ) / ( 4 . 0 » ( ( R 0 E * P l ) * * 2 ) * ( R * * < t ) ) 
727 NC=5 
7 2 K 1 F A I L = 0 
729 CALL C 0 2 A E f ( C 0 f , N C , R P , Z P , T 0 L , I F * I L ) 
730 DO 60 K = 1 , 4 
731 I F ( 7 P ( K ) . L T . 0 . 1 E - 2 ) GOTO 70 
732 GOTO 60 
733 70 I F ( R P ( < ) . G T . O . I E - 2 ) GOTO 80 
734 GOTO 60 
73 5 80 V 1 = RP (K ) 
736 I F C T . L T . O . ^ ) V I = - V I 
737 c U R I T E ( 6 , 9 D ) V I 
738 90 FORHATC • V I = ' , 1 F 1 2 . 6 ) 
739 60 CONTINUE 
7 4 0 c W R I T E ( 6 , 3 0 ) ( R P ( L ) , Z P ( L ) , L = 1 , 4 ) 
7 4 1 50 F Q R M A r ( ' R P = ' , 1 F 8 . 4 , ' I P = " , 1 F 8 . 4 , / / ) 
7 4 2 c V I H 0 V £ R = S 0 R T ( T / ( 2 . 0 * R 0 E « P I * R * * 2 ) ) 
7 4 3 c W R I T E ( 6 , 4 0 ) V I A P P R O X , V I H O V t R 
744 40 F 0 R M A r ( ' V I « P P R 0 X = ' , 1 F 3 . 4 , ' V I H 0 V E R = ' , l F 8 . 4 > 
745 GOTO 5 
7 4 6 10 RF.TliRlJ 
7 4 7 END 



. i n k N UMHE R FORTRAN TEXT 

7 4 8 S U P R O U T I N E I N U ( X F V , Y F V , 2 F V , < 0 , L 0 , X V E L , Y V E L , Z V E L , M M M , 

74V CNOSTPO,H ,V ( )RT£XKC,VORTEXK : 0 ,VORTEXRC,V OR TEXRL,VOf<TEXRD, V O R T E X A 

7 5 u C , V O R T E x e , V O R T E X C f V O R T E X D , V O R T E X E , N T Y P V , G A M A X , C I R A V , S I G N ) 

7 5 1 D I M E N S I O N V X ( 2 0 Q ) , V Y ( 2 0 0 ) , V Z ( 2 0 0 ) 

7 5 2 D I M E N S I O N V I X ( 2 D O ) , V I Y ( 2 0 0 ) , V I Z ( 2 0 0 ) 

7 5 5 D I M E N S I O N X V ( 2 0 0 ) , Y V ( 2 0 0 ) , Z V ( 2 0 0 ) , X V 1 ( 2 0 0 ) , r y 1 ( 2 0 0 ) , Z V 1 ( 2 0 0 ) 

7 5 4 D I M E N S I O N V I X T ( 2 0 0 ) , V I Y T ( 2 C 0 ) , V U T ( 2 0 0 ) 

7 5 5 D I M E N S I O N X F V ( 1 0 0 , 2 0 ) , Y F V ( 1 0 0 , 2 0 ) , Z F V ( 1 0 G , 2 G ) , C I R A V ( 1 0 0 , 2 0 ) 

7 5 6 D I M E N S I O N X V E L ( 1 0 0 , 2 0 , 2 0 ) , Y V £ L ( 1 0 0 , 2 0 , 2 0 ) , 2 V E L ( 1 0 0 , 2 0 , 20) 
7 5 7 D I M E N S I O N v o r t £ x k c ( 1 C 0 , 2 0 ) , v 0 r t e x k 0 ( 1 0 0 , 2 0 ) , v o r t e x r c ( 1 0 0 , 2 U ) 

