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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 guccessfully 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 CCIR 1is a more efficient layout 1in 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 1is 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 concilse 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 1in the
literature needs to be rectified if the full potential of the CCTR
helicopter 1is 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 CCTIR 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 1loading only the advancing blades in each rotor.
Although this necessitates very stiff blades with rigid root
fittings, the forward flight speed capability of the helicopter has
increased markedly over the conventional single rotor. 1In 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 1increasing 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 born. The first craft to
fly successfully was the Ka-8 in 1947. Continuing success of this
configuration 1s reflected by the Ka-25 anti-submarine helicopter,
the Ka-25k flying crane and the Ka-26 general purpose helicopter.
The Ka-25k 1is claimed to combine a high payload to all-up-weight

ratio, with good manoceuvrability 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 wusing 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 wvariety of claims which 1f to be taken seriously and
exploited in future development requires a greater indepth knowledge
of this particular 1layout. The following section presents the
research 1investigations which were carried out at Southampton
University to increase the understanding of the aerodynamic

properties of a CCTR.

1.2 Research Development

At the 1inception 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 1in 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 1s 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 tip 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 1input procedure with the option to run interactively,
combined with a generally written set of modular codes which may be
used as a continulng 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 10cc 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 1in cost the
major disadvantage of a model motor is the high current drawn
through 1its 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 1ift. The power
absorbed by the CCTR system was detemmined 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 detemmined
from the change in tension registered by the spring balance. 1t was
observed that changes in efficiency took place during prolonged

running of the rig and was assumed to result from the increase in
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temperature in the motor windings. To account for this when
establishing thrust/power characteristics, on the spot efficlencies
of the rig were detemined 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 Twin rotor, contra-rotating and

coaxially mounted

No blades/rotor Two
Rotor spacing 19.6cm
Rotor radius 76cm
Max RPM 600

A variety of blades were wused 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 (16) to detemine the 1induced velocity
flow field and the magnitude of the trailing tip vortex
strengths. Hard coples 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 1in 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 perfomance 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 perfommance results. Chapter 5
includes both the forward flight performance characteristics, and
discusses some of the smoke visualisation photographs gathered

during the experimertkal programme.
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3. TIP VORTEX MODELLING

3.0 Introduction

Over the 1last decade, the complexity of rotor wake computer
analysis has 1increased greatly. Neve rtheless, 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 (l4) in a recent paper concludes that
“to correlate and develop non-uniform distorted wake models further
requires experimental data that emcompass 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 harmmonic

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 VS. is 1located 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 Vs at radial
distance T defining the core radius. (i.e. v, =V, r=r.). In

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

strength 1is required. Ideally, explicit equations determining vy
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and r, are necessary to minimise computational time.

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

collocate of vortex data yielding,

= 3.1
vs/vT o.625cL (3.1)

w/e = o.oz+o.03scL . (3.2)

[}

R 3.5*%10
e

VT 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 1is assumed by
McComick). Considering the limited cases investigated (4. <6, VT=
31 m/s) to detemine equations 3.1 - 3.2, the agreement shown in
Figure 2 1is very reasonable. However, the equations do lack
universality which 1is 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 1ift 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 /e = (A-Mts
c JT ¢ (3.3)
- -y 12 ;
VS/VT = (l+(6.6/Ar))(tCL/c) (3.4)

To obtain a better global fit, an extended collacate of vortex
data was examined. Spivey (20) has concluded that for 1low Mach

numbers, the tip vortex location and direction 1is 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 Chigler 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 0.37Vp. In
contrast, the reported maximum induced velocity in reference (22),
where almost identical test conditions were investigated was 0.68Vy.
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, 1in part, from the behaviour of the vortex itself. 1In 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” velocitlies produced were much less
than the maximum velocity within the vortex. For the moving probe
case (22) however, effectively instantaneous velocity wvalues 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 KC, (given by K, = Z?VSTC )
increases with increase in pitch 6 . (22,25,26,27,28).
Generally, this results from an increase in both Vs s and T .
However, exceptions are reported where r. 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 1linerly with pitch (22,25,26,27). However,
beyond maximum pitch, blade stall greatly modifies the vortex
producing a diminished Vg and an uncharacteristically

thickened vortex core (28).

3) Flow measurements of a rectangular tip section (29,30)
evince that the vortex core initially foms 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, 1t mnust be emphasised that large velocities
are 1induced 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 Vg with respect to pitch

0, and redefining aspect ratio AL = R/c, ylelding
VIV = (14(6.6/A ))K 0 (3.5)

(6 in degrees)
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McCormick et al (17) have indicated that the core radius T
could be as small as 2% of the blade chord, but theoretical analyses
incorporate very wide ranging suppositions. Typically the core
diameter 1is 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 57 blade radius was
used. (14,32). Consulting Figure 4, it is immediately obvious that
for regular aspect ratio blades r. 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

~1/5¢ v./V (3.6)

rc/c - Re 2¥s' T

Where from the 1limited experimental data available, the best fit

empirical constants are given by:

-2
= 2.64x10 , in equation (3.5)

~
i

~
1]

1.2 , in equation (3.6)

Combining equations 3.5 and 3.6 yields the vortex core strength
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1/5

K. = ZWVtC(((l+(6.6/Ar))K1@)2K2R; (3.7)

Interestingly, equation (3.7) indicates that the vortex core
strength is proportional to pitch squared; whereas the blade bound

circulation T is proportional to © giving the ratio:
g g

K /T«8 (3.8)
C

It must be emphasised that this expression does not violate the
conservation of circulatibn. It simply states that the nommalised
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, Tangler

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

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

setting Ké/ I' 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 vortéx 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 1induced velocity Vg 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, 1f 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 1inboard 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 1layer. 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,

2
K/Fmax= A(x/c) (3.9)

Logarithimic region,

K/Fmax= Bln(r/ec) + C (3.10)

Defect region,

ln(l—(K/Fmdx))= D(xr/c) + E (3.11)

e
A\
=
I
?:
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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 = 21V r (3.12)
c s ¢

Comparing equations 3.9, 3.12 yields,

2
=21
A=2TV_ ¢ /(x p ) (3.13)

Vs and rC are computed from equations (3.5) and (3.6).

For the logarithmic region, consider dK/dlnr:

2
dK/dlnr = rdK/dr = 27rvr + 2qr dv/dr
Whence,
(dk/dlnr)r=r = K , (3.14) since (dv/dr)r=r = 0
c c c

Hence, comparing equations (3.0) and (3.14) yields,

=
I

c/gnax (3.135)

@
]

B(l—ln(rc/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 r, , the following conditions are typically satisfied:-

1) Continuing the boundary layer analogy, the outer radius of the
vortex ry, is defined where the vortex circulation strength KO,
reaches 99 percent of the peak circulation on the blade Tmax
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 = nT (3.17)
o max

Using equations 3.11 and 3.17 yields

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

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

Bin(rl/c) + C = l—exp((Drl/c) + E) (3.19)

3) Similarly, 1n the outer reglons of the vortex, sharp

discontinuities in circulation are assumed not to exist, whence

(dK/dr)r=r = B/rl= —(D/c)exp((Drl/c) + E) (3.20)
1
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To develop the remaining equation, a simple work/energy theorem
has been postulated. That 1s, 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

ti .-
equation: } -
2.2 )
E = ((pwrc V.7 /4) + (VARL) (VAR2 + VAR3) = linduced drag
r(r
where, (3.21) max
2
VARL = Pglax Jarm
r
VAR2 =

1
[?2(0.331n3r—1n%1nc+1nr1n2c)+BC(1n2r—21nr1nc+C21nr
r

C

r

)

L /(m*m]))

m m
VAR3= Tlnﬁexx)(zm(mm > (20r/)™ (m*ml) ~2exp(E) (Inr+o_(Dr/c)™
r1 1

Equation (3.21) is solved with equations (3.9) - (3.20), yielding an
initial wvalue of the tip vortex rotational energy %,‘ Further
solutions are evaluated by iteration until the vortex rotational
energy Ev’ is equal to the induced drag on the blade between tip and
nl (the default value of [ being 0.99); while simultaneously
sa?i?fying the conservation of circulation law, where the
circulation contained in the vortex X, equals nrmaxt' Both energy

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 1is that the tip vortex dissipative rate 1is much
greater than ideal theory would suggest. Widnal (36) has shown that

below a helical pitch of 32 degrees the filaments will become

4
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unstable due to their strong interactions. Such interactional decay
has been reported by Tangler et al (26) wusing schlieren flow
visualisation techniques. They found that vortex instability was
accentuated by the development of an asymetric wake which resulted
from the finite tolerance 1limits 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 fom a weak diffuse vortex.

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

respective velocities are:

vy = K2/(2ﬂa) sV, S KI/(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,

K1a1+ Kéaz =0

For the case where K, = K2, the vortices would revolve about their

¥
centroid with angular speed v, given by,

w_ = Kl/(ﬂaz) (3.22)

By dincreasing the number of blades (same blade loading) the axial
separation between consecative vortices 1s reduced. For similar
blade 1loadings, equation (3.22) indicates that the angular rate Yoo
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 1in 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 X, at time
t, is given by K = K exp(-ct), where K , is the initial value of
the vortex strength 2nd c, either a Opredetennined constant or
estimated from a “best fit” experimental curve. Theoretically, the
vortex strength decay 1is 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 1s much more rapid. This is
often allowed for in wake modelling by simply increasing the value

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

It 1is 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:-

(1/p)dp/dr = w* /r (3.23)

whence integrating between the core radius r and the vortex outer
C
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radius X where

K= KC = constant (3.24)
and ,
A 2
Wl = Ki /o rdy (3.25)
yields ,
2 2 ro
(b, — b)) /P = —[KC/ (8™ r™) ) (3.26)

¢
whence assuming r Y
s su g C<$< o °*

(p - p) = OKZ /(S“Zrz) (3.27)
10 o c C I

Applying the conservation of circulation low implies K¢ remains
constant. Therefore, any weakening of the pressure gradient across

the vortex will be associated with a vortex core expansion.

Now Tangler et al (26) have reported raplid vortex core
expansions resulted when two vortices come into close proximity. 1In
this instance, as the two vortices approached each other, the static
pfessure P, would reduce, weakening the stabilising vortex pressure

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

However, Tangler 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. Agdhn, 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 fileld is greatly diminished.

3.6 Discussion and Conclusion

The modelling equations 3.5 and 3.6 used to evaluate vortex

core radius T,

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

and corresponding vortex induced velocity Vs’ are

indicates an 1increase in V:{S 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 T,
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 wvalues much 1less 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 VS, 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
11 1is the function R:( l-M2 ). 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 VS,

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 (=KC./Fmax ) in equation
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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nl = 3.1K (3.28)
max 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.

Using the same procedures to evaluate a theoretical vortex
structure for Cook”s rotor, initial convergence between induced drag
and vortex rotational energy could not be established. The
corresponding vortex energy with “n” set to 0.99 was always in
excess of the induced drag value. Using Jjust the “solid body”~ and
logarithimic regions to define the vortex structure, the vortex
parameters were re-evaluated, converging firstly on the induced drag

value computed as before and secondly, on a mean experimental value

for the vortex strength.

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 1is 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.

For low aspect ratio rotor blades most of the blade circulation
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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 wvarying

vortex structure with rotor blade aspect ratio.

Section 3.5 indicated that vortex decay is not necessarily a
feature of strength or circulation decay, but may result from a
rapid vortex core expansion. The vortex core expansion takes place
when the presure gradient across the vortex is weakened. This may

happen when,

1. a vortex~vortex interaction occurs

2. the vortex core axial velocity diminishes

The falling vortex axial velocity 1s more often seen to occur

in weaken rather than stronger vortices.

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 1in 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 respectlely; 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 Introduction

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, 1is 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.

Many researchers have 1identified a general weakness 1in
modelling routines to date. Notably, Cheeseman (43), Miller (44) and
Johnson (14) indicate that the forthcoming models require a better
unde rstanding of the structure, strength and decay of rotor tip
vortices. In the following sections a number of wake models are
presented for guidance in selecting a possible optimum method which

could incorporate the tip vortex information presented in Chapter 3.

4.1 General Wake Approaches

The problem of evaluating the induced downwash distribution
along a 7rotor blade has been pald much attention. The resulting
theories and wake models include the simple Glauert type strip
analysis (45), a Fourier series representation of blade airloads
(46), local momentum approaches (4,47) and vortex theories ranging
from prescribed wakes (23), to the more advanced free-wake analyses
(44, 48). Blade representation by a lifting 1line has been

superseeded by the more exacting lifting surface methods (49).

The combined momentum-blade element approach of strip theory
recognises the major design parameters and ylelds an estimate of the

induced velocity at any specified blade element. However, the theory
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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 1{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 1in computer hardware more exacting theories have been
presented. Such theories wusually 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 1is 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 performancce
prediction 1is 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 flrst approximation. Another
simple model was wused 1in 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 wupper rotor. This was later modified with the
supposition that the wupper rotor wake is fully developed and only
the 1inner 507 of the 1lower 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 1loading distribution. However, as with all the aforementioned

approaches, this method assumes averaged or fully developed wake
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flows and 1is 1inadequate, for example, 1in detemining the full

influence of varying the inter-rotor spacing.

A more concise method is that developed by Cheeseman (53), who
combined a 1lifting line approximation to translational 1lift plus a
stream tube model for propeller 1ift. The trailing helical tip
vortex wake 1is 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 1interest 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
fomation 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 Y = 20
degrees, the number of vortex rings for each rotor N = 8, and the
vortex core vradius 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 visco'3'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 CCIR
perfomance 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 1lift to
yield the elemental induced downwash. To estimate the timewise
variation of the induced downwash after a blade pass, simplified
vortex theory 1is applied, wusing 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 1loading 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:-

) o ) 1/2
v s (Vo topasR)(=1 + (1 + 2(pra= V) )
2 16° 4V + V_+o.alR
Cc c -

16

g afR
r

Traditionally, a tip loss factor 1s Introduced to allow for the

finite span of the blade and the associated fomation of the tip
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vortex. Such tip 1loss factors are often applied such that they
confusingly truncate the blade radius so that in the tip region no
lift 1s generated. More realistically, the “tip loss” is caused by
the 1ift impaimment 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 1its 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 1incorporate a better estimation of the losses incurred by a
finite rotor radius system while allowing for the 1lift contribution
generated at the tip, strip theory has been combined with a vortex
model. The latter re p resents 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 altermatively, may
be relaxed wusing the free-wake facility 1in 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. Furthemmore, 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
fomed as defined by equation 3.5 and 3.6. If the turbulent boundary
layer vortex structure 1s 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), 1is exactly =zero. However, the present theory
suggests that each blade element perceives an additional induced
velocity Vo due to the tip vortex wake, which may be interpreted as
a local climb velocity. That is, the induced velocity\'v , calculated

at each elemental annular ring, replaces VC, in equation (4.1), to
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produce a modified elemental strip velocity The resulting
additional 1loss of wuseful 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, Vou and v respectively; plus

viu

the strip contribution Voo from equation (4.1) where Vc(r) =Vou ¥

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

given by:-

viu(r) = Vvu(r) + vvlu(r) + vimu(r) (4.2)

The inflow 1in the section of the 1lower rotor immersed in the

downwash of the upper rotor may be approximated by:-

v (r') = viu(r)(Ru/RC)z (4.3)

(Conservation of momentum)

where

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

taking in clean air is given by:-

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 wusing 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 wvalue 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 Rc. Using
Stepniewski”s premise that the lower rotor Iimmersed 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 pogtulated:-
momentum:

dlu(r) + dTl(r')=4npr(vV(r)+vim(r))vim(r)dr (4.6)
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blade element:

dTu(r) = bu%pS%rzau(eu—(vv(r)+vim(r)))cudr (4.7)

Gr
u

ar, (2) = byho e Pa (8, =(v (D 4v, (D) (R /R) e dr’ (4.8)

3 1
Slr

That 1is, the tip vortex induced velocity VG(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 around a specified annular ring
of radius r, yielding ;V(r). with the inclusion of the upper rotor
wake contraction, a radial station on the wupper rotor r is

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

4.8).
Now, r'=r(RC/Ru) (4.9)
and, dr'=dr(RC/Ru) (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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[ 2 _ 1 2 3 .
buzoghr au(eu (vv+vim))cudr + blsz§r a1(61(RC/Ru) (vv+vi))cldr

ar (o r
u

=4wpr(vv+yim)vimdr (4.11)

Expanding and rearranging (4.11) yields:-

2 S 1g 1 .
aﬂvim +(4wvv+bu2ahaucu+blzSﬁalcl)vim

-b ic S%ra c (6 -v | 2 3
u*uu uuu ??;) blilelralcl(el(Rc/Ru) —ZX_) =0 (4.12)
u Ql r

Where, solving the quadratic in Vimproduces the solution:-

Vins (Y, RS et ae (-l + B (4.13)

5V u :uauLu 1 17171
16w Low




O C
where, 2b111a1c1r ,
L - ( l { - 99 «
1+ :_z_silz(eu vv/(@,ur))+ b ac (91(Ru/RC) vv/( 1r))
lmvv_m_s +vv(1+ b1a1c1u1)+ buaucu;%(Ez)
uaucu U bac & 167
u uuu
and,
(4.14)
_— (blalclﬂl)z N 2<b1a1C1Q1))
2" bac§ b ac &
uuuu u'u u.u

Note that when the vertical separation tends to =zero for a
. R _ O -
convential CCTR (i.e. by aj ¢ € = bya,cy ¥and Ry > Ry, 7 thhe
above equation collapses, to the text book solution for the

equivalent single rotor (equation 4.1) where by = b, + bjy.

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)

Overall rotor thrust 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 Principal Features of Vortex-Strip Theory model

Hot wire recordings of the tip vortex signatures from the lMote
rig 1indicated that the vortex was essentially Rankine in nature.
Although some circulation could be seen outside of the vortex core
it was not considered, 1in the first instance, significant.
Consequently, initial evaluation of the Vortex-Strip model was
unde rtaken wusing equations 3.5 and 3.6 to define the tip vortex

strength.

Figure 22 depicts the downwash velocity component distribution
for a single two bladed rotor. The modified strip induced velocity
distribution Vim incorporates the effect of the apparent vertical
climb velocity V., The slight depression at 907 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 1in blade angle of attack at any specified blade element.
These losses, reflecting those associated with a finite aspect ratio
rotor blade, although a maximum at 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 wvelocity field generated by the other disc. To start the
computation 1in program ROTOR (details given in Chapter 6), the

inflow at the upper rotor disc is calculated using equations (4.13)
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and (4.14) including the induced effects of its own tip vortex wake.
The 1inflow at the inboard section of the lower rotor disc immersed
in the upper rotor wake reflects the distribution at the upper rotor
disc corrected for wake contraction. The net effect of the tip
vortex velocity field on the upper rotor on the inner portion of the
lower rotor over one complete revolution is given by evaluating the
averaged vortex induced velocity over the upper disc. (The averaging
process, calculation procedure and further potential savings in
computational time are discussed in Chapter 6). Figure 24 compares
the averaged vortex induced velocities around the upper disc with
the velocities induced at the blade. The latter distribution defines
the initial apparant vertical ascent velocity v,, used in equation
(4.13), to determine the strip downwash distribution along the upper
rotor. The total downwash from the upper rotor on the lower rotor is
given in Figure 25. The outboard velocities on the lower rotor are
computed from the average upper tip vortex induced velocities at the
lower disc plane. With the 1lower rotor downwash distribution
established from the wupper rotor, the lower rotor tip vortex wake
effects on both the outboard sections of the lower rotor and the
complete disc of the wupper rotor are computed. The latter
constitutes the interference effects of the lower rotor on the upper
rotor (Figure 26), and by simultanecusly wupdating the inflow
conditions at the upper rotor disc, modifies the subsequent downwash

along the inboard sections of the lower rotor.

The final downwash distributions for the respective rotors are
compared with experimental data in Figure 27. The experimental data
was recorded using a single non-directional hot wire probe placed
beneath each rotor and aligned along the blade chord at each blade
pass. The absoclute velocity magnitudes recorded at a plane .12R
below the upper disc, and the associated wake contraction, was used
to scale back the velocities into the plane of the disc. A similar
procedure was adopted for the outboard sections of the lower disc,
while the inboard distribution was evaluated from measuring the
actual values ‘12R  below the disc and correcting for any further
wake contraction. The corresponding blade loading distributions are
given in Figure 28. The lower rotor 1ift distribution is degraded on

the 1inboard sections of the lower rotor with a slight negative
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distribution to 36% blade radius. Thercafter, the loading remains
below that of the upper rotor until approximately 807 blade radius
whereupon the 1ift 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 1in the éomputation of the
aforementioned figures was prescribed wusing updated Landgrebe wake
coefficients. A study of the actual wake contraction indicated that
a wvariation 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. Furthemore,
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
perfomance 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 Application of Vortex-Strip Theory

Figure 31 shows the performmance 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 1is presented as thrust per unit power  versus thrust
coefficient. Although the perfommance 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 wusing 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 1in 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 perfommance;
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, 1s 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 perfomance curves of the Mote CCTR was compared
with an equivalent single rotor. The latter having the same number

of blades, blade solidity, vrotor 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, Fu, (RA = 7.5m, b = 4)
and the Kamov Ka -25, Fg, (R¢ = 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
where, Ideal Power = T(T/(27R 2))

Whence, for the same thrust generation, the actual power ratios
between the Kamov Ka -25, Py, and the Aerospatiale SA-365N, P,, is

given by:

PK/PA = (RAFA)/(RKFK)

yielding Py = .87P,

Although such a deduction does not take into account the
differing number of blades, the previous figure of merit ratios
indicate that a 137 saving in power 1is 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 1in hover per unit gross weight for a variety of helicopters.
The 1lowest power to welght ratio 1is 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 wupwash 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 distributiouns
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 1layout
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%4 of the total rotor power.