758 C , V O R T E X R L ( 1 0 0 , 2 0 ) , V O R T E X R O ( 1 0 0 , 2 0 ) , V O R T E X A ( 1 0 0 , 2 0 ) 

75v C , V O R T E X P ( 1 C O , ? C ) , V O R T £ X C ( 1 C O , 2 0 ) , V O R T F X D ( 1 0 0 , 2 0 ) 

76r C , V 0 P T E X E ( 1 r 0 , 2 0 ) 
7 6 1 REAL I , J , K 
762 C 0 M P 0 N / 8 L 2 5 / V S O , R CC 

763 C A I L I C L 9 H E h A S K ( 6 4 , I R t S ) 
764 C V I Z z < + v E u p w a r d ) 

765 C 

766 C 

7 6 7 C 

768 C V IX « « • • 

7 6 9 C • * * * 

7 7 0 c * * * ) ( * * • * * * * * * * * 

7 7 1 c * V lY * * 
772 c A * « * 

773 c ( X A , Y A , Z A ) • • * 

774 c 
775 c 
776 c P Y 
777 c ( X P , Y B , Z P ) 

7 7 8 c 
7 7 9 DO 1 0 0 L L = 1 , N 0 S T P S 

7bG X P = X F V ( L L , K O ) 

761 Y P = Y F V ( L L , I C O ) 

782 Z P = Z F V ( L L , K 0 ) 

783 DO 1 1 j L = 1 , ( N 0 S T P S - 1 ) 

784 c W R I T E ( 6 , * ) L 
785 I F ( M M M . E Q . 2 ) GOTO 3 1 U 

786 I F C L . E Q . L L ) GOTO 3 0 0 

7*7 I F ( ( L + 1 ) . E 0 . L L ) GOTO 3 0 0 

78M I F ( N T Y P V . E Q . 1 ) GOTO 3 1 u 

7b9 G O T O 3 1 C 

790 50C V I X ( L ) = 0 . C 
7 9 1 V I Y ( L ) = 0 . C 

792 V 1 Z ( L ) = 0 . 0 

793 G O T O 1 1 0 

794 5 1 0 C I R = C I R A V ( L , L O ) 

795 X A= X F V ( L , L 0 ) 

7 9 6 Y A= Y F V ( L , L O ) 

7 9 7 Z A - Z F V ( L , L O ) 

796 X & = X F V ( L + 1 , L 0 ) 

799 Y H = Y F V ( U + 1 , L 0 ) 

8(10 Z B = Z F V ( L + 1 , L 0 ) 