Consequently this feature is considered a secondary effect.

4.4 Conclusion

The conventional Glauert type strip analysis has been modified
to dincorporate the influence of the trailing helical tip vortices
from all blades at any specified blade element. Furthemmore,
Stepniewski”s (2) simple model of a CCTR has been greatly extended
to 1incorporate 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 vradii, 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 c¢irculation, at present, 1is not possible since it varies
between rotors. Nevertheless, actual tip vortex strength would seem,
in general, to be 1less 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 1loading 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. COAXTAL 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 Gi’

v, = T(20AV") (5.1)

where, Vﬂ=/‘V2+vi (5.2)

In addition, to incorporate an allowance for the azimuthal variation

of the induced downwash, Glauert postulated;

v, = G;(l + Krcosy) (5.3)

where X is traditionally given by:-

K= =tan(u/2X)) (5.4
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or resulting from experience gained at the Royal Aircraft

Establishment, the factor is often given by:

K = ~tan(u/}) (5.5)

The usefulness of equations (5.1) to (5.5) 1is reflected by their
continued application in rotor analyses, offering as they do a
reasonable description of the induced flow through the rotor with
the added benefits of simplicity and low computational time.
Nevertheless, the Glauert model often underpredicts the downwash
distribution for a variety of forward flight modes with the largest
discrepancies occuring at low advance ratios (52). During the ABC
CCTR verification program the required control range required to
maintain trim was grossly underpredicted by a Glauert type analysis.
At a forward flight speed of 25 kts ( y = 0.067%), the ABC helicopter
experienced a high nose up pitching moment which could not be
countered by the pilot. The craft struck the ground with a “heavy
tail first 1landing” (56). Similarly Johnson (14) has identified
substantial inaccuracies 1in momentum and classical wake modelling
techniques. Applying such models to the analysis of an articulated
rotor, it was found that the lateral H' flapping coefficient was
constantly under estimated for advanced ratios of less than 0.15. By
using a free wake facility, a more accurate representation of the
close proxity of the tip vortex wake to the longitudinal plane of
the rotor disc was achieved, resulting in a much better theoreticai

prediction of the b1 flapping coefficient.
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5.1 CCTR Forward Flight Model

As with the wvariety of hovering theories, the forward flight
models have specific advantages for a certain range of flight

conditions. Generally, it may be concluded that;-

1) The Glauert model has simplicity which is reflected in the low
computational time. Nevertheless, blade loading prediction for
low advance ratio flight is poor and partially results from the
absence of modelling the finite number of blades in a rotor

layout.

2) The classical wake approach where the vortex filament positions
are assumed to be influenced only by the local free-streanm
conditions, neglecting vortex~vortex interactions, yields more
accurate rotor performance predictions at higher advance
ratios. Again, with 1low advance ratio flight, large
discrepancies can occur resulting from the high degree of wake
distortion, commonly found in experimental investigations (see

Figures 47-50).

3) At low advance ratios, the vortex interactions substantially
modify the tip vortex locations from the classical
representation. Consequently the “free-wake” model and
associated lengthy computational time has been found essential

for accurate temporal blade loading predictions.

Using similar principles as presented for the vortex—-strip
hover model, a forward flight hybrid model may be developed. The aim
of such an approach 1s to allow for greater flexibility in
application without diminishing the specific advantages of each

modelling technique.

Referring to Figure 36, the slipstream of each of the two
rotors 1is Trepresented by a Glauert expression for the induced
velocity, modified to account for the induced velocity effects of

the tip vortex wake. That is, the effect of the tip vortex wake is




approximated by updating equation (5.2) to incorporate the vortex

induced velocity through the centre of the disc, giving:-

V' =\/;2 v (7.4 )2 (5.6)

Substituting the expression for the resultant velocity V™ at the
centre of the disc into equation (5.2), and rearranging, yields a

quartic in the mean induced flow through the rotor v, of,

P+ T - (T D) = 0 (5.7)

For the classical wake option (wake 1limits defined by the free
stream conditions only) in program ROTOR, a further allowance for
the influence of the tip vortex wake on a specified blade element is

established by evaluating the downwash at that element via:-

V.= V. + Vv (5.8)

Furthemore, 1f any portion of the lower rotor is immersed in the
upper rotor wake, equation (5.8) is retained with the added temm of
(25;) to evaluate the flow in this reglon of the lower rotor. This
assumes that the wake from the upper rotor is fully developed on

intersection with the lower rotor plane.

Alternatively, the free-wake option not only updates the

positions of vortex filements, including vortex interactional
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effects as the blades rotate around the disc, but assumes an induced

velocity distribution given by equation (5.3), (5.5) and (5.7).

Equation (5.8) 1is correspondingly updated to give:

vi = vi(i + Kfcosy) + v, (5.9)

As previously assumed, the portion of the lower rotor ymﬁerseJ "
lke UFFeﬁ r@hj unke’ is effected by the fully developed velocities.

This however, is computed on a local, level where v, lower = fn

(Vi upper).

One limitation of the free-wake tip vortex model 1is the
assumption that the vortex core departs the trailing edge of the
blade at the tip (¥ = 1.0). This assumption neglects the fact that
the vortex core location 1is not only effected by the free-stream
conditions but 1is substantially modified by the large pressure
gradients existing at the tip. Indeed, Chigier et al (21) have
reported that a vortex core moves inboard, and for the tests
conducted, suggested the path taken by the foming vortex was a
deflection inboard by the the order of 10 degrees to the tip. For
comparative purposes, the free-wake model was used with and without
assuming a 10 degrees deflection of the tip vortex from quarter
chord to the blade”s tailing edge. Figure 37 shows the predicted
blade 1loading results in the lateral plane for an inflight H-34
rotor with an advance ratio of 0.03. Effectively the results show
the 1influence of the vortex position on blade loading. With the
blade pressure gradient temm assuming a 10 degrees vortex core path
deflection on the top surface of the blade, the resultant blade
loading at the tip reaches a higher wvalue. This reflects the
experimentally detemined blade loadings; but as will be established
in the next section, 1t 1is also equally sensitive to the final

rolled-up tip vortex strength.
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Throughout the computational procedures, the assumption of
rigid blade flapping has been imposed. The corresponding flapping
coefficients have been approximated (where actual experimental data
was not available) by the following expressions allowing for the

effective hinge offset and varying inflow distribution across the

rotor (1):~
AR AN CTe s BPV AV ) (5.10)
o 8(1l+g)
o 2u£&go/3)+>~) . (_8_ ;6) G
1 1-u"/2 y 1+u7/2 )
(4ua [/3)+Kh. 8 € Q
_ 0 i o ——
by T T2 T 1n2n) (5.12)
where, A, = v. /(R (5.13)
1 i
and e=1.5e¢, for a unifomm blade mass distribution neglecting the

effect of root cutout. The effective hinge offset e, is nommalised
by the blade radius. Only the first hamonics are considered since
higher hamonics are of the order of further elastic Dblade
deflections which have been ignored. Furthemmore, it has been noted
(1) that the second flapping harmonics are generally an order of
magnitude less than the first harmonics and, therefore, only have

importance in vibration or control load computations.
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The corresponding flapping angle 3, at any azimuthal position

is given by:

8 = a - alcosw - blsinw : (5.14)

The computational approach and the full equations wused in the
forward flight code are presented in Chapter 6 and Appendix 2

respectively.

5.2 Application of the Vortex-Glauert Model

One of the most testing flight regimes for any forward flight
rotor wake model is the low advance ratio case ( .u <0.15). In this
transition zone between hover and well established forward flight,
the trailing wake defomation has a substantial influence on the

induced velocity and blade loading distributions.

To ascertain the potential of the present model, the
Vortex—Glauert approach was wused to predict the blade 1loading
distribution of an H-34 rotor in flight with an advance ratio of
0.03. The predicted results are compared with both experimentally
measured inflight data (57), and the results from a full vortex
lattice free-wake code (58). Four blade positions of 0, 90, 180 and
270 degrees of azimuth were examined. The input to the present model
included the measured pitch distribution, and the flapping

coefficients up to the first hammonic.

As can be seen from Figures 38-41, the full-vortex lattice
method generally over predicted the blade loading distribution on
the inner portion of the blade; while for the 90, 180 and 270
degrees of azimuth cases did not forecast the substantial peak

loading toward the blade tip.

The H-34 rotor, with aspect ratio rotor blades of 20.5, falls
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into the category of the rotor blade investigated by Cook (28). As
presented in Chapter 3, one of the major difficulties in using the
vortex turbulent boundary layer analogy equations is that the final
rolled-up tip vortex strength may be a fraction of the peak bound
circulation. Indeed, Figures 16 to 18 depict Cook”™s full-scale
vortex data where, in general, it was found that the vortex strength

was found to be less than half the expected value.

Using this research work for guidance, two finalised vortex
strength values were investigated. The first value used in the
Vortex—Glauert approach represented the generalised Carradonna et al
(34) vortex model which yielded a final vortex strength Ky, equal to
3.1 times the vortex core strength K.. A second estimation of the
final strength of the vortex was obtained by using an expression
developed by Cook (59), to predict the local mean value of blade

circulation given by:-

T
o pNRSR((1/2)-(3/16)n

K 2)(1-(3/2)usinw) (5.15) .

For the H-34 rotor the mean vortex strength evaluated using Cook”s
expression was nearly twice the value set by Carradonna”s
approximation. The roll-up of each vortex was assumed complete after
60 degrees of azimuth (before next blade passage) whereapon the
full value was set to the trailing vortex filament. The free-wake
facility was wused in program ROTOR to evaluate the tip vortex

locations around the disc.

Figures 38-41 dindicate that the predicted blade loading
distribution more accurately reflects the experimentally measured
results. Furthermore, with the fully rolled up vortex strength set
equal to the local blade mean circulation value, the peak loadings

at the blade tips were more accurately defined. However, the blade
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loading 1is sensitive to both wvortex position and strength; the
fomer being directly coupled to the latter in the free-wake model.
This coupling effect 1s most readily highlighted in Figure 40 for
the blade loading distribution at a blade azimuth position of 180
degrees. With the final vortex strength set to the blade mean
circulation, the free-wake model indicates a second vortex blade

interaction at r = 0.75. (blue curve).

Overall, the agreement between the Vortex-Glauert model and the
experimentally measured data is quite reasonable, especially in the
tip region where the mean blade circulation value was taken as the
strength of the fully rolled-up tip vortex. This circulation value,
based on a mean rotor thrust estimation, correlates well with Cook”s
(28) research data. Indeed, the finalised vortex strength values
were found to be just less than half the peak circulation on the

blade.

In contrast to the vortex-lattice model predictions, the
inboard blade loading distribution was underpredicted using the
present model. This feature is thought, in part, to be affected by
the simplification of the Glauert momentum inflow distribution,
assuming a substantial mean value at the centre of the disc. Indeed,
the constant Glauert induced velocity distribution in the 90 - 270
degrees plane, shown on Figures 43 and 45, suggests an equal
circulation weighting along the blade radius. This supposition may
lead to measurable discrepancies, especially near the blade root.
Figures 42 and 44 show a similar  breakdown of the inflow
distributions for the O and 180 degrees azimuth positions. Again,
Figure 40, clearly identifies two vortex “strikes” occuring at the
front of the disc. Figure 46 details the tip vortex paths computed
using the free-wake facility in the longitudinal plane of the H-34
rotor (i.e. the 0-180 degrees of azimuth plane where Z/R is the
nomalised axial displacement of the tip votices on Figure 46). The
vortices generated at the front of the disc initially move upward
and inboard before descending through the blade plane (vortex
coordinates at the front of the disc were detemined relative to
blade axes located at 180 degrees of azimuth). This feature is

reflected 1in the smoke visualization photograph (Figure 48) for the
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lower rotor of a CCTR operating at a low advance ratio. In contrast,
the tip vortices of the trailing edge of the disc are convected away
at a much faster rate. Landgrebe et al (60) has shown similar trends
for the tip vortex wake generated by a single rotor operating at low

advance ratios.

However, the major limitation of this “free-wake” option is
highlighted by the subsequent locations of the tip vortices after
they pass through the front portion of the disc. The combined
effects of assuming a limited number of wake revolutions, neglecting
the blade bound vorticity in the computation of the tip vortex
locations, and the relative flow magnitudes at the front of the disc
operating at a low advance ratio, create the conditions whereby the
vortex-vortex interactions produce a macro wake roll-up. That is,
the fommation of a larger vortex composed of a number of tip
vortices. The second vortex strike prediction is a result of this

feature.

Although there is much 1less detailed blade loading data for
CCTR”s, the heavy tail first landing incident of the ABC helicopter
provoked a revision of the methods used in forecasting the inflow
through the two rotors. The revised inflow distributions based on
experimental wmeasurements for a forward flight velocity of 25 knots
(4= 0.000) are given in reference (56). Converging on the ABC
helicopters gross weight of 90001b by varying the blade collective
pitch, the inflow variation in the longitudinal plane was evaluated.
Figure 51 compares the revised inflow values of reference (56) with
the generated values from program ROTOR, using the free-wake
facility. It is interesting to note the build-up of inflow over the

rear section of the lower rotor.

Figures 52 and 53 show comparisons between theory and
experimental forward flight Mote CCTR data for a constant thrust
coefficient of 0.006 and advance ratio of 0.174 respectively. 1In
both cases, the classical wake option was found adequate for

estimating the overall perfomance of the Mote CCTR.
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573 DiscussionN

Applying the Vortex-Glauert model to predict the blade loading
distribution of an H-34 rotor in flight with an advanced ratio of
0.03, produced some very interesting results. As detailed in the
previous section, a variety of tip vortex strengths were used when
computing the total inflow through the rotor. 0f these the tip
vortex strengths set equal to the localised mean blade circulation
gave the most accurate blade loading prediction, especially, near
the tip region. 1Indeed, this mean value reflects the full scale
rotor data (Figure 16) collected by Cook (28). Both rotors have a

blade aspect ratio of 20.5.

Nevertheless, inboard blade loadings at this low advance ratio,
in general, were under predicted, suggesting that the computed
inflow was excessive. Perhaps, the most plausible reason for this is
the "global” momentum representation of the Glauert model. The
comparatively large inflow through the central regions of the disc,
implicit in the Glauert model, may be more accurately modelled by a
local momentum theory, as proposed by Azuma et al (47). Infact, the
incorporation of the local momentum theory into a tip vortex -
momentum approach would be a straightforward extension of the
proposed model. Alternatively, explanations seem common to most
other wake modelling methods. That is, a different blade loading
prediction results when the 1initial computer input is either the
rotor thrust or blade pitch. In the latter case, for high aspect
ratio rotor blades, the final blade thrust is generally
underpredicted. This feature, is often explained by the omission of
the blade elastic deflections. Although such a discrepancy can be
the order of a degree in pitch between experiment and theory to
obtain equivalent blade 1loadings, Kawachi (61) has shown that the
blade aspect ratio has a substantial effect on this trend. For a
hovering rotor with a blade aspect ratio of 6.54, equivalent
theoretical/experimental blade loadings were achieved when Kawachi”s
program converged on a blade pitch over one degree less than the
actual wvalue. Converging on the experimental pitch value gave an
excessive blade 1loading distribution, especially at the blade tip.
Interestingly, the vortex core model expounded in Chapter 3 would

reflect the overall trend, indicating an increasing degredation of
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rotor thrust per degree of blade pitch as the blade aspect ratio is

decreased, independant of blade elastic deflections.

Resulting from a conversation with Kawachi, it was indicated
that “good” values of the 1lift curve slope were 5.73 and 6.28 for
momentum and vortex approaches respectively. 1Infact, Kawachi in
reference (61) wuses a 1lift curve slope value of 6.05 as a good
universal representative value. Obviously this approach 1is
questionable and may well relfect the uncertainty of many of the

currently used models.

The free—-wake solution of the tip vortex locations suggested
two blade vortex interactions at the front of the disc. The
experimental blade 1loading (Figure 38) does not indicate a second
vortex strike. This disparity is seen to result from neglecting the
blade bound vorticity (especially the next blade pass) in the

present model.

In contrast, the vortex lattice method, in general,
overpredicted the 1inboard blade loading distribution and failed to
reflect the substantial peak 1loading at the tip. The formmer
limitation may be improved by comparing the downwash at a specified
blade element with that required to conserve momentum for a given
elemental thrust. It is proposed that if a mismatch occurs then the
inflow value should be updated accordingly. Peak loading predictions
at the blade tip may be enhanced by including a more accurate
description of the substantial tip vortex core which is formed on

the blade surface.

Using the results from the H-34 rotor as guidance for future
rotor blade loading predictions, program ROTOR was initiated to
generate the inflow values through the upper and lower rotor of the
ABC CCTR. Setting the tip vortex strengths to the local mean blade
circulation value, the inflow distributions for an advanced ratio of
0.067 were computed. Figure 51 shows that a reasonable inflow
prediction in both magnitude and trend, especially in the aft region
of the lower rotor. Further comparisons using the classical wake

option with perfommance figures generated from the Mote experimental
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programme show reasonable agreement throughout a range of advance

ratios (Figure 52) and blade collective pitch settings (Figure 53).

The previous computations have used, in general, finalised tip
vortex strengths much 1less than the peak blade bound circulation
values. This, however, does not necessarily violate the conservation
of circulation principle. 1Indeed, it 1is proposed that 1if a
concentrated tip vortex core has a comparatively "short life" with
an expanding core, then the much weaker inboard shed vorticity may
be dissipated at an even greater rate. That is, the circulation is
still conserved, yet, because of the expansion process it occupies
such a large volume that the related velocity field rapidly

diminishes.

5.4 Conclusion

The Vortex-Glauert model presented here has given reasonable
agreement with experimental data from both single rotor and CCTR
systems. Furthermore, it shows considerable promise for low advance
ratio modelling. The general underprediction of blade loading
distributions when converging on the experimental blade collective
pitch reflects current findings from a wide varlety of modelling
approaches (61). This 1is often remedied by increasing the blade
collective pitch during the computation (allowing for blade elastic

deflections) or selecting a larger lift curve slope value.

Alternatively, it has been proposed that a more accurate
representation of the rotor may be achieved by coupling the
tip~vortex momentum approach with a local momentum theory. Updating
the approach in this way does not limit the flexibility of the model

in that either <classical or free~-wake routines could still be used.

Further investigations are required to ascertain the fully
rolled up tip vortex strengths generated from a variety of different
rotor blades. The present model sets this strength to a mean bound
circulation value which reflected the full scale rotor data reported
by Cook (28). Equally, as indicated in Chapter 3, the tip vortex,
core strength 1{is substantially effected by the blade aspect ratio
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which other wake models do not adequately account for (61).




Page 56

6. PROGRAM ROTOR

6.0 Introduction

The main objective in developing program ROTOR was to produce a
computer package wrltten for the general case, with high flexibility
and the option to run interactively. Furthemmore, structured in a
module format, the code may be easily updated, allowing it to be
used as a continuing research tool. After compilation, the program
is dinitiated by a well defined input procedure (see Appendix 3).
During this stage, a number of questions are first posed to the
user, to detemmine whether a hover or forward flight computation is
required. Further input includes blade radius, blade pitch
(including twist distribution), blade chord (including taper
distribution), rotor RPM, the number of rotor wake revolutions, the
degrees of azimuth spacing between integration procedures and if an

allowance for tip vortex roll-up required.

Both single rotors (read as wupper rotor) and CCTR”s may be
analysed with up to a total of twenty blades. Other blade variables
including twist, taper and hinge offset are easily handled by the
code. It must be emphasised, however, that the flapping equations
given in Chapter 5 could be improved wupon to incorporate a more
accurate description of blade twist and taper effects. Additional
features include the option for differing rotor radii, number of
blades and vertical spacing between the two rotors in the CCTR
layout. A full input procedure for an arbitrary rotor plus a full
program listing containing extended Fortran IV code is detailed in

Appendix 3.

6.1 The Hover Facility

The flow chart in Figure 55 depicts the salient features of the
Hover Code. After setting the input parameters, subroutine STRIP is
called to compute an initial estimate of the rotor thrust
coefficient. Initially, conventional strip theory is used with a tip

loss factor to estimate the rotor thrust. Thereafter, LANDG 1is
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initialised to define the Landgrebe empirical prescribed tip vortex
paths. The helical vortex wake 1is stepped out to the number of
requested wake revolutions, using the stralght line vortex filament
approximation. The accuracy of the approximation is dependant upon
the degrees of azimuth spacing parameter defined i{in the input
procedure. The vortex filament cartesion coordinates are computed
for all blades in the rotor(s) by subroutine BLVOCO. With the vortex
filament locations known and the vortex core parameters Vg, and r.,
established, subroutine CAL is called to -evaluate the apparent
vertical accent velocity distribution v, Recalling STRIP yields a
modified momentum downwash contribution effected by the tip vortex
wake. After summing the total downwash at each blade station,
subroutine PERM 1is initialised to evaluate the overall thrust,
torque, location and magnitude of the peak circulation. The fourteen
blade stations are distributed such that the first nine are
separated by 0.1R to 90 percent blade radius with the remaining five
stations equally spaced over the last 10 percent of blade. Lift and
torque are summed using mean two-dimensional aerofoil

characteristics as presented in Appendix 2.

The aforementioned procedures are repeated until the rotor
thrust-vortex location inter-relationship has converged. At this
stage, 1if the single rotor perfommance calculation was requested,
the program would output a variety of data depending upon the number
of WRITE statements “released” in the current program. Throughout
the program a variety of WRITE statements are included such that
maximum access to the computed data may be achieved. However, to
suppress the output listing the majority of WRITE statements have a
“C” in column one of their line. With this arrangement, the computer
ignores the WRITE statement, but before compilation, may be
activated by simply removing the “C” character during an edit of the

program.

For a CCTR computation the program continues to evaluate the
performance of the lower rotor in a similar manner to that explained
for the wupper rotor. Initially, the perfommance calculation is
perfomed allowing for the upper rotor wake interaction and altering

the pitch on the lower rotor until the torques on both rotors are
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within .0l of each other. Thereafter a full computation is initiated
which allows for the elongation of the upper rotor wake under the
influence of the 1lower rotor (using subroutine ZUPDATE), and the
lower rotor tip vortex wake effect on the upper rotor inflow
distribution. At this stage, the extended Stepniewski equations are
utilised in subroutine STRIP 2, to complete the calculation of the

lower rotor influence on the upper rotor.

Re-calculation of the wupper and lower rotor performances
follows until, the upper and lower rotor thrust-vortex locations are
fully converged. The final data output represents the complete

interference effects between upper and lower rotor.

6.2 The Forward Flight Facility

The pertinent features of the forward flight code are
represented by the flow chart in Figure 56. After initialising the
input parameters and selecting the type of wake required the program
commences by calling subroutine GLAUERT, to estimate an initial
value for the mean induced flow through the rotors. Directly
proceeding this calculation, the advance ratio, inflow ratio and
blade flapping coefficients up to the first harmonic are determined.
Knowing the wake step in degrees of azimuth (input parameter), the
flapping angle and the flapping rate are evaluated at each future

blade azimuth position.

The wake computations immediately follow. The rotors are
started from the rest with each blade moving through two wake
stations, trailing their corresponding tip vortex filaments (two per
blade). For the CCTR configuration, the wupper and lower rotors
rotate anticlockwise and clockwise respectively. Although started
from rest, the rotors assume the correct tip speed immediately with
the 1locations of the initial two vortex filaments per blade being
determined solely by the local freestream conditions. Thereafter,
subroutine RANKINE 1is called to establish the vortex filament
strengths which vary around the disc. If the free-wake option has
been selected, subroutine IND 1is called to evaluate the induced

velocities from all other vortex wake filaments on the end points of
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any specified wake filament. Repeated calculations are performmed
until all the interactions have been computed. The subsequent update

of filament end points is managed in subroutine POSTN.

The velocities in the x, y, z directions of the coordinate
system, shown in Figure 57, of the filament end points are assumed
constant over a time equivalent to one blade step. For the classical
wake option, these velocities ar set to the 1local freestream

conditions.

The aforementioned procedures are continued until the
predefined number of wake revolutions are completed. Wake
convergence may be checked in the interactive mode by comparing the
filament locations between completed rotor revolutions. This check
may be continued until the wuser 1is satisfied that sufficient
repeatibility has occurred, wusually after two further wake

revolutions.

Thus far, the preceeding calculations have been with respect to
the no-feathering axes with the origin located at the centre of the
upper rotor disc. Figure 56 shows the direction of the axes system.
Following computations, however, are simplified by a transfer of
axes to a set rotating with and in a specified blade, denoted by a
suffix “b” 4in Figure 56. Thereafter, RANKINE, IND, GLAUERT and
INCEPT are called to evaluate the tip vortex strengths, the vortex
induced velocity distribution along a specified blade and the
modified Glauert wvelocity through the rotors. Tangential and
perpendicular velocities to a given blade are then summed, and using
subroutine PERM, the elemental and overall blade thrust, torque and
H-force contributions are determined. The procedures are repeated
for each blade in the rotor layout. Complete rotor thrust, torque
and H-force are then output with the blades “frozen” at their
specified locations. Subsequent runs may be initialised to trim out

any rotor imbalance.

6.3 Conclusions

The development, running and debugging of program ROTOR formed
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a substantial part of the research programme. Partly for this
reason, the program was structured in a module format to allow
future wusers the option of wupdating certain features when more
infomation becomes available. Equally, other approaches could be
integrated with various routines with ROTOR, avoiding unnecessary

duplication of work.

The version of program ROTOR presented in Appendix 3 is
configured for use in the interactive mode. However, when using the
free-wake facility during a time sharing session, the run time can
be prohibative. Consequently, it is recommended that when using the
free wake facility, program ROTOR should be configured to run in

batch, avoiding this difficulty.
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7. PRELIMINARY OPTIMISATION STUDY OF A CCTRIN HOVER

7.0 Introduction

As a result of the spiralling costs of energy and the highly
competitve commercial market, the need for more efficient rotor
systems 1s becoming increasingly 1lmportant. Although gains in rotor
thrust of a few percent for a given power may at first seem trivial,
the corresponding payload increment 1is amplified. For exanmple, a
gain in payload of 20% may result if a thrust increment of only 5%
is attained for a given power. Such gains are becoming feasible with
the aid of computers in advanced blade design; and the application
of composites during manufacturing processes which allow greater
flexibility 1in blade structure with wvarying planform, twist and

aerofoil distributions.

The outcome of any optimisation study is heavily constrained by
the “specification”, defining the requirements of the helicopter.
Generally, a number of tradeoffs emerge between hover, fast forward
flight, autorotating characteristics and avoidence of blade stall on
the retreating blade and during maneuvers. Although complete
helicopter studies have been undertaken, notably by Stepneiwski
(55), considerable effort has been concentrated on main rotor

design.

For a single rotor Bingham (62) found that the initiation of
blade taper and taper ratio had a significant influence on the
efficiency of rotor in both hover and forward flight. For the hover
case, Bingham concludes that the favourable 1influences of taper
result from, 1) the increased inboard loading of the rotor which
reduces the 1induced torque and, 2) the reduction of chord in the
outboard regions decreased the profile torque. Although similar
gains could be achieved by twisting the blade (washout) in hover, it
was established that blade taper had the more beneficial effect in
forward flight. Again, the main reason proposed was the reduction in

blade profile drag as proportionately more blade area is moved
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inboard. However, it should be noted that the influence of taper and

taper ratio decreases as blade solidity increases.

Another interesting optimisation programme was undertaken (63)
to study the problems of blade wake interactions and designing a
rotor which capitalised on the findings. The outcome was the
Variable Geometry Rotor (VGR). The VGR system consisted of two
rotors turning in the same direction (corotating rotors). By varying
the vertical spacing, blade radii, collective pitch and phasing
between the two rotors, the perfomance characteristics of a wide
variety of combinations were obtained. 1Indeed, the full programme
included analytical studies and experimental investigations on model

and full-scale rotors.

The key parameter in effecting a desirable change in rotor
efficiency was the vertical rotor spacing. For an vertical rotor
spacing of two chord lengths, the hover performance was increased by
12%. At an advance ratio of 0.2, 5.06% less torque for a given
thrust was required with a 7rotor vertical spacing of one chord
length. 1Increasing the spacing had a negligible effect. Further
testing at an advance ratio of 0.3 with a rotor axial spacing of one
chord length indicated that 3.47 less torque at the same lift as the
regular rotor was required. The reason attributed to this result was
the lower induced flow through the upper rotor, especially in the
inboard regions. Both differential collective pitch and radii
reduced the forward flight perfommance for the one chord vertical

rotor spacing.

With regard to the CCTR layout very little emphasis has been
placed on optimising the rotors. An exception is the preliminary
work reported by Nagashima and Makanishi (32) on the optimisation of
a hovering CCTR and the associated wake geometry. They conclude that
for a given vertical rotor spacing, differential collective pitch
may be applied, obtaining the optimal thrust sharing ratio. This
thrust sharing ratio was found to be almost equivalent to the
contraction ratio of the upper rotor wake at the plane of the lower
rotor. However, such an optimum thrust sharing ratio would, in

general, be achieved at the expence of generating a torque imbalance
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between the two rotors and therefore of little practical value.

Jones (64), however, in a preliminary study comparing the ABC
CCTR with a conventional single rotor,for a given mission, indicated
that the ABC CCTR could operate with a smaller rotor radius and

possibly fuel load.

7.1 Single Rotor Hovering Performance

Useful 1insights 1into the effects of number of blades, blade
aspect ratio and blade solidity on the hovering performance of a
single rotor were gathered by running program ROTOR. The generated
information 1is presented in Figures 57-61. The only constraints

imposed on the data acquisition were:-

Rotor radius .76m (Mote dimension)

35m/s

Tip speed

The measure of rotor efficiency used throughout the program has been

defined as the thrust generated per unit power.

Figure 57 indicates that for the same mean 1ift coefficient (6CT
/o), the highest efficiences are obtained by keeping the number of
blades to a minimum. This is not surprising since adding blades into
a rotor system increases the disc 1loading which increases the
induced power. Equally, increasing the blade aspect ratio while
keeping the number of blades constant (Figure 58) reduces the rotor

disc loading for a given mean 1ift coefficient.

At all stages in interpreting the efficiency of a rotor system,
great caution 1is necessary. For example, it is unimportant to an
operator that a two bladed rotor is more efficient per unit 1lift
coefficient than a four bladed rotor (double solidity), if the

fomer was unable to 1lift a specified all-up-weight.

A second set of curves shows efficiency with respect to
constant blade solidity (Figure 59) and thrust coefficient (Figure
60). Figure 60 highlights the wvarlation of the number of blades
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combined with wvarying aspect ratio, to maintain a constant blade
solidity of 0.08. The graph indicates that a more efficient rotor
may be obtained for a given thrust if a large number of high aspect
ratio blades are used as opposed to a small number of low aspect

ratio blades.

Completing the overall view of the parametric trends, Figures
57 and 58 have been replotted against thrust coefficient (Figures
60-61). At low thrust coefficients; the most efficient rotor system
has the minimum number of rotor blades (lowest solidity). This
results directly from minimising the profile drag which foms a
substantial part of the total power absorbed at low thrust settings.
Increasing the thrust reduces the initial efficiency gain of a low
solidity rotor. That is, the blades in a low solidity rotor have to
operate at a greater collective pitch, increasing the induced power
of the rotor. Although a similar trend is seen with varying blade
aspect ratio (Figure 58), the potential gain is greater even for
high thrust loadings. In essence, this reflects the beneficial

effects that aspect ratio has on the resultant induced rotor power.

7.2 CCTR Hovering Perfommance

For direct comparison, Figure 62-65 are plotted with an abcissa

based on a regular Mote rotor thrust coefficient Ct

T defined as;

~ 2 2
Coy~ T/ (VR )

where,

VM = 35m/s

RM= 0.76m (maximum permissible radius)

This parameter allows absolute comparisons between a variety of
design options to be made. Figure 62 shows the effect of interrotor
spacing on the thrust per unit power generated by a CCTR. The
greatest efficiency 1s achieved when the two rotors are infinately
separated, inferring no mutual rotor interference. Effectively, the
disc area has doubled. The lower efficiency limit is reached as the

inter rotor spacing tends to zero (from practical reasoning, the
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zero vertical rotor spacing curve on Figure 62 was computed assuming
the same rotor rotational directions and therefore not technically a
CCTR). Over a wmidrange spacing, allowing for adequate blade tip
clearance, no gain 1s predicted from increasing the separation from
1072 to 20% blade radius. This result reflects the findings of the
VGR programme (63) where 1little further gain in performance was

achieved after a rotor separation of two chord lengths.

Figures 63 and 64 show the effect of reducing the upper rotor
radius, with the same RPM and tip speed between the upper and lower
rotors, respectively. A definate benefit can be seen by reducing the
upper rotor radius by a small amount (approximately on 8% reduction
with respect to the lower rotor). However, a further reduction in
the wupper rotor radius produces a degrading effect with a thrust
coefficient exceeding 0.005. This trend results from a tradeoff
between reducing the upper rotor radius and, therefore, increasing
the wupper rotor induced power, with the enhanced performance of a

larger portion o the lower rotor taking in clean air.

To verify the encouraging findings on rotor blade aspect
ratio, a second set of blades, with an aspect ratio of 19.0, were
constructed and fitted to the Mote rig. Figure 65 shows the hovering
perfomance of this CCTR (b=4, R=0.76) compared with the standard
Mote blades with an aspect ratio of 14.1. (The performance data was
averaged from five separate tests). At a thrust coefficient of
0.007, a increase in hovering efficiency of 4.0% can be seen.
Replotting the data presented in Reference (51), for two CCTRs with
equal blade radii of 3.8 metres, but differing blade aspect ratios
of 8.33 and 11.65, shows the same trend.

7.3 Conclusion and Recommendations

This 1limited study of a hovering CCTR has shown three areas
where potential gains in hovering efficiency may be obtained.
Firstly, the vertical rotor spacing has a beneficial effect on the
CCTR perfomance. Interestingly, this gain is quickly attained by
small vertical rotor spacing (< 10% rotor radius). Consequently, the

rotor spacing necessary to avoid the possibility of a mutual blade
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strike will 1invariably be sufficient to exploit this feature.
Secondly, there 1is a tradeoff between reducing the upper rotor
radius and, therefore, increasing the 1induced power, with the
benefits resulting from a larger portion of the lower rotor taking
in clean air. For the example given, an 87 reduction in upper rotor
radius produced the most promising results. Thirdly, blade aspect
ratio has a significant effect on the hovering efficiency of a CCTR
(also applies to a single rotor). The trend of increased hovering
efficiency with higher aspect ratio rotor blades has been endorsed
by experimental data. This, in part, is considered to result from a
reduction in the induced power, analogous to the reduction in
induced drag found in fixed wing operations with increasing aspect

ratio.

It is recommended that this preliminary study be continued,
using program ROTOR. Besides investigating blade twist and taper
distributions, root cut—out etc, unconventional CCTR layouts should
be explored. That 1is, differing rotor radii, number of blades and
RPMs should be investigated, not only with the view of increased
perfomance, but perhaps with the aim of minimising the overall
helicopter vibration 1levels. This, of course, will have to be
investigated over the complete flight envelope of the CCTR, as

undoubtedly trade offs will emerge.
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8. CONCLUSIONS

8.0 Conclusions

At the inception of the research work, the appropriate
literature was surveryed to obtain a suitable wake theory which
would adequately model the flow through a Coaxial Contratrotating
Twin Rotor (CCTR). Initially, the large variety of single rotor wake
models were investigated. This investigation, although producing the
various advantages of momentum and vortex approaches, indicated that
a more indepth understanding of wake generated flows was essential.
One fundamental area where a lack of information was reported (14,
43, 44) was the characteristics of the helicopter tip vortex, namely
vortex strength, and structure. Bearing this fact 1in mind, the
available CCTR models were examined to determine their suitability.
In general, the CCTR models investigated as presented in Chater 4,
were greatly simplified and did not satisfactorily allow for the
effect of one rotor on another. Equally, all the CCTR models

contained the same single rotor wake assumptions.

It was therefore considered necessary in developing a suitable

CCTR wake model that:-

1) The experienced gained from single rotor modelling techniques,
and the 1limitations thereof, would be used as guidance in the

development of a CCTR model.

2) Fundamental weaknesses, namely the understanding of tip vortex

characteristics would be improved apon.

Consequently, 1in developing a CCTR model, considerable effort
was expanded on single rotor concepts and tip vortex experimental
and theoretical considerations. The results of this work, in part,
generated a frame-work in which a CCTR model was developed. However,
the findings are also applicable to single rotor wake modelling

which for completeness have been reported herein.
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The tip vortex 1literature survey presented in Chapter 3,
highlighted possible areas where traditional modelling techniques
are 1limited. The results of the survey indicated that although a
large amount of experimental data was available, very little
cross—correlation had been done. To overcome this limitation, the
vortex data was condensed and used to establish a better
understanding of the tip vortex. Initially, only the vortex “solid
body” rotational core was studied in detail. As a result, two
equations were developed defining the vortex core radius and
associated tangential velocity (Equations 3.5 and 3.6). It was found
that, for example, a high aspect ratio rotor blade generated a
comparatively weaker tip vortex core than a lower aspect ratio rotor
blade. Equally, the vortex core radius, as it departs from the
trailing edge of the blade, was found to be the order of the
turbulent boundary layer thickness. This result was in conflict with
many typical suppositions used in a variety of wake models. For
example, although the actual vortex core radius could be as small as
2% blade chord, typical analyses often use anything between 0.5%
(31) to 2.5% (14,32) blade radius to define the vortex core radius.

Further research on the complete structure of a rolled-up tip
vortex highlighted more ambiguities in the literature. Although to a
good approximation, the complete vortex structure may be considered
analogous to the structure of the turbulent boundary layer (33), the
coefficients 1in the describing equations (see Equations 3.9 - 3.11)
cannot be considered universal, as it is sometimes suggested (34).
To ascertaln a good description of the structure of a tip vortex
from a wvariety of rotor blades, a theoretical model was developed.
The theoretical procedures and solution are described in Section 3.4
and Appendix 1 respectively, and compared with experimental data in
Figure 13 and 14 where excellent agreement was found. Unlike the
turbulent boundary layer solution however, where the outer limit of
the 1layer 1s defined where the velocity approaches 997% of the free
stream value, the outer radius of a vortex may not always be defined
where the vortex strength approaches 997 of the maximum bound
circulation on the blade. This feature was reported by Cook (28),
who found that the tip vortex strengths shed from a rotor blade with

an aspect ratio of 20.5 was, in general, less than half the expected
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value. Indeed, for the vortex data reported by Cook (i.e. from a
high aspect ratio rotor blade), Equations 3.9 and 3.10 were found
adequate to described the resultant vortex structure (i.e. 1ignoring
the defect region) once the finalised vortex strength was known (see

Figure 19).

Lastly, Section 3.5 of Chapter 3 has identified that the large
strength (circulation) decay sometimes assumed in wake modelling,
may be a gross misrepresentation of what actually happens. Rotor tip
vortex “decay” 1is, infact, often associated with a vortex core
expansion. It was shown 1in section 3.5 that this can take place
when either a vortex-vortex Iinteraction occurs or when the vortex
axial velocity diminishes. Consequently, the associated velocity
field of a expanding vortex core is, for points contalned in the
core, diminishing. The core>strength, however, may not have changed
by a significant amount. An example of this type of decay is given

in Figure 7.

The difficulty in developing a suitable CCTR hover model is
determining the correct tradeoff between avoiding wunnecessary
complicated computation without loosing a full description of the
interference effects between the two rotors. Furthemore, increasing
the complication of a theoretical model does not necessarily

guarantee better predictive accuracy (50).

Chapter 4 presents a survey of a wide variety of wake modelling
techniques. In essence, momentum approaches offer. simplicity in
application with a low computational time, while vortex theories can
be most readily applied to compute temporal variations in the flow,
and become 1mportant when estimating the influence of one blade or
rotor on another. To exploit the advantages of each, a method was
developed which combined the vortex  momentum and blade element

theories into one approach.

The well known strip theory (15), which uses blade element and
momentum theories to yield an 1initial estimate of the induced
downwash at the blade element 1is still widely used. 1Its major

limtiations, however, are the arbitrary application of a tip loss
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factor to enhance the rotor perfomance prediction, and the poor
physical representation of the rotor blade airloads. The tip loss,
infact, results from a finite radius rotor system, which allows air
to flow around the 1lower surface of the blade to the upper blade
surface, creating a tip vortex. It 1s argued in section 4.2 of
Chapter 4, that the “tip loss” may be more accurately described by
the 1lift impaimment resulting from the total tip vortex wake(s)
induced velocities over the complete blade. Now for hover, by
definition, the vertical climb velocity in the strip equation (4.1),
is exactly =zero. However, the developed theory suggests that each
blade element perceives an additional induced velocity due to the
tip vortex wake, which may be interpreted as a local climb velocity.
That 1is, the total tip vortex induced velocity calculated at each
elemental annular ring, replaces the global vertical climb velocity
in the strip equation (Equation 4.1), modifying the resultant strip
induced velocity. The resultant additional loss of angle of attack
at each blade element reflects the losses associated with a finite
radius rotor system, replacing the arbitary application of the tip
loss factor. Based on this method, Stepniewski”s (2) simple model of
a CCTR was greatly extended to include the effects of the tip vortex

wake and wake contraction.

The resultant CCTR hover model named Vortex-Strip theory, was
applied to both model and full-scale rotors (see Chapter 4), with
different tip speeds, rotor radii, number of blades and blade aspect
ratios, 1ncluding blade twist and taper, Overall, the full
interference effects between the two rotors was found to be well
predicted and produced a much more representative blade loading
prediction, especially 1in the tip region (see Figure 27 and 28).
Equally, single rotor blade loading and performance prediction,

using Vortex-Strip theory, was also very encouraging.

This approach, combined with the aforementioned vortex
equations, implies the tip loss, for example, is strongly related to
the blade aspect ratio. Interestingly, even the most current
analyses (61) encounter substantial difficulties in predicting the
perfomance and blade loading distributions of different aspect

ratio single rotor systems. Kawachi (61), found that by entering the
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actual blade pitch into a variety of rotor wake computer programs,
produced a gross over prediction of the blade loading for a rotor
with a blade aspect ratio of 6.54. The presented Vortex~Strip theory
however, wusing equations (3.5) and (3.6), suggest that for such a
low aspect ratio rotor blade, the tip vortex core strength would be

high, tending to produce substantial rotor losses.

The Vortex~Strip theory was also used to compare the Mote CCTR
with an equivalent single rotor. The 1latter being defined by
collapsing the two rotor systems into one plane and spacing the
blades equally around the disc. It was found that for a given
thrust, the CCTR 1is approxiamtely 5% more efficient than the

equivalent single rotor and is considered to result from :-

1) The contraction of the upper wake of a CCTR allows clean air
with a slight wupwash to be taken by the outboard sections of
the 1lower rotor. Consequently, the effective rotor disc area
has 1increased with a corresponding reduction in the induced

power,

2) The vertical CCTR rotor spacing effectively reduces the
severity of the total vortex induced velocity, especially on

the upper rotor.