801 P 1 = 3 . 1 4 1 5 9 2 7 
802 VAR1 = ( X P - X A ) * * 2 
803 VAR2 = { Y P - Y A ) * * 2 



L INE NUKPFH FOR THAN TEX T 

1804 V AR 3= ( Z P - / A) * * 2 
1 805 AP=SQRT(VAR1+VAR2+VAR3) 
1 806 V AR 4=(X P-X B) * * 2 
1 8U7 V A R 5 = ( Y P - Y H ) * * 2 
1808 V A R 6 = ( Z P - 7 e ) « * 2 
1 809 aP=SQRT(VAR4+VAR5*VAR6) 
1 8 1 0 I F( ( B P . L T . 1 F . - 3 ) .OR . ( A P .LT . l E - 3 ) ) GOTO 997 
1811 I = ( X P - X A ) * ( X P - X P ) 
1812 J = ( Y P - Y A ) * ( Y P - Y B ) 
1813 IC = ( ZP-Z A) » (7 P - Z B ) 
1814 VAR7=(AP + B P ) / ( A P * f ) P ) 
1815 V A R & = ( A P * H P ) + I + J + K 
1816 C 0 N 1 = V A R 7 / ( K » V A R 8 ) 
1817 A 6 = S Q R T ( ( X A - X O ) * * 2 + ( Y A - Y b ) * * 2 + ( Z A - Z B ) * » 2 ) 
1816 1 F (Ae . L T . l E - 3 ) GOTO 997 
1819 A N G L E O = A C O S ( ( ( b P * * 2 ) + ( A B « « 2 ) - ( A P * « 2 ) ) / ( 2 . 0 * n P * A B ) ) 
1820 H = A B S ( B P * S I N ( A N G L E B > ) 
1 821 I F ( ( H . L T . R C C ) . A N U . C N T Y P V . E O . l ) ) CIR = C 1 R * ( H / R C 0 ) « » 2 
1822 I F( NTYPV.EGi . l ) GOTO 62 9 
1823 I F(H .GT . (VORTEXR0(L , L 0 ) / R ) ) GOTO 5 00 
182 4 VOR T1=VORT EX R L ( L , L O ) / R 
1 82 S VORT2-=VORTEXRC(L,LO) /R 
1826 V 0 R T 3 = V 0 R T E X R C ( L , L 0 ) / R 
1827 I F ( ( H . G T . V OftT1) . A N D . ( H ,LT . V 0 R T 2 ) ) GOTO 510 
1 82k I F ( < H .GT . V 0 R T 3 ) .AND. (H .LE . V 0 R T 1 ) ) GOTO 520 
1829 I F ( H . L E . ( V ( ) R T F X R C ( L , L O ) / R ) ) GOTO 530 
1830 500 C IR=VORTEXKO(L ,LO) 
1831 GOTO 6 2 9 
1832 51 0 C I R = ( 1 . 0 - E X P < ( V 0 R T E X O ( L , L O ) * H * R / C ) + V O R T E X E ( L , L O ) ) ) * 0 . 9 9 * G A M A X 
1833 GOTO 629 
1834 5 2 0 CIR = ( (VOf lTEXB C L , L O ) * A L 0 G ( H * R / C ) ) • V O R T E X c ( L , L O ) ) * 0 , 9 9 * 6 A M A X 
1835 GOTO 629 
1836 5 3 0 C I R = ( ( H * R / V 0 R T E X R C < L , L 0 ) ) * * 2 ) * V 0 R T E X K C ( L , L 0 ) 
1837 629 C O N 2 = S 1 6 N * C I R * C O N 1 / ( 4 . 0 * P n 
1838 V A R X = ( ( Y P - Y A ) * ( Z P - Z B ) > - < ( Z P - Z A ) * ( Y P - y B ) ) 
1 839 V I X ( L ) = C 0 N 2 * V A R X 
1840 I F ( A B S ( V I X ( L ) ) .GT .VSO) W R I T E ( 6 , 7 1 0 ) 
1841 71 0 FOR MAT( ' V I X . G T . V S O ' ) 
1842 I F ( A B S ( V I X ( L ) ) . G T . V S O ) V I X ( L ) = V S 0 
1 843 V A R Y = ( ( Z P - Z A ) * ( X P - X B ) ) - ( ( X P - X A ) « ( Z P - Z B ) ) 
1344 V l Y ( L ) = C 0 N 2 * V A R Y 
1 845 I F ( A B S ( V I Y ( L ) ) . G T . V S O ) W R I T E ( 6 , 7 1 1 ) 
1846 71 1 F O R M A T f ' V I Y . G T . V S O ' ) 
1847 I F ( A O S ( V I Y ( L ) ) .GT .VSO) VIY ( L ) = V S O 
1848 V A R 7 = ( ( X P - X A ) * ( Y P - Y B ) ) - ( ( Y P - Y A ) * ( X P - X B ) ) 
1849 V I Z ( L ) = C 0 N 2 * V A R Z 
1850 I F ( A B S ( V I Z ( L ) ) . G T . V S O ) W R I T E ( 6 , 7 1 2 ) 
1 851 71 2 F OR f'lATC 'V I Z .GT .VSO ' ) 
1852 I F ( A B S ( V I Z C D ) .GT .VSO) V I Z ( L ) = V S O 
1853 GOTO 110 
1854 997 W R I T E ( 6 , 3 7 9 ) 
1855 379 F OR MA T( ' I AM H E R E ' ) 
1856 VIX ( L ) = O.U 
1857 V l Y ( L ) = 0 . C 
185& V IZ ( D = 0 . 0 
1 859 C WRI TE ( 6 , n o 