Using similar principles to those developed for the hover
theory, a forward flight hybrid model was developed, and 1is
presented in Chapter 5. Combining Glauert”s approximate forward
flight equations with an allowance for the tip vortex wake (named
the Vortex~Glauert approach), the resultant model was applied to
both single rotor aund CCTR systems. The model incorporated a
facility to allow the tip vortices to either modify the wake limits
{free-wake), or remain prescribed. The formmer was considered
essential from the experienced gained with single rotor modelling
techniques (14), to adequately described the flow pattern during low
advanced ratio conditions. Since only very limited published data is
available on CCTR aerodynamic characteristics in forward flight, the
model was initially developed and tested on comprehensive full scale

single H34 rotor data (57). The condition investigated was a low
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advance ratio case of 0.03, with blade loading predictions at 0, 90,
180 and 270 degrees of azimuth. The most reasonable agreement ensued
when the finalised tip vortex strengths, used in the fully rolled-up
tip vortex equations were set to a local mean blade circulation, as
suggested by the full-scale ABC hover findings, and results reported
by Cook. Moreover, using this condition to predict the inflow
distribution through the ABC rotor system, for an advance ratio of
0.067, produced very promising results. Figure 51 shows the high
values of inflow which are generated over the rear portion of lower

rotor of an ABC CCTR when operating at this low advance ratio.

Using the classical wake option in program ROTOR, the
theoretical perfomance predictions were compared withexperimental
results for varying advance ratios with a constant thrust
coefficient of 0.006, and varying rotor collective pitch with a
constant advance ratio of 0.174 (Figure 52 and 53). The agreement in

these ranges was found to be good through out.

During the verification and testing of the presented helicopter
rotor wake models an extensive computational code was developed.
Indeed, the construction, running and “de-bugging” of the final
program ROTOR formed a substantial portion of the research
programme. The program refinements include a well defined input
procedure with the option to run interactively, combined with a set
of codes written for the general case. This feature allows an
operator 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 hinge offset. Equally, the
program has been constructed around a modular fomat, making future
improvements and modification less time consuming. It is envisaged
that the developed code will continue to be used as a research and
development tool. The wide application of the program is reflected
in the variation in runtimes, from a few seconds for a single rotor
hovering condition, to many hundred of seconds for a fully converged

solution of a free—wake CCTR computation.

The favourable finding of improved hovering perfommance of a

CCTR when compared with a single rotor, prompted a preliminary
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optimisation study of a hoverling CCTR. The results of this study,
presented 1in Chapter 7, indicate three factors which enhance the

CCTIR hovering performance, namely:-

1) Vertical CCTR rotor spacing. The practical optimal gain in

hovering efficiency is quickly attained for a small vertical

rotor spacing (<10% blade radius). Thereafter no further gain

results.

2) A reduction in the upper rotor radius. There is a trade off
between the increase in induced power of the upper rotor with a
reduction in the wupper rotor radius, and the enhanced
performance of the lower rotor as proportionately more disc is
exposed to clean air. For the example shown in Chapter 7, the
most promising results were obtained for an 8% reduction in

upper rotor radius.

3) Increasing the blade aspect ratio. Both theoretical and
experimental findings indicate that an increase in hovering
efficiency may be obtained with high aspect ratio rotor blades.
For a thrust coefficient of 0.007, the standard Mote, with a
blade aspect ratio of 14.1 was compared with the perfomance of
a CCTR, with the same rotor radius of 0.76 metres, but with
higher aspect ratio rotor blades of 19.C. At this thrust
coefficient an increase 1in hovering efficiency of 47 was

recorded by the higher aspect ratio CCTR.

Although condition 3) 1is equally applicable to the single
rotor, and condition l) is generally built into a CCTR to avoid any
possibility of a blade tip strike btween rotors, condition 2)
represents a further modification to a CCTR, increasing its hovering
efficiency over the equivalent single rotor. For example taking a
thrust coefficient of 0.006, and combining conditions 1) and 2)
above 1in a CCTR design, a potential gain in the CCTR hovering
perfomance over a equivalent single rotor of 9% is predicted; and
this 1s neglecting the further power absorbed by the tail rotor in

the single rotor configuration.
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8.1 Recommendations for Further Work

The developed forward flight and hovering theories, combined
with the tip vortex modelling equations presented in Chapter 3, have
shown considerable promise for both single rotor and CCTR
configurations. The vortex analysis and modelling equations are
based on a wide collection of experimental data. Not only do these
equations help describe some of the difficulties encountered by
other modelling techniques, but may be readily adapted, if
necessary, for other applications in “stand alone” vortex models.
Further work is required however, to enhance the understanding of
the finalised tip vortex strength and the conditions which effect

it.

The 1increased hovering perfommance which may be achieved for a
given rotor plan area demonstrates a significant advantage of the
CCTR over the single rotor. As indicated in Chapter 7, further gains
in efficiency are possible, and suggestions are made to investigate
unconventional CCTR rotor layouts with different rotor radii, blades
number, rotor RPM etc between rotors. This programme of work
may be undertaken using program ROTOR  without any further

modification being necessary.

Equally, the full flight enveloped of a CCTIR may be further explored
with program ROTOR. For example, although the increased hub drag of
the CCTR layout 1s often cited as a major drawback to its forward
flight performance, this alone should not prevent active research in
this area. Afterall, the Russians have successfully developed both
milatary and civil CCTR variants which have continued to be a
popular option. This fact, coupled with the encouraging findings
reported herein, present an alternative rotor layout which has yet

to be fully exploited by the Western World.
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APPENDIX 1

Al.0  Solution of the Vortex Turbulent Boundary Layer Analogy

Energy Equation

The following solution, relevant to section 3.4 in the main text, is

derived from a postulated work/energy theorem. That is, the work done

by the blade in creating a trailing tip vortex is considered equal
to the rotational kinetic energy within the vortex. Now, the

elemental rotational kinetic energy de, of an air particle of méass
dm, angular velocity w and at a radial distance r from the axis

of rotation is given by:

de =% ()’ dm (AL.1)
where,

w = K/2mr? (A1.2)

dm = p27rdr (Al.3)

whence the energy per unit length de, becomes;

de

]

2
(p/4m) { X" /o)dr (Al.4)
For the vortex core region,
K/T = A(r/e)? (A1.5) Osrer
max

Substituting (Al.5) into (Al.4) yields a vortex core energy EC of:

Le
2 2 4 3
HC = (p Fmax AT/ (4re ) | r” dr (Al1.6)
)
o= 1t A% Y cene®
c max d

Al.1




For the vortex logarithmic region,

K/T = Bln(r/c) + C (A1.7) r £r¢

of:

2 rl 1 2
By = (p T, /4m) J — (Bln(r/e) + C)7 dr
r
C
51
2 2 91 3 2 2 2
Ep o= (T /4™ B" |5 In'r = In"rlpc + larln"c) + BC(In'r - 2laprinc
r
c
2
+ C lnr (A1.8)

For the vortex defect region

K/Thax = 1 — exp((Dr/c) + E) (A1.9) r.<rs<r

Substituting (Al.9) into (Al.4) yields a vortex defect energy E of:

d

.

) [0)
E, = (oI‘2 /4m) J L (1 - exp((Dr/c) +E))2 dr (A1.10)

d max r p ’ .

T

Now
Y r

o 0
f -% (1 - exp((Dr/c) + E))zdf = ( % (1 - 2exp((Dr/c) + g) + exp2((pr/c)

Ty il
+ E))dr
(A1.1D)
where, T r
O 1 O
f ‘"1*: dr = Inr (:\l . 12)
ry ry

Al.

™~




and
r r

o o
—J (2exp(pr/c + g)/r)dr = - 2exp(E) j (exp(pr/c)/r)dr (A1.13)
r

r

1 1

similarly,

r r

o o
J (exp2(p r/c + E)/r)dr = exp(2E) { (exp2(pr/c) /r)dr (Al.14)
1 ;1

Integrals (Al.13) and (Al.14) are solved using the expansion

2 3 m )
ax B ax (ax) (ax) (ax)
J(e /x)dx = (1“X M TS S v L R ot - J (A1.15)

Whence, using (A1.12-A1.15) and substituting into (Al.10) yields:

T
(8]
E. = ( FZ /4 1 p (2 1 If 5 m/ ' }
a - Pk ) nr + exp(2E)|lnr + L (2pr/¢) (mm_))1
1
m
- ZeXP(E){lnr + ) (Dr/c)m/(mxm!)} (Al1.16)
1

The total rotational vortex energy per unit length E, is given by

Ev - Ec * E1 * Ed

where EC El and Ed are computed from equations (Al.6) (Al.8) and (Al.16)

respectively.

Al.3




APPENDIX 2

A2 0O (o P - o
A2.0 Salient Hover Equations

The axes system used throughout are given in Figure 56. However,
exceptions to this axes set are the downwash velocity VC, and

vortex induced 'apparent vertical ascent' velocity v,» where a
positive magnitude indicates flow passing down through the rotor.
Blade numbering commences with blade 1 located in the upper rotor

at zero degrees of azimuth, blade 2, 3 etcfdlowing in an anticlockwise
manner until the number of upper rotor blades have been reached.
Therefore, the next blade number (bu + 1) refers to a specified

lower rotor blade with remaining blades being indentified in a

clockwise manner,

Using the well known strip equation ( 15) on initial estimate of the

induced flow through the upper rotor is given by,

23

v 0_awR 2(Brw - V)
= =< 4 L -1 + 1 + <
im 2 16 4v o _awR
_._._C.... + V + r I
OrwaR c 16

where initially VC = 0.

Blade elemental thrust is computed at 14 separate station points of

elemental span dr, where

dr = .1R r £ 0.9R (9 inboard station points) (A2.2)

dr = .02R  0.9R < r € R (5 tip station points) (A2.3)

and elemental thrust dT,




dT = % P Vzclc cosd dr (A2.4)
v = VT
c. = a (B8 - &) L (A7 53
1 \ L 2 \ixdn Iy
VY1 -M
Vi + Vy
¢ = ——— (A2.6)
wr

(again Vv initially being O0)

Total thrust T, is then evaluated,

1
T = bx ) dT (A2.7)

and corrected using a tip loss factor of,
B=1-V 2.OCT/b (A2.8)

to yield an initial estimate of the thrust coefficient.

_ 2 2
CT = T/p VT 2TR (A2.9)
Thereafter, Landgrebe (31) prescribed wake coefficients a;s a, and ag

are used to determine the tip vortex paths,

a; = -0.25 (CT/G) (A2.10)
a, = ~1.41 v CT/2 (A2.11)
ag = 0.145 + (27 * CT) (A2.12)

yielding vertical =z and radial r coordinates of the tip vortex limits

v
via,
z = a,wt wt < 21/b (A2.13)
\Y% 1
z, = a12ﬂ/b + a9(wt - 21/b) wt 3 27/b (A2.1H)
r, = 0.78 + 0.22 exp(—a3wt) (A2.153)




The upper rotor is then stepped around the disc by predefined azinuth
steps Ay, producing straight line vortex filaments lying on the

paths described by equations A3.13 - A3.15.

On reaching the required number of rotor revolutions, the apparent

vertical ascent velocity Vv’ from the upper rotor wake is computed
using equation A2.38. Thereafter, the aforementioned procedures are
repeated with V. =v and continue with an initial estimate of the

v
upper rotor performance via

Elemented induced drag dDi = dL sind (A2.16)
Elemented profile d o =+pvlc cd
emented profile drag Dp 5 P gocdr
where Cd = 0.0087 - 0.0216 o_ + 0.400 o 2 (A2.17)
o r r

Total blade thrust T 1is given by

m=14 14 )
T = b | ) dLcosp + ] dp, sing (A2.18)
m=1 m=1 J

and rotor torque Q by

14
Q = b mgl de cosd r_ + } dL sing r 1 (A2.19)
- J

The procedures are repeated as described in Chapter 4, 4.3 with the

inclusion of interference effects , evaluating thrust and torque on
the lower and upper rotors until convergence has been achieved. The
final inflow, computations use the extended Stepnewskil equation 4.13,

given in Chapter 4.

A2.3




A2.1 Salient Forward Flight Equations

As with the previous section, the following equations are presented
for the general case and only were necessary are the computational
differences between the upper and lower rotors highlighted. Resulting
from the opposite rotations of the two rotors in the CCTR, sign changes
can occur. These changes are shown by (&) where the top and bottom
signs refer to upper and lower rotors respectively. A single sign
indicates no change occurs when transferring from one rotor to the

other.
Glauerts approximation for the mean induced downwash Gi vields

Tri = T/ (2pAV") (A2.20)

where V' = /v 4 v, VV)Z (42.21)

whence substituting (A2.21) into (A2.20) yields

—4  A—3 2 2 2 2
v+ Ny + v, {V + v, ] - [Tz/(AQzA )} =0 (A2.22)

The quartic equation in V; is solved by using a NAG computer library

routine named COZAEF.

Initial condition are set by

T = (8/3 + ul/2 + A/z)%p abe Q2R3 (A2.23)

and defining

advance ratio U = Vcosa/OR (A2.24)

inflow ratio XA = (Vsino + v, ~ vi)/ R (A2.25)

Subsequent Vi computations are performed throughout the program when the

tip vortex wake effects are known.




Using the initial estimates of ;; , A and | the source program computes
the flapping characteristics of the blades around the disc. Using the
coordinate system shown in Figure 56, where the top and bottom rotors
have positive and negative rotations respectively. Simple flapping

theory (1) yields,

B = a ~ a, cosy +b

o 1 siny (A2.26)

1

dg /de = Q(+ ay sin) - b, cosy) (A2.27)

1
where the flapping coefficients are given by equations (5.10) - (5.12),

presented in Chapter 5.

The rotors are stepped around the disc with the trailing tip vortex
filaments coordinates being generated with respect to the no-feathering
axes, the origin of which is located at the centre of the upper rotor.

Two options are possible for computing the vortex filament positions.

1) Classical Wake

The velocity and subsequent position of the jth vortex filament station
from the kth blade is given by the local flow conditions without

considering the interactions between filaments, namely.

X, = - snul)k cosBk (A2.28)
j=1
Yy, + coswk cosBk (A2.29)
j=1
z, = sinSk (A2.30)
3=1
for k > bu > 2, = 51n8k_— (d/R)
j=1
where v_. = 0.0 (A2.31)
vy =V cosa (A2.32)
V =V sina - v. (A2.33)
z i




Subsequent ]

filament positions are computed for k blades via.

k=b +b k=b +b .
u b m u j=m j=m
) 2ox, = ) Lox, + 1 v, bty (A2.34)
k=1 i= k=1 [j=2 'j=1 =z 5j-1 )
where At = éﬁ (A2.35)
(similar summations for Yy and zv)

2)

Free—-wake

Using this facility, the interaction between the vortex filaments is

computed using the Biot-Savart Law.

subroutine IND, with suffixes a b

filaments end

V. =&
vX

v, o= %
vy

v =%
vz -

The salient equations used in
and p representing the vortex
points (a,b) and a general point (p) respectively:-

K C

o

4m

R (M e




(AP + BP)/((AP x BP)R((AP x BP + I + J + K) (A2.39)

where, C

and, I = (xp - xa)(xp - xb) (A2.40)
J = (pp - Ya)("p - "b> (A2.41)
K = (zp - za)(zp - zb) (A2.42)
For the Rankine vortex, the strength K 1is given by:-
2m
K = % g cosa ds (A2.43)
0
where for the vortex core q = VS , ds = rcda
yielding KC = 27 VS r, (A2.44)
From Chapter 3, VS and r. are given by:-
Vs = V% (1.0 + 6.6/Ar) 2.64 x 1O~26 (6 in degrees) (A2.45)
_ -0.2 '
r, = 1.2Re Vsc/VT (A2.46)
] . .
where VT is the local tip speed given by;
' I3
A = QR + Vsiny (A2.47)

T

Note that for the forward flight case the strength of the vortex filaments
vary around the disc. For computational purposes the average strength
between the two filament end points is set equal to the strength of the
filament. The velocity induced on the jth station on the kth vortex
helix is given by:-

1=b +b1 m=n-—1

vX.

where n = number of stations per helix,

A2.7




When k =1, V , Vv , V =0

Similarly for V and V_ .
vy v
Further

v, = ’GI (1 + 1t cosi) (A2.49)

where V. = v, v ) (A2.50)

i i vz T=0
The wake is continually stepped around the disc until the desired number
of stations have been reached for the classical wake, or until wake
convergence is satisfied for the free-wake. The user of the program
ROTOR may determine wake convergence by either comparing filament
locations for consecative revolutions of the disc, or by comparing
the tip vortex induced velocity distribution for various blade locations.
To compute the tip vortex induced values along the blade, a transfer
of axes from the no feathering plane to axes inserting in and rotating

with a given blade, is performed.

The transformation is given by

Xy = Xop cosy + Yof siny (A2.51)
Yy = (ynf cosy - X ¢ siny) cos3 + z ¢ sinR (A2.52)
Zy = 2. cosf - (ynf cosy - X ¢ siny) sinf (A2.53)
(if k> b, 2 p = Zo¢ ¥ d/R)
Using coordinate system (xb » Yy Zb),
v =V (A2.54

A2.8




The total velocities at any blade element radial station r 1is

given by:-
Upper rotor

Perpendicular blade velocity Up’

S dR .
= (V - v, - r == - ) ‘
Upu (V sina vlu)COSS r it V cosd cosy sinB + VVZ (A2.55)
Tangential blade velocity U,
U = Or + V cosa siny (A2.56)

tu

For the lower rotor immersed in the upper rotor wake

= 1 — - .d.@..— 5 1 7
Upl = (V sino 2viu) cosB r 37 V cosa cosy sin3 + ‘vz (A2.57)

Utl = Qr + V cosa siny (A2.58)

For the sections of the lower rotor taking in clear air,

- o - 3 - . 48 _ b osin
Upl = (V sina Vil)COS3 Ly V coso cosy sin3 + sz (A2.59)

At each blade station, the blade lift, drag and H-force is computed via:-

Elemental 1lift dl = % o] U2 ¢y Ar (A2.60)
= ‘)

where cq a(f + (Up/Ur)) (A2.61)

Elemental induced drag dDi = dL sind (A2.62)

Elemental profile drag dD_ = 1 pcU ¢, Ar (A2.63)

p 2 do

5

where c = 0.0087 - 0.0216 a_ + 0.400 o ~ (A2.64)
do T r

FElemental drag dD = de + dD. (A2.65)




Elemental H-force dH,
dH = (decos® - dL sin¢)siny —(dL cos¢ + dD sin¢) sinf cosy

Total blade thrust T, is given by

,

cosh
m L

m=14 m=14 )
1 m=1

X dL cosd + ) de sing
\m=

and blade torque Qb by

14 m=14 )
dD  cos¢ - Z dL sing ’
1 p m=1

m

fl o~ 1

p
Qb = r cosfB !
| m

(A2.66)

(A2.67)

(A2.68)

Total rotor thrust T, torque Q, power P and BH-force H is given by:-

b +b
u 1
T = ) T
p=y P
b +b
u
Q = } Q
b1 D
P = Qx8
bu+b1
H = ) H
p=1 ©

A2.10

(A2.69)

(A2.70)

(A2.71)

(A2.72)




APPENDIX 3

3.0 Input procedure

R B e P I N S S T e R D D e b o AT DR S B B e S
i A A o A A L A R A A A A A i A A P A (i s

.

®

e

PROGRAM ROTOR *

*”
e

7 e 7 5 T T A o e o o e o e e o el o el e o e e e e o o s o o

THE PROGRAM CALCULATES THE HOVER AND FORWARD FLIGHT
PERFORMANCE OF EITHER A SINGLE OR TWIN COAXIAL ROTOR
LAYOUT. BEFORE RUNNING THE PROGRAM A NUMBER OF
QUESTIONS ARE FIRST POSED. TO ANSWER EITHER INPUT A

Y FOR YES OR AN N FOR NO,FOLLOWED BY THE REQUESTED
DATA.

#wskik INPUT ALL LENGTHS IN METRES sk

DO YOU REQUIRE THE PERFORMANCE OF A SINGLE ROTOR?

/-N

THE TWO ROTORS IN A TWIN CONFIGURATION ARE LABELLED
UPPER AND LOWER ROTOR RESPECTIVELY.

fkdkk® ALL, PROCEEDING INPUTS ARE FOR THE UPPER ROTOR
UNLESS OTHERWISE STATED. sk

INPUT NUMBER OF BLADES

/=2.0

INPUT ROTOR RADIUS

/=0.76

ARE THE BLADES TAPERED?

/=Y

EACH BLADE IS DIVIDED UP INTO ¢ INBOARD ELEMENTS AND 5
TIP ELEMENTS.EACH INBOARD ELEMENT SPANS 0.1R,STARTING
AT THE ROOT.EACH TIP ELEMENT SPANS 0.02R,STARTING AT
0.9R.INPUT THE MIDPOINT CHORD OF EACH ELEMENT STARTING
AT THE ROOT END.(14 CHORDS IN ALL)

I.E. THE CHORD AT 0.05R,0.15R...... 0.85R,0.91R,0.93R

/-0.12 0.11 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.038 0.036
/=0.034 0.032 0.03




Input procedure continued

ARE THE BLADES TWISTED?

/=Y

INPUT EACH MIDPOINT BLADE ELEMENT PITCH,STARTING
AT THE ROOT END. (14 PITCHES IN ALL)

/=12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.8 3.6 3.4
/-3.2 3.0

INPUT ROTOR RPM

/=440.0

INPUT MASS OF BLADE IN KG

/-1.5

DO YOU REQUIRE A FORWARD FLIGHT COMPUTATION?

/=Y

INPUT FORWARD FLIGHT VEL IN M/S

/=5.0

INPUT ROTOR SHAFT ANGLE OF ATTACK,ALPHA,IN DEGS
/==3.0

DO YOU WANT TO INCLUDE VORTEX ROLL-UP?

/=Y

HOW MANY WAKE REVOLUTIONS DO YOU REQUIRE?

INPUT AN INTEGER:

/-2

INPUT FILAMENT INCREMENT (INTEGER) IN DEGS OF AZIMUTH
/=20

%ok ALL PROCEEDING INPUTS ARE FOR THE LOWER ROTOR *#*s%ikx
INPUT NUMBER OF ROTOR BLADES

/-2.0

INPUT ROTOR RADIUS

/-0.76

ARE THE BLADES TAPERED

/=N

INPUT BLADE CHORD

/-0.054

ARE THE BLADES TWISTED?

/-N




Input procedure continued

INPUT BLADE PITCH IN DEGREES

/=7.5

INPUT ROTOR RPM

/=440.0

INPUT MASS OF BLADE 1IN KG

/=1.35

INPUT VERTICAL SEPARATION BETWEEN ROTORS

/-0.196
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11
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14
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1y

21
e
%
4
25
26
27
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31
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34
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e

3g
19
e
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4
43
XA
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Hhé
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51
52
53
54
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NUMBEP

3.1 Program ROTOR listing

FORTKAN TEXT

~

REAL MASSU,MASSL,MuUl MUL ,LANDAU ,LANDAL ,LOCKU,LOCKL MU

REAL KC, KL, KU, MACKNO , MACHNOU,MACHNOL, KU, KLOW

REAL LANDIU,LANDIL

INTEGER YES,TOTALSTP,DELTAZIM

LIMENSION KF(43),HFORCEC(LD) KFORCEU(4LD) ,HFORCEL(4()

DIMENSION XPT(4LD), YPT(LO),2INCI00,20),YINCI0D,20),210000)

DIMENSION Y1 (100),21FC100),YIFC100),viOM(40), VFLAR(LD)

LDIMENSION THRUSTU(CGH) ,TGRGUEU(SLD) , THRUSTL (40D ,TORQUEL(4D)

DIFMENSION XFVT(100,20) ,YFvT(100,20),2FVvT(100,20),2FVv1(100,20)

DIMENSION THETAR(4(),CHORDR () ,8SR(40)

DIMENSION VELFV(100,20), VELFVT(100,20),THIC4L0) ,UTI(40), THRUST(LC)
CLUPCILL,2M ,UT(100,20) ,TORGUE(SLU) , TH(LO) ,TOR(4D) ,RADB(4D)

DIMENSION XFVNEW(I1G0,20) ,YFYNEW(100,20),2FVNEW(100,20
DIMEWSION XVEL(1CU,26,20),YVEL(IND,2:5,20),ZVvEL(1CC,20,20)

DIMENSION CIRV(I0u,20

OIMELSIGON TIMEC2Q) ,RAD(Z20) ,,EPSI(IIL,20) ,BETACIOU,20)

DIMENSIGON UBRETACICU,23) ,XFV(133,20),YFV(100,20),2Fv (100,20

DIMENSION XVELT(I00,20) ,YVELT(13U0G,2D0),7VELT(100,20)

DIVENSION THETAL(40),CHL(40) ,VINUC4LD) ,VECHUL(L0) ,XLDUCAD)

DIMENSION YLDUCLD) ,ZLbUCSY) ,VECUL(A0) ,VIL(4AG),THLUCLAD)

DIMENSION ®SLC40),xVvL(100,20),YVvLL100,20),2VvL(100,20),vVvUL(100,20)

DIMENSION CIRL(1CU,20) ,VECL(&40), vWL(100,20),VITL(L0), THLU4AD)
DIMENSLION XVU(102,20),YVUC100,2C),2VU(100,20),VVvUu(100,20)

DIMENSION CIIUCI0L,20),CUC4L0), BSUCAD) XPL4U) ,YP(LL)
DIMENSION ZP(4C),VECUCLT) ,VIUCLD) , THETAUCL0) ,VIT(4u) ,THU(LD)
DIMENSION TORL(GD) ,TREO(LL) ,TORUCSLD) ,NO(T) ,TOT (40D

DIMENSION RC1(2000),RCD1(200M

DIMENSION RCUCZOCO),RCODUCRCUDOY,RCL(2I0G),RCDLC2ULT)
bIMENSION VORTEXA(100,20),VORTEXB(100,20),VORTEXC(1GC,20)
C,VGVTEXD(1CU,ZG),VORTEXE(100,20),VORTEXKC(100,20)
C,VORTEXKL(150,20),VORTEXKO(100,20),VORTEXRC(100,20)
C,VORTEXRLCILD,20),VORTEXRO(CIDC,2W)
C,xvVULT(10C,20),YVvLI(IGD,20),2vi 1 (1300,20),vVvLUQI0L, 2¢) ,vViI(LD)
CLVECUTICAT) ,VIULICL) ,vITI(4C), TRUI(LD),TORUI(GD)

COMMON/BLZ2/ A1 ,A2,A3

COMMON/BLS/ W, ALPHA,V

COMMON/ELS/ VA,VB,VC,VD,VE

COMMON/BL21/7 TOTALSTP, NFILASTF

COMMON/BLZ2/ BHET,AIM,SIGN

CUMMON/BLZSY VvSCOU,RCU

CALL ICLYMEMASK(64,1)

DAT A A/S-?.l/,hTYPV/G/

DATA NOZAWN/ ,M7/1nN/

DATA YES/IRY/

DATA VIS,RUE ,PI/1.,6455E=-5,1.225,2%.14615%927/

DavTA NIV

DATAR EBU/IN.SI 8 L/0.5/

WPITE(L,S)

FORMAT(?® REAR AR AR S AR AN RN PR RN g r R R Ak wew®)
WRITE(6,6)
FORMAT(® * **)
WRITE(H,7)
FORMATC(® * PROGRAM ROTOR %)

WRITE(6,6)
WRITE(H,S)
WRITE(S,10)
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139
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FORTRAN TEXT

1

"

L

—
¥y

21
29
54

23
55
70

75

<0

’5

100

1068

1a6

"o

FUKRMAT(/,"THE PROGFRAM CALCULATES THE hWOVER AND FOVWARD FLIGHT'")
wRITE(6,11)

FORMAT('PERFOKYANCE OF EITHEKR A SINGLE OF TwiN COAXIAL ROTOK®)
WRITE(H,19)

FORMAT('LAYOUT FEFORE SUNNING THE PROGRAM ROTOR A NUMBER OF*)
WRITE(&,128)

FORMAT(®WUESTIONS ARE FIRST POSED.TO ANSWER EITHER INPUT A ¥*)
WRITE(6,20)

FORMAT('FOK YES OR AN N FOP NO,FOLLUWED RY THE KEGUESTED DATA.
")

WRITE(L,21)

FORMAT(/ " +=xINPUT ALL LENGTHS In METHESH**«'/)

wRITE (6,30)

FORMAT(//®"0C YOU KEGUIRE THE PERFORMANCE OF 8 SIHNGLE ROTOR?.,')
READ(S,35) M1

FQPVAT;1AL)

TF(mY Q@ L,YES) CGOTO 65

WRITE(H,S0L)

FORMAT(*THE Tw(O RUTORS IN A TWIN CONFIGURATION ARE LABELLED')
WRITE(H,52)

FOURNMAT('UPPER ROTOR AND LOWER ROTUR,')

WRITE(6,55)

FORMAT(®*THRE UFPPER ROTOKR CENTRE 15 ALWAYS SITUARTED AT THE®)
WkITE (0,50

FORMAT('REFERENCE AXES ORICGIN')

WRITE(S,60)

FORMAT(/*+xx ALL PROCEEDING INPUTS ARE FOR THE UPPER ROTOR")
WHRITE(H,63)

FORMAT('UNLESS OTHERWISE STATED ###°/)

WRITE(6,70)

FORMAT('INPUT NUMBER OF ROTOR BLADOES'")

READ(S,*x)RUY

IF(®1 ,EQ.YES) NOBLADES=IFIX(BU+(0.2)

NBU=IFIX(EU+(.2)

WRITE(6,75)

FORMAT(*INPUT FOTUR RADIUS')

READ(S,*)RY

WRITE(H,ED)

FORMAT(®*ARE THE BLADES TAPERED?.")

READ(S,35)»2

1F(M2 ,EQ.YES) GOTU 1{(9)

WRITE(6,90)

FORMAT(INPUT RBRLADE C[HORD®)

READ(S, %) C

DO 95 I=1,14

cul1l=¢

CONTINUE

cavu=cu((s)

GOTO 128

WRITE(E,105) .
FORMAT('EACH RLADE LS DIVIDED UP INTO 9 INBOARD ELEMENTS AND S5°)
WRITE(S,100)

FORMAT('TIP ELEMENTS®)

WRITE(SH,1V )

FORMAT('EACH INBOARD ELEMENT SPANS 0. 1K,STARTING AT THE ROOT")
WRITE (6,112)




LINE NUMHER

113
114
113
116
117
11ée
116
120

140
141
Tue
143
144
145
146
147
145
149
15¢
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
163

FORTRAN TEXT

1é¢
130

T49
120

155

172
157

158

200

FAR

FORMAT( END JEACH TIP ELEMFNT SPANS J.uUZ2R,STARTING AT 0.9R.")
WPITE(E,115)

FORNMAT(C®INPUT THE MIDPCINT CHORD OF EACH SEGMENT,STARTING AT")
WRITE(H 11D

FORMATC(*ROOT EMD.(14 CHORULS IN ALL) L")
WRITE(6,125)

FORMATC®I _E, THE CHORD AT D, DS5P,0.15P, ceeela?5K,Uo85R, 0,91k, ")
WhITE(H,126)

FORMAT(® 2 73R, v eaelia9FR")
READCS,*)(CUCD),I=1,14)

CAVU=CU(R

WRITE(6,120)

FORMAT(®ARE THF HLEDES TWISTED?.')
READ(S,35)%2

IF(MIEQG.YES) GOTO 143

WRITEC(H,1L )

FORMAT(®INPUT BLADE PITCHM IN DEGREES®)
RE4D(5,*) THETs

o 145 1=1,14

THETAUCI)=THETA*PI /130,02

CONTINUE

THETAVUTTHET AUL(S)

GOTU157

TF(M2 ,FQayES) FOTL 154

WRITE(S,105)

WRITE(H,136)

WRITE(E,11 D)

WRITE(E,112)

FOURMAT('THE ROOT END.(14 PITCHES IN ALL).")
WRITE(6,15%)

WFITE(6,149)

FORMATC*INPUT EACH %IDPOINT BLADE ELEXENT PITCH,STARTING AT')
REAL(S,*) (THETAUCL),I=1,14)

DO 170 k=114

THETAUCK)=THETOU(K)*P]/150,0

CONTINUE

THETAVUSTHETAU(E)

THETASW=THETASK*PI/180.,.0

WRITE(6,158)

FORMAT(*INPUT ROTOR RP*')

READ(S,*) OMEGAU

WU=OMEGAU*PI /30,0

Do 203 Kk=1,14

BSU(K)=(BU*CU(K))/(PI*RY)

VECU(K)=0.0

CONTINUE

BS=HESU(8)

DO 21) X=1,9

XP(K)=0,0

YP(K)=(0,05%k)+ ((k=1)%{,0S)

1P(K)=0,.0

CONTINUE .
DC 215 K=11,14

xP(k)=C.,2
YP(K)=YP(9)+0.054((K=9)%0,01)+((x=10)+0,01)
2P (k) =0.0




LINE

169
172
171
172
173
1746
175
176
177
174
179
180
1861
1?)2
183
14
189
THo
167
1&!1
189
1e0
191
192
193
194
195
196
197
198§
199
200
201
2ul
203
204
205
2U6
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

FORTKAN TEXT

215 CUNTINUE
VTU=WH* KU
MACHNOU=VTU/340.0
REUSVTU*CU(8) /VIS
ARU=RU/CU(E)
CALCULATION OF VORTEX MAX SWIRL VEL AND CORE RADIUS,
VSOU=(1,04(6.6/ARUII*(2,64E=2)*THETAU(12)+VvTUX1E0,0/P1
RCCU=CU(1Z2)%1 2% (REU*x (=(3,2))*VSOU/VTUY
WRITE(6,5C22)
S22 FORMAT('INPUT MASS OF HLADE IN XG')
HEAD(S5,*) MASSU
WRITE(6,2106)
216 FORMAT('D0O YOU REGUIRE A FORWARD FLIGHT COMPUTATION?S®)
KEAD(5,35) 6
NAA=2
IF(NSEQ.YES) NAA=1
IF(NAALEQ,2) CGOTO 5364
WrRITE(6,5321)
5021 FORMAT(*INPUT FOKWARD FLIGHT VEL. IN M/S')
READ(S,*) V
WRITE(S,56472)
S47¢7 FORMAT(*INPUT ROTOK SHAFT ANGLE OF ATTACK,ALPHA,IN DEGS®)
READ(S5,*) ALPHA
5364 WRITE(6,219)
219 FORMAT('DO YOU WAKRT TO INCLUDE VORTEX ROLL-UP?*)
KEAD(5,35) M5
WRITE(S,217)
217 FORMAT('HOW MANY WAKE KEVOLyUTIONS DO YOU REQUIRE?")
WRITE(6,218)
218 FORMAT('INPUT AN INTEGER:")
READ(S,*) NREV
WRITE(6,701)
701 FORMAT(*INPUT FILAMENT INCREMENT(INTEGER) IN DEGS OF AZIMUTK®)
READ(S,*) DELTAZIm
ALPHA=ALPHA*PI/180.0
NFILASTP=(36C/DELTAZIM)IH
TOTALSTP=(NREV2(NFILASTP=1))+1
IF(FSLEQ.YES) GOTO 409
CALL STRIP(VECU,YP,TOT ,CYU,VIU,RU,THETAU,CU,BSU,BU,A, WU)
CALL LANDG(XVU,YVU,ZVU,CTU,BU,BS, RU)
IF(NBULEQ.T1) GOTO 221
DO 220 k=2 ,NHU
CALL BLVOCO(XVU,YVU,2ZVU,BU,K)
220 CONTINUF
221 WKITE(6,222)VSOU,rRCOU
222 FORMAT( VSU="'_,1F8,4,'/S, RCU=",1FB8.4,"M")
NCOUNT=
22 DO 230 k=1 ,NRU
CALL CAL(XVU,YVU,ZVU,XP,YP,2P,1,VVU,0,RU,BU,K X(,KL KO, RCU
€C,VRL,RQ,VA,VB ,V(C,VD,VE ,NCOUNT ,GAMAXU,RCOU,VSCU,CAVU, NTYPV
C,SIGN,1,CIRV)
230 CONTINUE
DO 240 Kk=1,14
VECU(K)=VVU(K, 1)
240 CONTINUE
IF(NBU,EQ.T1) €OTu 751




LINE NUMMER

225
226
227
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23¢
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241
24¢
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24t
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247
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251
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275
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278
279
2806
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FORTRAN TEXT

DG 250 K=2 ,NBU
DO 257 Jd=1,16
VECUCGJIIEVECU(S) +VvWV U, X)
257 CONTINUE
251 WRITE(6,*) (VECU(L),L=1,14)
CALL STRIP(VECH,YP, TOT,CTU,VIU,RU,THETAU,CU,BSU HU,A,WU)
DO 260 K=1,14
VIT(KI=VECU(K)+VIU(K)
267 CONTINUE
WRITE{(OH,5561)
S561 FORMAT('TOTAL DOWNWASH DISTRIBUTION(VIT) ON UPPER ROTOR IS:%)
WHITE(S,*Y(VIT(L)  L=1,14)
CALL PERM(VIT,YP,THU,TORU,THEO,RU, THETAU,CU,RSU,BU,ENU,GAKAXLY
C,A,wlU ,THI,1,UTI HF)
KC=2 0*PI*VSOU*RCLU
ENUSENU*(KC/GAMRAXY) *#%x?
WRITE(H,70%33) ENU
7032 FORMATC ENU=",1F1C.4)
WHITE(o,*) (TRU(14),TORU(CT4))
CTU=(BUATHUCTILY) /(ROE*(WU*RU) *x2%p [xRU**Z)
CQU=(RU*TORU(14) )/ (ROE*(WUSRU)I ¥ 22+ PI*R**2)
WRITE(6,600) (TL
607 FORMAT(® * ,*THRUST COEFF,CTU,FOR UPPER RUTOR IS:',1F8.6)
WRITE(L,2) Cau
2 FORMAT(® * ,*TORGUE COEFF. FOR UPPEK ROGTOR IS:',1F10,.8)
ITFCLCOUNT LFG 7)) GOTG 4709
CALL TIPVORCENU,CAMAXU,VIU,LRU,CAVU,THETAVU,THETASW,REU,K(
C,KL,KO,VRL RO, NTYRV ,FACHNOH)
IF(KC.GT . CavAXU) GGTOC 80461
GOTO 2042
8141 VSOU=VSOU*GAMAXU/KC
KC=GANMAXLY

8042 CALL DECAY(RCOU,VSOU,wU,RU,RCU,RCOU,RU,ENU)

DO 261 J=1,TOTALSTP

NVART=(DELTAZIM*(j-1))+1

RVARZ=(DELTAZIM*J) +1

RCUCJII=C(RCUINVART)I+RCU(NVARZ)) /2.0
261 CONTINUE

N21=1

NCOUNT=?

60TO 223

START OF LCWER ROTOR COMPUTATION.

409 IF((MI.EQ.YES) JAND . (M6 JEQLYES)) 60TO 1510
IF(M1,EQ,YES) GOTO 580
408 WRITEC(S,41D)
410 FOURMAT(/*x** ALL PROCEECING INPUTS ARE FOR THE LOWER ROTOR #*2%*/)
WRITE(S,70)
READ(5,%) EL
NBL=1FIX(BL+0.2)
WRITE(6,75)
READ(S5,*) RL
WRITE(6,80)
READ(5,35) m™M¢Z
IF(#2 .EQ.YES) GOTO 420
WRITE(6,90)




LINE NUMRER

281
g2
283
284
285
286
287
268
289
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297
293
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295
296
297
29%
299
30C
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303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
312
319
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3310
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FORTRAN TEXT

415

425

430

435

443

441

460

b45

READ(S,*)C

DO 415 1=1,14
CHL(I)=C
CONTINUE
CAVL=CHL(S)

reYn L
ASAVE IV 425

WRITE(6,105)

WRITE(6,104)

WRITE (4,11

WKITE(6,112)

WRITE(6,115)

WRITEC(6,115)

WRITE(6,125)

WRITE(H,126)

READ(S,*) (CHL(I),I=1,14)
CAVL=CHL(2)

WRITE(6,120)

REAG(5,35) M3

TF(M3.EGLYES) GO0 435
WRITE(6,140)

READ(S5,%) THETA

90 437 1=1,14
THETALCI)=THETA*PI/180.0
CONTINUE

THETAVL=THET AL (%)

GOTOU 6441

IF(M2 .EQ.YES) 6GOTO 44C
WRITE(6,105)

WRITE(6,106)

WRITE(6,110)

WRITE(6,112)

WRITE(6,155)

WRITE(6,149)

READ(S, *x) (THETAL(L),I=1,14)
DO 443 kK=1,14

THETALCKK)Y =THETAL(KXK)*PI/180,.0
CONTINUE

THETAVL=THETAL(8) o
WRITE(4,158) ~
REARD(S,*) OMECGAL :
WRITE(6,5022)

READ(S5,%) MASSL

WL=OMEGAL*P1/30 .0

VTL=WL*RL

MACHNOL=VTL/340,0

REL=VIL*CHL(%) /VIS

WRITE(6,460)

FORMAT("INPUT VERTICAL SEPARATION BETWEEN RUTORS')
READ(S, %) VSEP ‘
VSEP=ABS(VSEP)

b0 445 x=1,14

BSLAKI=(BL*CHL(K) )/ (PI*RL)

CONTINUE

BS=(RL*CHL (R)) /(PIxRL)

ARL=RL/CHL ()

VSOL=(1, 04 (6 6/ARLIIH(2.02E=2)«THETALWB)*VTL*18J.U/P1




LINE

33y
333
339
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364
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391
392

NUMEE R

el Rl all e

YOOy
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FORTRAN TEXT

500

106

s

326

37

3an

335
545

RCOL=CHLE)«T (2 (REL*»(-0,2))*VSUL/VTL

IF(ME LEWLYES) COTYO 1510

THETAV=(((=VSEP/HU)= (412 U=P1/BU))I/A2)
R2=Ua7E+ (D 22+FEYP(~A%»T4ETAV))

R3=R2 *RU/RL

WRITEL6,3D0)RD

FURMAT('VGRTEX INTERSECYS LOWER ROTOP AT' ,1F3.4,"(NON-D WRT RL) ")
THETAV=THETAVTED, 0/PI

WRITE(H,30US) THETAY

FuRbaT("BNT 2T an AGE of ', 1F8.4," DEGS.')

THE COrPUTeTIun CF THE NMOREINTUM INDUCED DOWNWASH VELOCITY (OmMPLT
ON THE LOWER ROTOR FROM THE UPPFR ROTOR ALLOWING FOR THE
POSSIBILITY GF DIrFrfFeRENTIAL PADIT AND WAKE CUNTRACTION NOW
FOLLOWS ¢

TFCAESCRL-KIY L TavD02) GOTO 340
K=1

[TF(K 6T 14) COTO $47

KK=1

YP(KK) 1S IwE KNON-D DISTANCE ON THE UPPER ROTOR,
(YR K)=kL/ b)) 1S THE DISTANCE OF THE STATION PT °*K*® ON THE LOWER
ROTOR ,NON-0 WRT THE UPPER KOTOR.