L INE NUMOER FORTRAN TEXT 

1860 10 F 0 R M A T ( 7 X , ' X A ' , 7 X , ' Y A ' , 7 X , ' Z A ' , 7 X , ' X B ' , 7 X , ' ' Y B ' , 7 X , ' Z B ' ) 
1861 C W f ( I T E ( 6 , ? O ) X A , Y A , 7 A , X O , Y 0 , 2 B 
186? 20 F 0 P M A T ( 4 X , 1 F 8 . 2 , 5 ( 1 X , 1 F 8 . 2 ) , / / ) 
1863 C WRITE ( 6 , 3 0 ) 
1864 30 F U R M A T ( 7 X , ' X P ' , 7 X , ' Y P ' , 7 X , ' Z P ' ) 
1865 C W R I T E ( 6 , 4 0 ) X P , Y P , Z P 
1866 40 FOR M A T ( 3 ( 2 X , 1 F 8 . 2 ) ) 
1867 1 1 u CONTINUE 
1868 C W R I T E ( 6 , 7 4 C ) 
1869 740 F O R M A T ( ' V I X U ISTRIMUTION I S : ' ) 
18 70 C U R I T E ( 6 , « ) ( V I X ( J J J ) , J J J = 1 , ( N 0 S T P S - 1 ) ) 
1871 c W R I T E ( 6 , 7 4 1) 
1872 741 F O R « A T ( ' V I Y OlSTRIF iUTION I S : ' ) 
1873 c W R I T E ( 6 , * ) ( V I Y ( J J J ) , J J J = 1 , ( N 0 S T P S - 1 ) ) 
1874 c W R I T E ( 6 , 7 5 0 ) 
1 875 75(1 F O R f A T ( ' V I Z D ISTRIBUT ION I S : ' ) 
1876 c W R I T E ( 6 , * ) ( V I Z ( J J J ) , J J J = 1 , ( N 0 S T P S - 1 ) ) 
187 7 V IX T( 1 ) -V I X ( 1 ) 
187k V I Y T ( 1 ) = V I Y ( 1 ) 
1879 V 17 T ( 1 ) = V 1 7 ( 1 ) 
1 880 DO 25 0 N = 2 , ( N 0 S T P S - 1 ) 
1821 V IX T ( N) =V 1 X T ( N- 1 ) tV IX ( N ) 
1382 V 1 Y T ( N ) = V I Y T ( N - 1 ) + V 1 Y ( N ) 
1883 V I 7 T ( N ) = V I 7 T ( N - 1 ) + V ] Z ( N ) 
1 384 250 CONTINUE 
135% c LL=STATION P O I N T . 
18K6 c K0=WEHX NIIMPER STATION POINT LL IS LOCATED 
1887 c LO=HELIX NUMBER THE INDUCED V E L O C I T I E S ARE FROM . 
1 88 8 X V E L ( L L , K 0 , L 0 ) = V I X T ( N 0 S T P S - 1 ) 
1889 Y V E L ( L L , K O , L O ) = V I Y T ( N O S T P S - 1 ) 
1 39 0 Z V E L ( L L , < 0 , L 0 ) = V I 2 T ( N 0 S T P S - 1 ) 
1 391 100 CONTINUE 
1 892 RETURN 
189 J E ND 



/ u p p c r r o t o r d i s c 
hladc pitch linkages 

swash niat 

swash plate 

moflel e l e c t r i c a l 
moto r 

onnectiny timing rclt 

w i r e s t r a i n gauged ( t h r u s t ) f l c x t u r e s 

F I G . l S C H E M A T I C D I A G R A M OF THE MOTE CCTR R I G . 