IF(YP(KK) ,GT.K2) GOTO 225
TF(YP(KK) oCGT o (1.C/R2Y*(YP(X)*RL/RU)) GOTO 315
KK=KK+1

IF(KK.GT414) GOTO 326

GOTO 312

IF(XK ,EQ,1) GOTC 320

WRITE(6,*) K, KK
GRADZ(VIT(KK)=VIT(XKK=1))Y/(YP(KK)~YP(KK~1))
CONS=VIT(KK)~(GRAD*YP(KK))
VINU(K)=(GRAD*(1,0/R2)*YP(K)+RL/RUDI+CONS
VECNUL(K)=VINUCKY* (1, 0/R2)*#*2
K=K+1

GOTO 310

GRAD=VIT(KK) /YP(KK)
VINUCK)=GRAD*(1.,C/R2)*YP(K)*RL/RU
VECMUL(KYSVINUCK) (1, 0/R2)Y %42

K=K +1

GOTO 310

1FC(KLTY4) GOTO 526
VECMUL(KY=C L L

GOTO 347

00 327 L=K,14

VECHUL(LY=", 0

CONTIHNUE

GOTO 347

DO 345 x=1,14

IF(YP(K) .GTLR2) GOTO 335
VECMUL(K)=VIUCKI*(1 D/R2) 2«2

GOTO 345

VECMUL(X)=(.C

CONTINUE




LINE

393
394
395
396
397

Q4

JF G

399
407
401
640¢
403
404
405
406
4G7
20e
4009

42¢
427
4ee
4y
430
431
432
433
434
435
436
437
638
439
440
441
L4e
443
444
445
446
447
L4r

NUMEBER FORT

N
o &~
r~

370

180

3185

90

593
391

LA

4040
401

G
511

RAN TEXT

END OF MUMENTUM COMPUTATION,

WRITE(6,360)

FORMAT('VECMUL DISTRIBUTION IS:',/)
WHITELS 365 (VECRULILLY ,L=1,74)
FORMAT(T(IFR ,4,VX), /)

KAZtr=1

AZML=(KAIM=1)*P]/5 .7
AZMLD=AZML*T8C.L/P1

WRITE(S,377) AL D

FORMAT('LOWER ROUTUR 4T AZIMUTH POSTN OF®,1F8.4,° DEGS*,/)
DO 375 K=1,14

2LDU(K)==V3EP/RY

YLOUCK) =YP (K) +COSCAIML )*RL/RY
XLOUCK)I=YP (K) *STNCAZML)*RL/RUY

CONTIHNUE

DO XB8C JK=1,NHU

CALL CAL(XVU,YVU,ZVU,XLDU,YLDU,ZLDU,2,VVUL,KAZM, RU,BU,JK,KC, KL
c,x0,RCU,VRL,RC,VA,VHB,VC,VD,VE NCOUNT,GAMAXU,RCJU,VSCU,CAVU
C,NTYPV,SIGN,1,CIRV)

CONTINUE

D0 385 K=1,14

VECUL(K)=VVUL (X 1)

CONTINUE

D0 3990 K=2,BU

DO X970 J=1,14
VeCUL(JI=VECUL(I) +VVUL (J,K)

CONTINUE

K=1

TF(YP(X) .CT,RY} GOTO 517

K=K+1

IF(K.GT.14) GCTO 538

GOTO 536

M21=K

GOTO 19y¢

M21=14

bC 391 k=1,14

IF(KLLT«MZT) GOTO 393
VECUL(X)=VECUL(K)

GOTO 391

VECUL(K)=VECMUL (K)

CONTINUE

WRITE(A,39%)

FORMAT(C®VECUL DISTRIBUTION IS:*,/)
WRITE(o,« o) (VECULIL) ,L=1,14)
FORMAT(Z(IFR.4,1X), /1)

CALL STRIP(VECUL,YP,TOTL,CTL,VIL,RL,THETAL,CHL,BSL,BL,A, ¥WL)
CALL LANPG(XVL,YVL,2ZVL,CTL,BL,BS,RL)
TFONRLLEGL Y)Y GOTO S

DO S10 K=2 ,NBL

CALL BLVOCOCXVL,YVL,IVL,BL ,K)

CONTINUE

VSOL=(1 0+ (0 .6/ARLI ) * (2. 04E=2)*THETAL(T12)*VTL*180,0/P1
RCOL=CHL(8)*1 ,2#(REL** (=0,2))+VvSOL/VTL
WRITE(6,515)vsUL,RC0OL




Ling

44y
45 1L
451
457
453
454
455
456
457
450
459
460
461
462
463
Lb4
465
4L 6
467
468
459
570
471
47¢
473
474
475
47¢
477
473
4579
480
481
482
483
484
485
486
487
4LEH
486
49C
491
4972
493
494
495
496
497
498
49¢
500
501
50¢
503
504

MM -

FORTRAN TEXT

SIS FORMAT('VSL=",1F&,.6,'m/S, RCL=",1F&.4,%14" /)
HeouUNT=1
Ste DO 527 K=1_,NFRL
CalLl CALCxvL , YvL,2VL XxP,YP,ZIP,Y,vvL,0,RL,RL,X , KC, KL, K0O,RCL,VRL
C,RT VA, VB, VC ,VD ,VE ,NCOUNT ,CAMAXL ,RCOL,VSOL,CAVL NTYPV,SIGN
C,CIRV)
520 CONTINUE
0O 525 K=1,14
VECL(K)Y=vVVL(X 1)
S¢S CONTINUE
1FINBLLJEUW L)Y GNTO 521
DO S3L K=2,ubt
00 530 J4=1,14
VECL(J)=VECL(J)+VVL(J,K)
530U CONTINUE
531 b0 535 x=1,14
IF(K.LT.®21) E0TO 532
VECL(K)=VECL(K)+VECUL(K)
GUTG 53°S
2 VECL(K)Y=VE (UL (K)
S CONTINUE
CALL STRIP(VECL,YP, TOTL,CTL,VIL,RL,THETAL,CHL,BSL,BL, A, WL)
DO 540 K=1,1¢4
ITF(K LT M2 GOTO S461
VITL(K)Y=VECL(K) +VIL(K)
GOTO 5S40
5641 VITL(K)=VE CMUL(X)
540 CONTINUE
WRITE(6,545)
545 FORMAT(C'VITL DISTRIBUTION IS5:°',/)
WRITE(S,S55M) (VvITL(L) , L=1,14)
5SSO FORMAT(7(1FE.4,1X), /)
CALL PERM(VITL,YP,THL ,TORL ,THLO ,RL ,THETAL ,CHL ,BSL,BL,ENL,GAMAXL
C,Ar, WL, THI, V1, UTI HF)
KC=2 ,0*P1avSOL*RCOL
ENL=ENL*(KC/GAMAXL)Y ®®?2
IF(NCQUNT.EG ,2) GOTO 552
CALL TIPVORCENL ,GAMAXL,VTIL ,ARL,CAVL,THETAVL,THETASW REL ,KC,KL
C,XO,VRL,RO,NTYPV, MACHNOL)
IF(KCLGT.GAMAXL) GOTO K043
GOTO 804¢

8043 VSOL=VSOL*GAMAXL/XKC

KC=GAMAXL

844 CALL DECAY(RCOL,VvSOL,wL,RL,RCL, RCOL,BL,ENL)

DO 551 J=1,TOTALSTP
NVARIS(DELTAZIN*(J=1)) +1
NVARZ=(DFLTAZIIM=y) ¢+
RCL(JI=(RCLINVARTI)Y +RCL(NVAR2))/2.D
551 CONTINUE
NCOUNT=2
60T0 516
552 OEGSU=THETAU(E)»180.0/P1
DEGSL=THETAL(R)*130.0/P
WRITE(OH,SS5S)THU(T4) ,DEGSU, THL(14),DEGSL
555 FORMAT(*THU=',1F8,4, N, THETAU=",1F8.4,*DEGS. THL=",1F8.4,°N
CTHETAL=',1F3.4,"CEGS.")




LINE NUMBER

505
Sub
507
SU8
S09
bRAV
511
512
513
514
515
51(1
517
STk
519
S2u
521
522
523
524
525
526
527
S5e¢&
529
530
531
532
533
S354
535
536
537
53%
539
5473
541
542
5643
544
545
546
547
54
549
S55u
551
55¢
553
554
555
556
557
55¢
559
56C

o

el

FORTRAN TEXT

56§

561

367

564

560

567

562

5710

580

01

WRITE(EL,560) TORU(CTA) ,TORL(T14)
FORMAT('TORU=",1Fc¢eb4,"NK TORL=",1FB8a4,'NM.")
THC=(BU*THU(14)) +(BL*THL (14))

TORC=(FU«TORU(T4)) +(BL*TORL(14))
CTL=(BL*THL(T4) )/ (ROE*(WL*RL) ##2*PI*(RL*%2))
CaL=(BL2TORL (VL)Y /(ROE#{WLARL) »» 2% PI# (RL¥*3))
EFFU=CTU/CCU

CLUZO6D*CTU/ESI(E)

EFFL=CTL/CQL

CLL=6.C*CTL/RSL(%)

CTC=CTU+CTL

CGC=CGU+LOL

CLC=6,0#CTC/(ESUCAY+HSLIL))

EFFC=CTC/CGC
WRITEL(S,561)

FORMATC'CTU® ,EX"CGU", 33X, CTL",8x,°CaL",8x,°CTC",8x%,°°CRC*,/)
WRITE(S,562)CTU,CGU,CTL, CQL,CTC,CQC

FORMAT(OCIFE .6,3X), /)
WKITE(6,56%)
FORMATC'CTUZCGU " 3x ,*CLU,5Xx, "CTL/7CqL ', 1X,*CLL"
WRITE(S6,564) EFFU,CLU,EFFL,CLL

FORMAT(L(VIFE %))
WRITE(H,565)

FORMAT(/"»v% OVERALL COAXIAL ROTOR PERFORMANCE FIGURES *xa'/)
WRITE(H,566)
FORMAT(CCTC® , X ,"CGC", 3x ,"CLL,8Bx,"°CTC/CQC*/)
WRITE(6,567) CTC,C@C,CLC,EFFC

FORMAT(S6(IFID.6Y,/)
WRITE(6,56%) 1KC
FORMAT('OVERALL COAXITAL ROTOR THRUST=',1F10.4,'N")
WRITE(H,56%) TCRC

FOCRMAT('OVERALL COAXIAL ROTOR TORQUE=',1F10,.4,°NM?)
DELTOR=TORU(14)-TORL(14)
IFCARS(OELTOR/TORUCIL)) LT ,LC,05) GOTO S&Q
DTOR=ABS(DELTOR)/TORL(14)

FACTOR=DYOk*&(3,0/2,0)

IF(DELTOR LT .C.C) FACTOR=-FACTOR
CONLZ=(Q S*ROE*X(VTL*#)* (RLA*L)wA«CHL(8)

Do S70 k=1,14
THETAL(K)=THETAL(K)=(1 ,0+FACTOR)

CONTINUE

GOTO 401

IF(MT EQ.YES) GOTO 582

IF(N2T.GT 1) GOTO 587
N21=N21 4+

COMPUHTAYION OF INTERFERENCE OF LOWER ROTOR ON UPPER
Do 601 X=1,NHL

D0 601 J=1,TOTALSTF
XVLT(I,K)Y=XxvL{J K)*RL/RU
YVL1(Jd, K)=YywiL (J , K)*RL/RU
IVLICS, K= (2VvL(J, KI=RU/RU)-(VSEP/RL)
COMTINUE
ROTOR FOR WHICH INDUCED VELS ARE GOINg TO RE CALCULATED IN
*CAL'"=R,B
ROTOR FROM WHICH THE VORTEX WAKE IS GENERATED=C
DO 602 K=1,NRL




LINE

561
562
563
564
565
566
567
S6#
569
570
571
572
573
574
575
574
577
574
579
SsU
581
582
S4&3
S84
585
586
587
588
589
590
591
502
593
594
595
596
597
598
599
6C0
601
62
6l
604
6J5
6G6
667
608
609
610
611

613
614

6l1é

NUMICER

OO

FUORTRAN TEXT

CALL CAL(XVL1,YvL},ZVvL1, XP,YP,2P,1,VVLU,C,RU,BY, K, KC,KL,KU
C,RCL,VRL,RO,VA,VB,VC,VD,VE ,2,GAMAXL,RCOL,VSCL,CAVL, NTYPYV
C,5I6N,1,CIRV) ;

A02 CONTINUE
00 603 K=1,14
VVYIC(KI=VVLL(X,1)

603 CONTINUE
IF(NHBLL.EQ.1) GOTO 4609
DO 604 K=2 ,NBHL
DO 604 J=1,14
VVI(K)=VVI(K)+VVLU(J,K)

606 CONTINUE

609 DO 605 Kx=1,14
VECUI(K)=VECU(K)I+VVI(K)

605 CONTINUE
CALL STRIPAVECUI,YP,TOT,CTUI,VIUI,RU,THETAU, CU,BSU, BU, A, W)
00 606 x=1,14
VITI(K) =VECUTI(XK)+VIUI(¥)

606 CONTINUE
CALL PEFM(VITI,YP,THUI,TORUI,THEOD,RU,THETAU, CU,8SU,BU,ENUI

C,GAMAXL ,A, WU, THI Y, UTI KF)

WRITECH,607) THU(IL) ,THUI(14)

607 FORMATC'OLD THRUST(ULROTOR)I="',1F12,.6,"' NEW THRUST=',1F12.6)
WHITE(6,608) TORUCTAL),TORUI(14)

508 FORMAT(*OLL TORQUE=',1F12,6," NEW TORQUE=',1F12.6)
WRITE(6,583)

S&3 FORMAT(//,"*»x*+ RE-CAL OF LOWER ROTOR PERMFORMANCE ®e#x?_//)
DO 584 K=1,14
VIT(K)=VITI(K)

S84 CONTINUE
THUCT4) =TRUI (1¢)

TORUCTAY=TORUTI(14)

GoTe 309

SB2 WRITE(6,581)

S81 FORMAT('DO YOU REQUIRE FURTHER PERFORMANCE COMPUTATIONS?")
READ(S,35) ™4
1F(M&.EQ.YES) GOTO 29
GOTO 2056

R R I I I I TSI IO e

START OF FORWARD FLIGHT COMPUTATION

I A AR SR R LR R R R R R e R R R R IR ES2 RS SRR RSS2 X M

1513 AU=A

AL=R
MAND={

COMPUTATION OF GLAUERT MEAN INDUCED DOHNHASH,ROTOR,ADVANCE&A&D\;

INFLOW RATIOS AND FLAPPING CQEFFICIENTS,

N L}
RAN DA R A NP, ARk AR RA N R A bR AR AR AR TR T AR N AR AN AT R AT g ARSI D

vvv=0.,0
CALL GLAUERT(AU,BU,CAVU,WU,RU,THETAVU,ALPHA,V,VIGU,VVY, TGU) "
IF(™1 _EG.YES) GOTO 1511 .

VVV=0.0 s B

CALL GLAUERT(AL,BL,CAVL,WwL,RL,THETAVL,ALPHA,V,VIGL,VVV,TGL)

1511 LANDAU=((V*SINCALPHA)) =VIGU)/VTU

MUU=(V*COS (ALPHR))/VTU




LINE NUMBER

617
418
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
658
639
640
661
642
643
644
645
6466
647
645
649
652
651
652
653

655
656
657
656
659
660
661
662
563
664
665
666
667
668
669
670
671
6772

FORTRAN TEXT

1514

5926

1512

1537

IF(MILEQ.YES) GOTO 1514

LANDAL=((V*SINCALPHA)) =(VIGL))/VTL

MUL=(V*COS (ALPHA)) /VTL

BLADE FLAPPING COEFFS AD,A1,B1
PART=(THETAU(B)Y /4.0)+( 1.0+ (MUU*MUU)I ) + (LANDAU/ 3,0}
LOCKU=3 ,0»CU(R)*ROE*AU*RULPU/MASSU
EPSILONU=1.5+EV
ACUS(LOCKU/ (2 ,0%(1 ,0+EPSILONU))) *PARY

PARZ=MUL* ( (8 CHTHETAU(8)/3.0)+4 (2. I%LANDAY))
PARI=T 0= (Q.52MUUMUU)

LANDIU=VIGU/VTU

VAREO6=-LANDVAU

KU=ATAN(MUU/VARGS)

PARG=(4 0o MUU*ACU/3.0) +(KU*LANDIU)
PARS=1,0¢(0,5xMUUAMUY)

PARSB=8 0% EPSILONU/(PARIXLQCKU)

PARSC=PARL/PARS

FRRSD=8.0*SPSILONU/(PARS*LOCKU)

WRITE(6,*) KU,LANDIU,PARGL,PARS,PARSD
PARSASPAKZ/PARZ
ATU=(PARSA+(PARSB*PARSC) I/ (1 .0+ (PARSB*PARSD))
BIU=(PARSC-(PARSD*PARSA))/ (1,0+(PARSH*PARSD))
WRITE(6,50GC)Y ACU,ATU,B1U

FORMAT(TAGU=" ,1F8.4," atu="_1F8 .6, BR1U=" ,1F& .4)
WRITE(G,S53¢1)

FORMAT('INPUT AU,A1,H1")

READ(S5,*) ACU,ATU,B1U

1F(®1 JEQ.YES) GOTO 1512
PARG=(THETAL(BY/4.,0)*x( 1,0+ (MUL*MUL) )+ (LANDAL/Z.0)
LOCKL=3U*CHL(B)AROE*RL*RL*AL/MASSL
EPSILONL=T ,5+«EL
AUL=C(LOCKL /(2 0% (Y 0+EPSILONLI))*PARS
PAR7=MUL*( (8 .C*THETAL(8)/3.0)+(2.02LANDAL))
PARE=1,0~-(0.S5xmMuLxMUL)

LANDIL=VIGL/VTL

VARG7==LANDAL

KLOW=ATAN(MUU/VARGT)

PARG=( 4, 0xMUL*ACL/S, O)+(KLOU*LANDIL)
PART10=1_0+(0.5+MUL£MUL)

PARTOA=PAR7/PARSB

PART10R=8 .0«EPSILONL/(PARS*LOCKL)
PART10C=PARG/PARTO
PARIOD=8.0*EPSILONL/(PARID*LOCKL)
ATL=(PARICA+(PARTIOUB*PARTI]C)I/ (T, 0+(PAR1OB-PAR1OD)) N
BIL=(PARIOC=(PARIOD*PARICA) )/ (1 0+ (PARTOB*PARIODY Y & o v .0 -
WRITE(6,5926) AQL,ATL,B1L Lo o
FORMATC'AOL=",1FB.4,* ATL=",1F8,4," BRIL=" 1F8.4) .- ﬁ:_a:s B
NOBLADES= NBU+N8L

IEZR2E2RR2RLAREE RS X4 tti'iﬁ‘iittttiﬁt't.ttttiittttQ**tttitttit‘ttt
TOTAL NUMHER OF VORTEX FILAMENT STATION PTS PER HELIX TOTALSTP
TOTALSTP=(NREV*(NFILASTP=1))+1 .

TIME BETWEEN SUCCESSIVE BLADE AZIMUTH STEPS o aa
DO 1520 K=1,NOBLADES B N

WRITE(6,1537)K o
FORMAT(*k=",12) TN AL L L s

IFCFLOAT(X) .GT,.(BU+D.2)) GOTO 1521




LINE NUMBER

673
674
675
876
677
678
679
68¢C
631
6862
683
684
585
686
687
683
689
69vC
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
747
708
709
710
711
712
713
714
715
716
7
718
719
720
721
7272
7¢3
724
725
726
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20#

FORTRAN TEXT

1521

1520

OO OO OO OO

2001

2002

2000

5639

5005

5009

e aNalle

TIME(K) =2, 0*PI/(FLOAT(NFILASTP=-1)2wl)

RAD (K)=RU

GOTO 1520 e
TIME(K)=2.CoPI/(FLOAT(NFILASTP=1)+WL) R

RAD (k) =RL _ S iy T .
CONTINUE T

THE REFERENCE AXES USED ARE;

V,+VE ALONG +VE Y

(G R 2 ENEERZET R EN TS

L *K*TH BLADE
*
* L]
\ *
z . EPSI(),K)
+VE UPWARD +VE FROM CENTRE

TO AFT OF DISC Sl

*
*
*
*
v
*
x * %
*
L
«
*
Y

FLAPPING PARAMETERS EVALUATED FOR ALL BLADES AROUND -THE DISC:
IEL R ERERZS FEY ] itttittﬁiitﬁttﬁitatttitttﬁattttﬁfititiitttt*tttt't
Do 2050 K=1,NOBLADES "

DO 2000 J=1,TOTALSTP .
FOR1=FLOAT(J-1) IR
FORZ=FLOAT(NFILASTP-1)

IFCFLOAT(K) GTW(BU+0.2)) 60TO 2001 L
EPSICJ, K)=(FOR1%2 ,0%PI/FORZY+(FLOAT(X-1)22,02PI/BU)
AQ=AQU

Al1=2a1U

B1=p1U

=Wy

GOTO 2002 Lt ‘
EPSI(JI,K)=~(FORI*2 ,C+PI/FOR2)+((~BU+FLOAT (K- 1))-Px~2 OIBL)
AQ=AQL :
AT=A1L
Bi1==-81L
W=Wi
BETA(J, KI=AD=(AT*COSCEPSTI(I , K)III=(BI*+SINCEPSI(J,KI))
IF(K.GT.NBU) Al=-a1L

IF(K.GT NBU) R1=BIL

DBETACJ,K) =W ((AT*SINCEPSI(J, K)))-(81*COS(EPSI(J x))))
CONTINUE

WRITE(6,5639)

FORMAT('BETA DISTRIBUTION 1S:*) e
DO SCO0S MGI=1,4

WRITE(6,#%) (BETA(NG,MG]) ,MG=1,TOTALSTP)
CONTINUE

WRITE(6,5009)

FORMAT(*DBETA DIS. FOR BLADE ONE 1S:',/)
WRITE(6,%) (DBETA(NG,1) ,M6=1, TOTALSTP) -
.*itiﬁiktifﬁhtttﬁitiiittttiittttittiiitiitﬁtiittit*iiﬁﬁ*i*.jttt
INITIALLY SET UP THREE HELICAL STATION PTS PER BLADE -
(TWO FILAMENTS PER RLADE)




LINE NUMRER

729
730
731
732
733
734
35
73¢6
737
73%
739
7 4y
741
742
743
744
745
764s
747
74o
769
75"
751
75¢
753
75('
755
756
757
758
759
760U
761
762
763
764
765
766
767
768
769
770
771
77¢
773
774
775
770
777
778
779
780
781
782
783
784

YOO

FORTRAN TEXT

2911
201¢

2210

dMas
2015

THE ROTOR WAKE TIP VORTEX COORUDINATES AWE GIVEN BY
THE ARRAYS XTIV, YV, 7FV  FOk XFV(J,X),J REFEPS TO THE
STATION PUINT ON THE K'TH HELIX,I .E.THE HELICAL VORTEX
FILAMENT CENERATED Y THE K'TH BLADE,

L E S SR SRR EE SRR RS AN SR S R R R R R EE R R R RS AR RRA R AR R R R RE R NSRS R RS R RSN RERE]

HORY=VsLOS (ALPHA)

VERV=V*SIN(ALPHA)

0O 21C X=1,NOKLADES

XEV1 ,¥) = SINCEPSI(Y X)) *COSC(RETACT,K))

YFV T ,K)=CUSCEPSTIC(T , K))*CUS(BETAC(Y X))

IF(K T oNHLU) GOTO 2011

TEV(YT,K)=SINCRETACT X))

GOTO 2012

TFVT,K)=S T (FETACT , x) ) -(VSEP/RU)

XFV (e, ,K)=XFV(1,K)

XFV (T, K)==SIN(EPSI(2,K))*COS(RETA(Z,X))

YFV(2 K)=YFV(1, K)Y+(HORV*TIME(K)/RAD(K))

YFV(1,K)=COSCEPSI(R2,K))*CUS(BETA(Z,K))

TF(MO LEQLYES) VERV=V*SIN(ALPHA)

IF(MOLEG.YES) GOTO 221¢C

RVORT=SQRTIXFV(T , K)*#x2+YFV (1, K)*x2)

R=RU

vVig=viIGU

IF(K.GT NEFU) R=PRL

IF(K.GT.NBU) VI0=VIGL

T1F(RVORT 6 To1,0) VERV=(V*SIN(ALPHA))=(2.0#*v10)

IF(RVORT.6T.1.0) GOTU 2210 '

TF(M7 JEQLYES)VERV=(V*SIN(ALPHA))=-V1(]

1F(M7 ,EQ.YES) GOTO 221¢Q

EPSV=ATANZ2 (=XFV(1,K),YFV(1,K))

IF(K,GT NBU) EPSV=ATANZ2(XFV(1,X), YFV(1,K))

VERV=(V*SINCALPHA) ) =(VI0*(1,0+(RVORT*COSKEPSV)) )

TFV(2 ,KX=ZFV(1, KY+(VERV*TIME(K) /RAD(K))}

TFCFLOAT(K) o6To(BU+0L2)) GOTO 2014

TFV (1 ,K)=SIN(BETA(Z ,K))

GOTO 2015

ZFEV (1 ,KI=SIN(BETA(2 ,K))~(VSEP/RU)

XFV(3,K)=XFV(2,K)

XFV(Z,K)=XFV(1,K)

XFV(1,K)==SINCEPSI(3 X)) *COS(BETA(I, K))

YEV(3,K)=YFV(2,K)+(HORVATIME(K)/RAD(KX))

YFV(2,K)=YFV(1,K)+(HORV*TIME (K)/RAD(K))

YFV(1,K)=COUSCEPSI(3,K)I*COS(BETA(3 K))

IF(FO L EQ.YES) VERV=V*SIN(ALPHA)

IF(MOLEQLYES) GOTO 2211

RVORT=SORT(XFV(Z, X)sx2+YFV (2, K)*»%2)

R=RU

vin=viIGy

1F(K.GT. ,NRU) R=RL

IF(X.GTNBU) VIC=VIGL

JFCRVORT.6T.1.0) VERV=(VxSINCALPHRA))=(2.0*v10)

TF(RVORTG6TL1,0) GOTO 2211

1F(M7? .EQ.YES) VERV=(VASIN(ALPHA))-VID

1F(M7 JEQLYES) GOTO 2211

EPSVY=ATAN2 (~XFV(2,K), YFV(2,X))

TFOKLGT o NELU) EPSVZATANZ(XFV(2,K),YFV(Z,K))




LINE NUMKER  FORTRAN TEXT

785 VERV=(V*SINCALPHAI ) =(V10x(1 ,0+(RVORT*COSCEPSY))))
786 2211 ZFV 3, K)=2FV(2,K)+(VERV*TIME(K) /RAD(K))

787 IF(RE ,EQJYES) VERV=VeSIN(ALPHA)

78¢& TF(MOEQ.YES) GOTO 2212

789 RVORT=SGRT(XFV(I , KI)w*24YFV (1, K)2x2)

790 R=R1J

791 vVi0=viIGUY

79¢ IF{K GT JNRU)Y R=RL

79% 1F(K 6T NEBU)Y VIC=VIGL

794 [FCRVCRT 6T .1 .0) VERVE(VASIN(ALPHA))=(2,u*VviD)
795% IF(RVOURT.G6T.1.0) GOTO 2212

796 IF(M7?7 JEQLYES) VERV=(VAaSIN(ALPHA))=-ViID

797 IFr{*7 ,EQ.YES) GOTO 2217

793 EPSVEATANZ (=X FV(T1,K),YFV(1,K))

799 IF(K.GT .NBU) EPSV=ATANZ2(XFV(1,K) , YFV(1,K))

300 VERVE(V*STINCALPHAY )= (VI0*(1,0+(RVORT*COS(EPSV)I))
g8 2212 ZFV (2, K)=2FV(1 K)+(VERV*TIME(K) /RAD(K))

e ITFCFLOAT(K) GTL(BU+0.2)) GOTO 2016

303 7FV L1, XK)=SIN(BETACY X))

304 6G0TO 2010

805 2016 ZFV(1,K)=SINC(RETA(3 ,K))=-(VSEP/RU)

30e 231" CONTINUE

807 NOSTPS=3

3c8 S791 1F(MSC_EQ.YES) GOTO 3216

809 C COMPUTATION OF THE INTERACTION DBETWEEN FILAMENTS COMMENCES
810 c IR S EFREENREEERIERE A EEZEESEEEIRAS AR R RS AR EEERREEER SRR ARERREEREREE N R EEEENNES]
LR NOM1Y=?2

812 IF(&®1,EG,YES) NOMT=?

313 00 2043 JKL=1,NOMY

814 TFOUKL,EG,2) CGCTO 2N

815 W=EWUY

316 R=pU

817 AR=ARU

5§18 C=CU(z)

819 THETA=THET AU (&)

820 Vi=vIGcu

821 B=gy

822 ENZENUY

823 GAMAX=GAMAXU

824 FACHNO=MACHNOY

R25 GOTO 2042

326 2041 W=wL

ali R=RL

82k AR=ARL

829 C=CHL(8)

830 THETA=THET AL (&)

831 VI=VIGL

r3e e ERL

831 ENZTENL

834 GAMAX=GAMAXL

335 MACHNO=MACHNOL

31¢ 2042 CALL VORPRAM(W,R,AR,(,THETA,C.,0,VI EN,GAMAX,1,0,7, DELTAZLM
537 C,TOTALSTP,V,B, NTYPV MACHNO)

33 CALL VOKRTEXAV(VORTEXKC,VORTEXKL ,VORTEXKO,VORTEXRC,VORTEXRL
839 C,VORTEXRO,NOSTPS,NCRLADES,VORTEXA,VORTEXE ,VORTEXC ,VORTEXD

840 C,VORTEXE ,DELTAZIM, B,Kk,C,GAMAX)




LINE NUMpEP

841
842
343
B4d4
845
8le
847
XN
349
850
851
852
8534
854
855
856
857
85¢&
859
860
861
862
863
864
865
866
867
868
869
870
371
372
873
874
875
8706
877
878
879
380
881
3¢
835
384
845
886
867
888
889
820
891
892
593
894
895
R96

C

¢

C

C
C

¢

FORT

2042

33340

3320

333¢

3340
3314

3d1s

3a1¢

3019

3017
3015

2017

335q

3353

2020

RAN TEXT

CCNTINUE

WRITEC(H,2300)

FORMAT("AVERAGE VORTEX FILAMENT VALUES:*,/)

DO 3310 K=1,NOHBLADES

WRITE(6,332C)k

FORMAT('FOLLOWING DATA RFOR HELIX® , 12,/
WRITE(4,3330)
FORMAT(?7X,"RC",7x, A", 7X,'8B",7X,'C*,7X,"0",7X,"E")
WRITE(6,3240) (VORTEXRC(J ,K), VORTEXAC(J,K),VORTEXS
C,VORTEXC(J ,K), VORTEXD(J,K) ,VORTEXE(J,K),J=1,TOTALSTP=1)
FORMAT(O6(TIFA ,4))
COMTINUE

GOTO 3015

DO 3017 X=1,NORLADES
SIGnN=1,0

IF(K.GT .NOU)Y CGOTO 35018
W=WUY

T=T6U

B=uu

MUz MUL

R=RU

Ak= AR

C=CU(B)

THETA=THET AU(E)

GOYOC 3019

wW=wl

SIeN==-1.0

T=76L

B=BL

MEj=MUL

R=RL

AR=ARL

C=CHL(8)
THETA=STHET AL (&)
NTYPV=1 ,
CALL WANKINE(V,W,R,AR,C,THETA,EPSI,CIRV, K, NOSTPS,SIGN,M51,T MU,RB)
CONTINUE

IF(M7 ,EQ,.YES) GOTO 2C31

I1F(MB.EQLYES) GOTO 23031

DO 2020 K=1,NOBLADES

DO 2020 L=1,NUBLADES

SIGN=1.0 o

MMM =¢ Mﬁr

IF(K.GT NBU) GOTO 335C

GAMAX=GAMAXU

R=RU

GOTO 3353

GAMAX=GAMA YL

SIGN2-1.0 » L
R=RL T . ’
IF(KLEQ.L) MMM=1 o
CALL IND(XFV,YFV,2FV K, L, XVEL,YVEL ,2ZVEL MMM _NOSTPS,R
C,VORTEXKC, VORTEXKO,VORTEXRC,VORTEXRL ,VORTEXRO,VORTE XA
C,VORTEXB,VORTEXC,VORTEXD,VORTEXE,NTYPV,GAHAX,CXRV,SIGN)
CONTINUE ‘

WA NRNERR A AR N AR AN R R AR AN AR e A A R R R R AN A AR AN AT P SN AR B AR N RN A




LINE NUMHEP

897
898
899
90y
G
902
303
904
IV
906
907
02
309
910
911
91¢
913
914
915
916
917
91k
919
920
921
922
923
924
925
926
927
924
929
930
931
93¢
933
934
935
930
937
934
919
940
v41
Q42
943
44
945
946
947
948
949
950
351
952

YOO OO

¢
C
C

FORT

2031

2030

6342

6043

60461

2441

2ns0

2151

RAN TEXT

SUMMATION OF THE VORTEX INDUCED VELOCITIES AT EACKH WELICAL
STATION POINT NOW COMMENCES ,E .G ,THE TOTAL INDUCED VELOCITY

IN THE X DIRECTION AT STATION POINTS 1 AND 2 ON HELIX 1

IS GIVEN 8Y XVELT(1,1) ,XVELT(2,1) RESPECTIVELY,

(R R R ERRARR SR LSRR SRR R R EES AN R R A Rl Rl R R R R R RE SRR RS REEESRE & 3
00 2030 J=1,NOSTPS

DO 2030 x=1,NOBLADES

XVELT(J,K)=0.7

YVELT{(J,k)=0,¢

ZVFLT(J ,K)=9.0

CONTINUE

IF(M7.EQ.YES) GOTO 2441

1F(®B.EQ.YES) GOTO 2441

DO 2040 K=1,NORLADES

be 2040 J=1,NDSTPS

DO 2040 L=1,NORLADES

XVELT(J,K)=XVEL(J, K, LY+XVELT(J,K)
YVELT(J,KY=YVEL(J, K L) +YVELT(J,X)

IVELT(J,K)=IVEL(J,K, LY+2VELT(J,K)

CONTINUE

GOTO 2641

PO 6041 K=1,NORLADES

DO 6041 J=1,1

SIGN=1.0

C=Cu(14)

W=Wy

R=RU

IF(K.GT JNEL) GOTO 6042

GOTO 6043

SIGN==1,0

W=wWl

R=RL

C=CHL(14)

VLOCAL=(W*R) +(V*SIGNASINCEPSI(J,K)))

VVOR=0,176+VLOCAL

XVELT(J,K)SXVELT(J, K)+(VVOR*(SINCEPSI(NOSTPS, K))*COS(BEYA(NOSTP
€))))

YVELT(J,K)=YVELT(J,K)=- (VVOR*COS CEPSI(NOSTPS, K))'COS(BETA(NOSTPS
£Y)

ZIVELT(J,K)=2VELT(J,K)~(VVOR*SIN (BETA(NOSTPS, K)))

courxuus R - .

I E 2R ZEEEE RS NTE R RN EERENE SRS ERR R R AR R & ] ﬁtt'tttt**tiﬁttiﬁtti'itt
EVALUATION OF NEW VORTEX FILAMENT LOCATIONS COMMENCES RS
R S RS R R R R R E R R R RS SR TR EE NI SIS ESS SRS Y 2SR A 222 2 X 'R )
0o 2050 x=1,NOBLADES "
VIE=VIGY

IF(KGTaNBU) VIG=VIGL

CALL POSTN(XFV,YFV,IFV, xver YVELT ,ZVELT,K, va~sw vrvnsw ZFVNEH
CNOSTPS,RAD ,TIME, VIG NBU ®7, na M6) e
CONTlNUE

NGSTPS=NOSTPS+1

IFCNOSTPS.GT ., TOTALSTP) NOSTPS=TOTALSTP .

DO 2060 X=1,NOBLADES T A
DO 2060 J=2,NOSTPS oo
XFV(J,KISXFUNEW((3=1),K) R
YFV(J,K)=Y FYNEW((J=1),K)




LINE NUMHER
953
954
955
956
957
958
959
960
961
962
9671
964
965
960
967
968
969
970
971
972
973
974
975
974
r7
978
979
9ED
981
98¢
983
984
9385
946
087
988
K9
990
991
992
993
994
995
96
997
990
999
1000

1001
1002

1002
1004

1305

1036

1007
100 ¢

c
¢
C

[aNaNalalle]

FORTRAN TEXT

2160

2361
20793

2080
2355

2088

788¢8

3007

3o0e
4322

¥J91
2089

2222

BSCO

LFV (I, K)=ZFVNEW((J=1) K)
CONTINUE

LR Z R AR R R 2R R R R AR 2R R RS R R R R R R R R A R E R R R R R PR R PR RES FEYR AR RS R R R
SETTING UP THE NEW J=1 VORTEX FILAMENT STATION PT FOR ALL RLADES
(B E R RS R R R TR E R R R E R RS R R R R R R R R R R R A R R R R R N A R R R R A R A AR AR B
DO 2070 K=1,NOBLADES
XEV(1,K)==SINCEPSI(NOSTPS,K))}*COS(BETA(NOSTPS,K))

YFV(1 ,K)=COS(EPSI(NOSTPS ,K))*COS(BETA(NOSTPS ,K))

ITF(XK.GT JNRU)Y GOTO 2061

ZFV1 ,K)=SINCRETA(NOSTPS,K))

GOTO 2uU7G

LFV1 K)=SINCEETA(NOSTPS ,K))=(VSEP/RU)

CONTINUE :
LR E R EREEEE NI SRS R TEEES SRS NFEEEEEESR] tttit*ttitttt'ttt’tﬁttitti’tt"
IF(NOSTPS .EQ 4,TOTALSTP) GOTO 2086 '
GITG 5791

WRITEC(H,20u5)

FORMAT('WAKE FEVOLUTIONS COMPLETE,PERM CAL COMMENCES',/)
DO ¢088 Jm=1,NOBLADES

pu 2088 J=1,14

VELFVT(J,JdMm)=(.0

CONTINUE

ITF(MT ,EQ.YES) GOTO 9091

CLASSICAL wWAKE INTERCEPT,YINCEPT2
YINCEPTZ2=(-1,C*RU/RL)-(MUU*VSEP/(LANDAU*RL))
WRITE(S,2007) YINCEPTZ

FORMAT(*CLASSICAL WAKE INTERCEPT IS:',1F12.6)

IF(M7 ,EQ.YES) YINCEPT=YINCEPT?Z

IF(M7? ,EQ.YES) GOTO 3008

CALL INCEPT(WU,V,ALPHA ,VIGU,KU,VSEP RU,RL, YINCEPT)
WRITE(6,4022) YINCEPT

FORMAT('INCEPT FROM MNELIX INTERSECTION IS:*,1F12.6)
CALCULATION OF VORTEX INDUCED VELOCITIES ON THE BLADES
BEGIN3S.TRANSFER OF AXES FROM STATIONARY AXES IN THE NO
FEATHERING PLANE TO AXES ROTATING WITH THE K°TH BLADE

15 ALSO PERFORMEDL,

' 2 R R R R R R 2 R Z S R R R R N P R R R R T R L R RS R RS R R SRR S LK
K=1

DO 2222 J=1,14

REPEAT=((L.US*II+((J-1)=0,05))
I1F(J.GT.9IREPEAT=((0,.9+((J=9)x0_.C1)+((J=10)+0,01))
XP(3)=0.

YP(J)=REPEAT

IP(H) =00

CONTINUE

DO SSCU LM=1,NOBLADES

DO 8500 J=1,NOSTPS

ANCG=EPSI(NOSTPS,X)

BET=BETA(NOSTPS,X)

TFVIC(I, LMY= FV(d, LMD
IF(KJGT.NBUYZFVIC(J, LMY =2FV(J,LM)+(VSEP/RU)

XEVTOI, LMY =(XFV(J, LMI=COSCANGI)+(YFV(J, LM)*SINCANG))
ANT=CYEV(JS,LMI®COSCANG) ) =(XFV(J,LM)ESINCANG))
YFVT(J, MY =(ART*COSCBETII+CZFVI(I,LM)2SIN(BET))
ZFVYC(I, LMY =(2FVI(J,LM)“COS(BET))~(ANT*SIN(RET))
CONTINUE




LINE NUMBER

1009
1010
1011
1012
1013
1074
1015
181¢
1017
1018
1019
102¢
1021
1622
1023
1024
1025
1026
1027
1025
1529
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1061
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064

o

C

C

c

c

C

c
C

FORTRAN TEXT

2223
2224

2081

3001

3003

5555

3004
3333

3009
3000

3006

7016

ANG21=2 . 0wpP1

ANG=(AMOD(EPSI(NOSTPS,K) ,ANG21))*180.0/P1
WRITE(6,2223)
FORMAT(7X,"XP",7X"YP",7X,"IP"%)
WRITE(6,2224) (XP(J),YP(J),2ZP(J),d=21,14)
FORMAT(3(2X,1F8.2))

WRITE(6,2081)K,ANG

FORMAT('INDUCED VEL ON EBLADE',12," AT AZTH POS®*,1F10.4,°DEGS’)
DO 3N0C L=1,NOBLADES

IF(L.GCT . NBU)Y GOTO 3301

R=RU

T=TG6U

B =R

My=myy

g=RYy

RCI=RLUU

vsS0=vsCu

C=Cu(8&)

SIGH=1,0

GOTn £2307

R=RL

T=T6L

R=AL

MU=MUL

B=BL

RC3=RCUL

Vsd=vsaL

C=CHL (&)

IF(LLGT JNBU) SIGN=-1,0

CALL RANKINE(V,W,R,AR,C,THETA,EPSI,CIRY,L,NOSTPS,SIGN, M51,T,MU,
IFC(L JEQL.1).AND, (K EQa 1)) HRITE(é SSSS)(CIRV(J L) J=1,N0STPS=-1)
FORMAT('CIR="'_1F10.,.4)

CALL CALKXFVT,YFVT,ZFVT,XP,YP,2P,1 VELFV,0,R,8 L,XC KL KO,RC,RL.
c,vA,v8,v(C,VD, VE 1, GANAX RCO VSO ¢,1,81G6GN,2, CIRV)
WRITE(6,30045L,K . o ,
FORMAT(/,*FROM HELIX®,12,'WITH COORDS_HRT',IZ,'ABLADE AXES 1S:",
WRITE (S, 3333) - e i
FORMAT(?X XV, TX 'YV',?X,'ZV )

HRITE(é 400)(VELFV(J L) J=1 14)

00 3009 J=1,14

VELFVT(J, K)ISVFLFEVT(J,K)+VELFV(J,L)
CONTINUE

CONTINUE

K=K +1

IF(KJLE,NOELADES) GOTO 2089 ; L
tttttt*i*tt*tcttt*ahtttatﬁitiﬁitﬁtttttﬁitﬁﬁ*tttﬁifij**itt"tgttx
NOM21=0 : :