Source 

C L 

(mean) 

Expt 

r/c 

McCormick et 
al(17) 

w/c=0.02+ 

0.035C 

Expt McCormick ec 
al(17) 

V__/V2=0.625C^^ 

Comments 

Cook (28) 0.69 0.016 0.044 O ^ U 0 ^ ^ 

Andrew (19) 0.65 0.074 0.043 0.3 0 ^ ^ Vortex decay in ! 

expt apparent 

Simons (&&) 0.5 .05-.075 0.0375 0.23 0.28 Aged vortex | 

Carradonna et al 

(18) 

0.446 0.056-

0.075 

0.0356 0.68 0.28 Rotor blade aspect 

ratio=6.0 

Panton (67) 0.87 0.046 0.05 0.72 0.54 

Zalay (6(0 0 ^ ^ .03-.05 0 ^ ^ 0.6 0.36 

Rorke (25) 
* 

0.4 O ^ O 0.034 0 ^ ^ 0.25 
* 
Estimate : 

Chigier et al 

( 2 ^ 

O w V 0.079 0.045 0 ^ ^ 0 ^ ^ 

Chigier et al 

(22) 0.053 0.049 0 ^ ^ Aged vortex 

Pouradier (69) 0 ^ ^ 0.22 0 ^ ^ 

F I G . 2 TABLE OF McCORMICK'S ET AL VORTEX DATA. 



M 
O 

UJ 

H 

S 

o 
4 

a 

S 
s ; 

M 
H 

s 
I 
X 

> 

> 

Source Comments M Vortex 

Position 
Experimental Appro) (imating 

r 

Experimental 

V c 

Approximating 

V c 

Cook (28) Rotor blade 

hot wire probe 
41 75° 

azLmuth 
0.3 0.29 O ^ K 0.016 0.013 

Simons et al 
(66) 

Rotor blade 

hot wire probe 
54 0.125 300° 

azimuth 
0.23 0.25 0 ^ # 0.05 to 

0.075 
0.042 

Present 

Author 
Rotor blade 

hot wire probe 
28 0.102 

azimuth 
0.3 + 0.03 0.25 0.31 0.074 0.068 

Rorke et al 

(25) 

Fixed wing 

wind tunnel test 

hot wire probe 

4.2 0.2 2c 

downstream 
0 ^ 8 0.22 0 ^ ^ O ^ ^ t o 

0.03 
0.018 

Zalay ((,8) Fixed wing 

wind tunnel test 

hot wire probe 

vorticity meter 

5.6 0.133 5. 5c 

downstream 
0.6 0.26 O ^ ^ 0.03 to 

0.05 

0.036 

Panton et al 

(6^ 

Fixed wing 

free flight 

hot wire probe 

9.2 0.123 39.6c 

downstream 
0.72 

+ .12 

-.25 

0.36 0.046 0.045 

Iversen et al 

(70) 

Fixed wing 

wind tunnel test 

hot wire probe 

elliptic tip 

*based on 

9 2% chord 

11.4* 0.135 3.25c 

downstream 
0.42 0.35 o ^ ^ 0.050 0.049 

Chiger et al Fixed wing 

wind tunnel test 

hot wire probe 

5.33 .089 trailing 

edge 
0.37 0.33 O w ^ .079 .095 



Source 0.37R 
e 

Expt 

r /c 
c 

Andrew 
-0 ? 

r /c=R " K_V / 
c e 2 s 

Expt 

Vs/V? 

Andrew 

V /V =(l+(6.6/A ) 

Andrew 0.035 0.074 0.049 0.3 

Carradonna et al 

(1^ 0 ^ ^ 0.056-

0.075 0.044 0.68 0.67 

Cook (28) 0.017 0.016 0.021 0.31 0.38 

Simons (66) 0 ^ ^ .05-.075 .032 0.23 0.33 

Chigier et al 0.024 0.079 ^.0^1 0.37 0.73 

Chigier et al 

(22) 
0.024 0.053 0.056 0.68 0.73 

Panton (&7) 0.017 0.046 0.045 0.72 0.79 

Rorke (25) 0.027 0.0475 0 ^ ^ 0.58 0.6 

Zalay (68) 0 ^ # .03-.05 0.039 0.6 0.57 

F I G . 4 TABLE OF VORTEX DATA COMPARISONS. 



n r . 5 VORTRX V R L 0 C I 7 Y / T I K * OTJTPrrr T R A C T , 

V + v 

T I M K 

FIG.6 SCHEMATIC DIAGRAM OF A TYPICAL VORTEX VELOCITY/TIME 

OUTPUT TRACE. 



F I G . 7 PHOTOGRAPH OF A VORTEX CORE EXPANSION. 
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- ^ 1 — ; ' ' i 

F I G . 8 TWO I N F I N A T E R E C T I L I N E A R VORTICES, 



o 
o 

o 
00 

o 
CO 
k. 
CD 

CO, 

to 

o 
o 

[ g iTHEORY 

@ : E X P T D R T f l . R E F C l S ) 

O 

_ 1 1 1 1 1 1 1 1 1 1 1 1 
0 . 0 0 2 ^ 0 0 - 4 - 0 0 - 6 . 0 0 8 . 0 0 1 0 . 0 0 1 2 . 0 0 

BLflCTELPrTCH, DEGREES 

F n > ^ 9 V O R J E X . C O R E E D G E I N D U C E D V E L O C I T Y . 

oo 
o 

£3 

c t : 

a 
o 

m MHEORY 

@ : E X P T D f l T f l , R E F ( 1 8 ) 

O 

1 1 1 1 1 1 1 1 1 1 1 1 
a.OO^ 4.00 6.00 8.00 10.00 12.00 

BLADE PITCH,DEGREES 

E T G . I O - V O R _ T E X C O R E R A D I U S . 



0 
U) 

0 1 

O I 

o 
CO 

F-> 

X . 
CO, 

o 

o 

o 
o 

QfEXPT DATA FROM REF(18) 

@:(VS/VT)*6QRT(1-(M**2)) 

O.OtJ 
— I r 

o ^ z o 
— I — 
0.40 

— I r 
0.80 

— I 1 1 

0.80 1.00 
TIP MflCH NUMBER 

F r O . l L EFFECT OF MflCH NO. ON VORTEX INDUCED VEL. 

ROTOR FROM REF(34) 
ASPECT RflTI0=13.7 
QiBLADE PITCH=12.0 DEGS 

©BLADE PITCH=8.0 DEGS 

D.OD 0.20 0.40 0.60 

R/C 
0.80 1.00 

ErG.12 VORTEX VELOCITY (VV) DISTRIBUTION 



o 
o 

(_) . 
c t : 
t— lO 

C J ^ - 1 
o 

UJ 
Q -

5 ° 
—I CO 

X 
CC -

i i 
I— 
( O 

X q 

1 — O 
OC 
O - I 

o 
o 

DATA FROM REF(34) 
BLADE PITCH=8 DEGS 
Q:EXPT DATA 

© i T H E O R Y 

Q 
< r 

H / 

. / 

/ 

m 

1 0 " ' i ~ i — I — I I I I I I : 

3 4 5 6 789"10 

R/C 

T 3 4 5 evegiio® 

FIG.13 VORTEX CIRCULATION DISTRIBUTION. 

o 
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O 
QC 

O 

U J 
Q -

5 ° 
—I CO 

X 

CE -

h -
X o 

I — o 
o n 
o . 

o 
o 

DATA FROM REF(34) 
BLADE PITCH=:12.0 DEGS 
QtEXPT DATA 

© i T H E O R Y 

• / 

m 

/ 

A 

y 
/= 

/ 
/ 

% 
/m 

d j 

m 

T "T 1 1 I I I I I : 1 1 1 1 I I I I I n 

3 4 5 678910 2 3 4 5 6789 ' l 0 
R/C 

FIG.14 VORTEX CIRCULATION DISTRIBUTION. 



ROTOR FROM REF(34) 
ASPECT RATI0=13.7 
QiBLADE PITCH=12.0 DEGS 

©EQUIV. RflNKINE VORTEX 

0.00 
1 T 
0.40 0.60 

R/C 
1.00 

FIG.15 EQUIVALENT RANKINE VORTEX. 
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c t : 

f—I o 

o 
U J 
a H 
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o Q o - l 

X 
CE -

i i 
h -
( D 

X o 
L U ^ J 
|_o 
c t : 
o -J 

o 

EXPT DATA FROM REF(28) 

10.00 
T T — I 1 1 r 

12.00 14.00 16.00 18.00 

ROTOR THRUST,KN 

— I 
20.00 

FIG.16 NORMALISED TOTAL VORTEX STRENGTH 



lO 

(_) - l 

L u S 

Q o i 
c r 
_ j 

OQ ' 
to 

x - t j 
C C o 

CO • -
o 

LU 

c t ; H 

S g 

x ° 

LU 
h - • 
& : = 
O o 

THEORETICAL PREDICTION 

10.00 
T T —1 1 1 r 

12.00 14.00 16.00 18.00 

ROTOR THRUST,KN 

— I 
20.00 

FIG.17 NORMALISED VORTEX CORE STRENGTH. 
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(M 

u i 

N 
X 

I s 

c b _ 

Z o 
L U ° 

03 

2 g 

CD 

.CD 
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Compute the induced veloc-
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tip vortex wake on the 
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momentum velocity at the 

upper rotor plane to include 

the affect of the lower rotor 

inboard pressure gradients. 

F I G . 5 4 CONTINUED. 



START 

INPUT PROCEDURE 

CALL GLAURRT. 

Compute rotor mean iniuce^ velocity 

and flapping coefficients. 

Set up azimuth step,flapping and 

flapping rate distribution around 

disc (s). 

f 

Set up three vortex filament 

station points per blade. 

1 r 

CALL RANKINE • 

Compute filament vortex strengths. 

FRRE WAKE?. 

Rotor blades azimuth positions 

increased by one azimuthal step. 

CALL IND 

Compute the self 

and mutual induced 

vortex filament 

velocities. 

CALL POSTN. 

Update vortex filament locations. 

WAKE REVOLUTIONS 

COMPLETED?. 

YKS 

WAKE CONVERGED?, 

ER 
SINGLE ROTOR 

COMPUTATION?. 

V NO 

FIG.55 FLOW CHART 

OF FORWARD FLIGHT 

CODE. 

CALL INCEPT. 

Compute where the upper rotor wake 

intersects with the lower rotor plane. 



COMPUTATION ON NO 

ALL BLADES 

COMPLETED? 

NO 
BLADES STEPPED 

GOTO C .ROUND DISC? 

UPDATE TRIM SETTING?. 
GOTO B 

FURTHER COMPUTATIONS 

GOTO A REQUIRED? 

F I G CONTINUED STOP 

Sum velocities on a given blade 

Compute total rotor thrust 

torque,H force etc. 

CALL GLAUERT. 

Update momentum velocity distribution 

CALL PERM. 

Compute individual blade thrust 

torque,H force etc. 

CALL RANKINE & CAL. 

Compute vortex induced velocities on 

a given blade. 

Transfer axes from no feathering plane 

to axes in and rotating with agiven 

blade. 

Compute rotor thrust,torque and H 

force.Evaluate shaft angle of attack 

requirement for longnitudinal trim. 
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