K=1

I1F(KaGT NRL) GOTO 7G16
R=RU

w=wll

SIGN=1,0

Goro 7017 .
R=PL . . . .
WEWL




LINE NUMRER

1065
1066
1067
1068
1069

A7
Tuiu

1071
1072
1073
1074
1075
1076
1077
10738
1079
108C
1081
1082
1083
1084
10685
1086
1087
1088
1089
1C9¢C
1091
1092
1093
1094
1095
1096
1097
1098
1C99
110C
1101
1102
1103
1104
11US
1106
1107
1108
1109
111y
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120

FORT

7017

7018

3011

3312

8734

3014

7014

7012

RAN TEXT

SIGN==1,0

VVVEVELEVT (1, 1) »
NOM21=NOM2 1+1 L A
IF(NOM21,6T,.1) GOTO 7018

CALL GLAUERT(AU,BU,CAVU,WU,RU,THETAVU,ALPHA,V VIGU,VVV,TGU)
IF{®1,EQ,YES) GOTU 7018

1J=NBU+1

VVVEVELFVT (1,10)

CALL GLAUERT(AL,PL,CAVL,WL,RL,THETAVL,ALPHA,V, VIGL,VVV,TG6L)

Do 2005 J=1,16

RADB(J) =((2,05+0)4((J=1)%5,05))*COS{BETAINOSTPS,K))

TFCILGT W9IRADR(II=(0.9+((J=9)%G.01)+((J=10)+0.01))
C*COS(BETA(NOSTPS,Xx))

IF(KGLE JNHU)Y GOTO 3011

COMPUTATION OF UPPER ROTOR WAKE VELOCITIES ON LOWER ROTOR
XPT(J)==RADB(II*SINCEPST(NOSTRPS K))

YPT(J)=(RADD(J) *COSCEPSIINOSTPS K)I)=((1.0*RU/RLI+YINCEPT)
RG=SQRT(XPT(JII**24YPT(J)*2)

6G=RU/RL

1F(RG.6T.GG) GOTO 3011

IF(RG.LE.GG) VELFVT(J,K)SVELFVT(1,1) o
UP1=(VaSIN(ALPHA)*COS(BETA(NOSTPS,K)))=VELFVT(J,K)

UP2=- (R*RADB(J)*#DBETA(NOSTPS ,K))=C(VaCOS(ALPHA) *COSC(EPSI(NOSTPS,K))
C*SIN(BETA(NOSTPS,K))) . o !
[F(M7,EQ.YES) GOTO 7014 R T
IF(M6.EQ.YES) GOTO 7014 o
IF(KoLE JNBU) UP3=-VIGU*(1.0+(RADB(J)*XU=COS(EPSI(NOSTPS,K))))
IF(K.GT NBU) UP3==VIGL*(1,0+(RADB(J)*KLOW*COS(EPSI(NQOSTPS,K))))
IF(YINCEPT.LGT,1.C) GOTO 7012 e
IFCABS(YPT(J)) LT, 1E-4) GOTO 3012 -
IFCABS(XPT(J))ILT,1E-4) GOTO 8734
ANGRGZATANZ2(XPT(J),YPT(J))

GOTO 3014

IF(YPT(I) .LT.C,0) ANGRG=3,0+P1/2.0
IFCXPT(Y).6T.C.0) ANGRG=PI/2,C
60T0 3C14

IFCYPT(J) (LT .U.0) ANGRG=PI
IF(YPT(J).GT .L.U) ANGRGE=0.0
IFC(RG.LECGG) JAND . (K. GT .NHU)) UP3=(=-2.0*VIGU*(GG+(RE*COS
COANGRG) »KU)) ) +UP3

GOTO 7012 v

IF(K.LE .NBU) UP3==-VIGU

IF(X.GT.NBU)Y UP3=-VIGL

IFCYINCEPT.L6T,1.0) GOTO 7012

TFO(RGLLELGG) JAND (K. GT.NBU)) UP3I==2 _0*VIGU

VIOM(J)=-UP3

VFLAP(J)==UP2

UP(J,K)==(UPT+UPZ+UP3) )
UTCI, X)) =(WeRADB(IIXR) +(VASIGN*COSCALPHAI*SINCEPSI(NOSTPS,X))) .,
THI(J)=UP(J,K)/UT(J,K)

UTI(II=UT I, K)

CONTINUE

WRITE (6,88E3)

FORMAT(6X, "THLI®,7x, UuT*, /N

WRITE(H,B8BL9) (THICJ),UTIC(I),d=1,14)

FORMAT(2(1FIQ.4,6X))




LINE NUMBER FORTRAN TEXTY

1121 IF(K,.GT .NBU) GOTO 9001

1122 SIGN=1,0

1123 BET=BETA(NOGSTPS,K)

1124 AIM=EPSI(NOSTPS ,K)

1125 R=RU

1126 B=BU

1127 LAY

112% DO 90302 J=1,14

1129 THETAR(JI=THETAUC(J)

1130 CHORDR( ) =CU(J)

1131 BSR{J)=BSU(J)

1132 7302 CONTINUE

1133 60TO0 9004

1134 901 R=RL

1135 8=BtL

1136 wawi

1137 SIGN==-1.0

1138 BET=RETA(NOSTPS,X)

1139 AIM=EPSI(NOSTPS ,K)

1140 00 9003 J=1,14

1141 THETAR(JI=THETAL(J)

1142 CHORDR(J)=CHL(J)

1143 8SR(J)=BSL (J)

1144 9003 COUNTINUE

1145 90G4 I4KL=2 e e

1146 C COMPUTATION OF BLADE PERFORMANCE

1147 C *t***ti*ﬁi*iti*t*tti*iittiiitiﬁ**iiiﬁiitfiﬂ*ittti.ﬁiiiii’tiiii
1148 CALL PERM(VIT,RADB,TH,TOR,THEO,R,THETAR, CHORDR BSR B, ENERGY

1149 C,GAMAX A, W%, THI 1JKL, UTI HF) e

1150 C URITE(é 5091

1151 8U91 FORMAT('I AM HERE T0O')

1152 HFORCE(K)=HF(14) _

1153 THRUST(K)=TH(14) : LS

1154 TOPQUE(K)=TOR(14)

1185 C iwitﬁtﬁt:t*t-tt-'ttttttﬁt*t**iiitttftiit’tti*t*tit*iitQ*it*tii‘ .
1156 d QUTPUT DATA

1157 C ttti*iittiiiitﬁittitti‘tttitiﬁt*ttt'ittiti*ititti***tttt***t*t
1158 ANG12=2.0*P1

1159 ANGBLADE=(AMOD(EPSI(NOSTPS,K),ANG12))%180.0/P1 v
1160 WRITE(6,7778) ANGHBULADE .

1161 7778 FORMAT('BLADE AT AZIMUTH POSTN °*,1F12,6,° DEGS* X >

1162 WRITE(6,7001) BETA(NOSTPS,K) ,DBETA(NOSTPS ,K)

1163 7001 FORMAT('BETA="',1F12.6," DBETA=" ,1F12.6)

1164 C WRITE (6,7002)

1165 7002 FORMAT('TOYAL VORTEX INDUCED VELOCITY 1S5:°*)

1166 c WRITE(6,400) (VELFVT(J,K) ,0=1,14) -
1167 c WRITE(6,7003) S de e
1163 7003 FURMAT('MOMENTUM VELOCITY DISTRIBUTION IS:*) . :
1169 C WRITE(6,400) (VMOM(JI) ,J=1,14)

1170 o WRITE(6,70CS5)

1171 7005 FORMAT( FLAP VELOCITY DISTRIBUTION IS:*)

1172 c WRITE(6,400) (VFLAP(J),J=1,14)

1173 c WRITE(6,7004)

1174 70054 FORMAT('TOTAL VELOCITY DISTRIBUTION IS:') :
1175 o VRITE(&,600) (UP(J,K),J0=1,14) DRI P
1176 WRITE(S,7777) THRUST(K),TORQUE(K),K ' o




LINE NUMHER

1177
1173
1179
118C
1181
118¢
11873
1184
1185
1186
1187
11kK8
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1207
1201
1207
1203
12u4
1205
120¢
1207
1208
1209
1210
1211
121¢
1213
1214
1215
1216
1217
121¢
1219
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1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232

o NaNalel

FORTRAN TEXT

7777 FORMAT('THRUST=",1F9,3," TORQUE=",1F9.3," (BLADE',I2Z,°)*)

K=v+1

1F(K.LE.NOBLADES) GOTO 3006

NOSTPS=TOTALSTP

MAND=MAND+ 1

HFORCEU(MAND) =0 .U

THRUSTU(MAND) =C.C

TORQUEU(MAND)=0,C

HFORCEL(MANDY =D L0

THRUSTL(MAND) =T u

TORQUEL (MaND) =0.0

DO 2094 K=1,NOBLADES

IF(K.GT .NBU) 6O0TO 2095

HFORCEU(MAND) =HFORCEU(MAND) +HFORCE (K)

THRUSTU(MAND) =THRUSTU(MAND) +THRUST (X)

TORQUEU(MAND) =TORQUEU(MAND) +TORQUE (X)

60T0 2094
27395 THRUSTL(MAND)=THRUSTL(MAND) +THRUST (X)

HFORCEL(MAND)=HFORCEL(MAND)+HFORCE (X)

TORQUEL(MAND):TORQUEL(MANO)+TORQUE(K)
2094 CONTINUE

ALPHACU==(HFORCEU(MAND) /THRUSTU(MAND))*x180,0/P1

IF(M1 EQ.YES) 6070 5003

ALPHACL==(HFORCEL(MAND)/THRUSTL(MAND))*130 D/F1
SQ03 WRITE(6,2098) THRUSTU(MAND) ,TORQUEU(MAND)
2098 FORRAT(*UPPER ROTOR,THRUST=",1F12.6,'N",* TORGUE="_,1F12.6," "N/¥

c,*)

WRITE(6,8021) HFORCEU(MAND) ,ALPHACU
5321 FORMAT('CORRESPONDING H FORCE=*,1F12,6,°N*," ALPHAx®'_1F8,4,°DEGS

IF(M1 ,EQ,YES) GOTO 1010

WRITE(0,2099) THRUSTL(MAND) ,TORQUEL(MAND)
2359 FORMAT('LOWER ROTOR,THRUST=",1F12.6,'N",' TORQUE=",1F12.6,°'N/Y¥

¢, " i

WRITE(6,3021) HFORCEL (MAND) ,ALPHACL

P A R AR R R R R R R R 2 2 R R 2 s A2 22 R R 2 S 2RSS 2RI R R RS2 SRRSERARE R & 8 1

ax+aOTE THE FOLLOWING DOES NOT TAKE INTO ACCOUNT OF VARIAHMLE

ALADES STEPPED FULLY ARQUND IN EACH ROTORwwawda °-

1013 VARA=360,0/(BU*DELTAZIM)
WRITE(O6,TU11)VARA, VAND

1011 FORMATC'VARA=',1F12 .6, MAND=',12)
1FCFLCAT(MAND) ,GE.,VARA) GOTO 2092
FORI=FLOAT(TOTALSTP+MAND=1) o ta i
DO 2G990 K=1,NOBLADES
1F(K, GT.NBU) GOTO 2091
EPSI(NOSTPS,K)=(FORT1*2 . 04PI/FOR2)+(FLOAT(K=-1)%*2, o-PI/su)
FLAF= -(A1U*COS(EPSI(NOSTPS K)))-(B1U«SINCEPSI(NOSTPS K)))
BETA(NOSTPS,K)=AQU+FLAP
DBE TA(NOSTPS ,K)=WU*((ATU*SINCEPSI(NOSTPS,K)))=-(B1U%(C0S
CC(EPSI(NOSTPS ,K))))
GOYO 2090

2091 ANL=(-BU+FLOAT(K=1))*2 0*P1/BL
EPSI(NOSTPS, K)==(FOR1#2,04PI/FOR2) +ANL . S
FLAP=-(A1L*COS(EP§I(NOSTPs,K)))*(S1L*SIN(EPSI(NOSTPS x)))‘
HETA(NOSTPS,K)=ADL+FLAP ;
DHETA(NOSTPS ,K)=WL+((=ATL*SIN(EPST (NOSTPS, K)))-(B1L'COS

,w-u
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1233
1234
1235
1236
1237
1238
1239
1240
1261
12472
12463
1244
1245
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1247
1248
1249
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1252
1253
1254
1255
1256
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FORT

2090

2092
2093

20ve

2097

2056

RAN TEXT

C(EPSI(NOSTPS ,K))))

CONTINUE

GOTO 5791

WRITE(6,2093)

FORMAT(®BLADES SUCCESSFULLY STEPPED AROUND DISC®) .
THAV=(0.0

TORAV=0-0 . .
HEAV=0.0 ' -
D0 2096 K=1,MAND

IF(MT EQ,YFS) THRUSTL(K)=0.0

IF(RT EQ.YES) TORQUEL(K)=D,0

1F(M1 EQ.YES) HFORCEL(K)=G,0

HFAV=HFORCEU(K) +HFORCEL(K) +HFAV

THAV= THRUSTU(K) +THRUSTL{K) +THAV

TORAV=TORGUEU(K) +TORQUEL(K)+TORAY

CONTINUE

THAV=THAV/FLOAT (MAND)

TORAV=TORAV/FLOAT(MAND)

HFAV=HFAV/ FLOAT(MAND)

WRITE(6,2097)THAY,TORAV

FORMAT('TOT THRUST=',1F12,6,'N",* TOT TORQUE=",1F12,6,"N/M")
ALPHAF=(~HFAV/TRAV)*130,0/P1

WRITE(6,8021) HFAV ,ALPHAF

GOTO $82

sToP SR
END ’




LINE NUMHEK FOPTRAN TEXT

1259 SUBROUTINE RANKINE(V,w ,R,AR,C,THETA,EPSI,CIR,K,NOSTPS,SIGN,M51
1260 C,T1,MU,B)

1261 REAL MU N

1262 INTEGER YES .

1263 DIMENSION EPSI(100,20),vT(100,20),vS0(100,20),RC0(C100,20)
1264 DIMENSION RE(CI100,20),CIRCING,20),CIROLL(IDG,20)

1265 DATA YES/1HY/ )

1266 DATA VIS/1,655€~5/,P1/3.1415927/ ,R0E/1,225/

1267 VARY=T/(ROE*B*R*+WaR* (0 ,5=-(3,0*(MUx#*2)/16.0)))

1268 po Y0 J=1,n0STPS

1269 L=NGSTPS=(J-1)

1274 VT, K2 (WaR) + (SIGN*V*SINCEPSI(L,K)))

1271 VSO LK), 04 (6467 ARII* (2 JELE=2)*THETA*VT(J,K) *180.0/P1
127¢ PECI,K)=VTHJ, k) *L/yls

1277 RCO(I ,KI=C*1 2+ (RE(J,K)Iaw(=0.2))*yS0CI,XK)/VT(J, KD

1274 CIR(J,KI=2 U*FPTavSa(d,K)*RCC(J, )

127¢ CIRGLLOJ,K)=VART*#(T C-(1 ,5S+MU*SIGN*SINCEPSTI(L,K))))

1274 1. CURTINUE

1277 bU 23 L= ,N0STPS-Y

127 CUv (L, k)= (CIR(L,K)+CIR(L+1,K)) /2.0

1279 FFCCLLGTL3) WAND (WS JEQLYES)) CIRCL,K)I=(CIROLLCL,K)+CIROLL(L+1,K)
1284 C/2.

1281 27 CONTILwus

1252 RETUp™N

1263 gL
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12846
1285
1286
1287
1258
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
13Q¢C
1309
130¢
1303
1304
1365
130¢
1307
130&
1309
1310
1311
1312
1313
1314
1315
1314
1317
1318
1319
1329
1321
1322
1323
1324
1325
1326
1327
132¢
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339

FORTY

2J2 ¢
2030

2021

RAN TEXT

SUBROUTINE CALC XV,YV,7V , XP,YP,IP, NO,VINDV,J,R,8B,Jd4,XC,KL,KD
C,RC,RL,Pl,vA,Vk, C,D,E,NCOUNT ,GAMAX ,RCI,VSC, CC,NTYPV,SIBN,NTYPC
C,CIR)

REAL KC,xL ,KG

DIMENSION RC(Z20OUL)

DIMENSION XxP(L0),YP(4U) 1P (LD)

DIMENSION xV(100,20),yv(100,20),2v(100,20),vINDV(10Q,20)

DIMENSION CIR(100,20),viIv(100),vIVT(120)

DIMENSION THETA(I100)

COMFON/RBLYI /WY (L0

COMMON/BL21/ W, NFILASTP

DATA ROE,PI1/1,225,3.14615927/

M=1

WRITE(6,2310INCOUNT N, NTYPY

FORMATC NCOUNT="® _12,* N=*,12," NTYPV=',12)

WRITE (6,90

FORMATO'™® ,Y0x,*VORTEX X COORD® , 1CX,*VORTEX Y COORD®,10X,*VORTEX 2
¢ COORD")

WHRITE(S,91)(xV(L),YV(L),IV(L),L=1,T7)

FORMATC® * 10X, 1F16.4,10%,1F14,4,10x,1F14,.4)

DO 40 K=1,N-1

THETA(K)=(K=1)»2*P 1 /(NFILASTP=1)

COVY=(XP (MY =XV(K+Y) ,JJ))*(YP(M)~YV(K,JJ))

COE=(YP(M) ~YV(K+1) ,)I))2(XP(M)=-XV(K,JII})

CD=(CDYI-CDQ)

CI1=(XPIM)~XV(K+T1),dJ))x*?

C2=(YP(MI=YV ((K+1),0J))%w2

CR=(ZP(MY=7VI(K+1)  JJ))ew?

AP=SQRT(CT14C2+C3)

CA=(XP(MI~XV(K,JJ)) 22

CS=(YP(M)=-YV(K,JJ)) xx?

COZ(2ZP(M)~ZVI(K,JI))ww?

BP=SQRY(C4+CS5+C6)

AL=XV((K+1) ,JJ)*XV(K, JJ)

AS=(YP(MY=YV((K+T) ,JI) )+ (YP(MI)-YV(K,JJ))

AG=ZV((K+1) ,3J) %2V (K, J)

A7=(AP+BP) /(AP*BP)

AL=R*((AP*RP)+AL+AS+AH)

F=A7/A8

IF(NTYPCLEQe1) CIR(K,JU)=2.0%PI#VSO«R(CO

IF(K.EG.Y) GOTG 540G

CCORE

CHECK 1F BLADE TIP STATION POINTS ARE LOCATED INSIDE VORTEX

VNT=(XV(K+1,Jd)=XV(K, JJ))n=*2

UN2=(YV(K+1,J0J0)=YV(K, JJ))=ax2

VH3I=(IVIK*F Y, Jd)=IVIK,JJ))*a?

AB=SQRT(VNT1+VNZ+VN3)

TF((BPLT L 1E=3) JURL(AB LT L1E=3)) GOTO 2020

60Y0 2021

WRITE(6,203%0)

FORMAT(*BP OR AP LESS THAN 1E-3*)

6UTO 560

IF(NCOUNT EQ 1) GOTO 778 .

ANGLEB=ACOSL((BP**2)+(AR*22)=(AP*%2))/(2.,0«8P*AB))

H=ABS (BP*SIN(ANGLEB)) =P

[LF(NTYPV,FQ,.1) GOTO 531




LINE NUMBER

1340
1341
1342
1343
1344
1345
1346
1347
1348
1340
1350
1351
1352
1352
1354
1355
1350
1357
135%
1359
1360
1341
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1361
1382
133
1334
1385
1386
1387
1382
1349
1390
1391
139¢
1393

FORTRAN TEXT

540

77

779

45

30

TFONTYPV EG,.2) GOTO 532

TF(HLGTLRO) GOTO SO0

IFC(H.GT.KL) ANDL(H.LE ,RU)) GOTO 510
IFC(HLGT.RCOK)) JAND .(H JLE.RL)) G€OTD S20
IFCH,LE ,RC(K)) GOTO 530

CIRI(K,JJ)Y=xKD

G010 773 _
CIR(K,JJ)=(1 . C~EXPC(D*H/CCI+E) ) (99 *GAMAX
COoTp 77%
CIiP(K,3d)=((VEXALOGIH/CCII+C) D 99 *GAMAX
GOTO 776&

CIR(K,JJI)=KC*(H/RC(K))**2

GOTC 77¢

TF(KLGT ,RC(K)) GOTOQ 77°%

CIR(K ,JJ)I=KC*(H/RC(K)) #x¢

GUTO /78

IF(H.GT.RU) GOTO 533
TFCOHLELRT) JAND (H ,GT.RC(KD))) GQTO 534
CIR(K ,JJr=x(C+(H/RC(K))**2

GOTO 778

CIR(K ,JJ)=xO

GOTO 778
FF=XC/C((RCU+L.QOIEY/CCIax (,778))

CIRCK ,JJY=FF*(((H40,0018)/CCHIax(,778))
GOTO 778

TFCCYVOK,JJ) LT 1.01) AND L (YV(K,JJ) . GT.0.99))G0TO 777
GOTO 778

IF(NO.EQ.T) GOTO 779

GOTO 778

SM=(1=YP(M)) *R

IF(SHMLTLRCO) GOTO 801

GOTQ 778

VIV(K)=VSO*xSM/RCO

GOTO0 40
VIVIK)=SIGN* {(CIR(K ,JII*F)/ (4P 1)) *x(CD
WRITE(H,2UCIIK,Jd,CIR(K,J4D

FORMAT( CIR(®,12,12,')="',1F12.6)

CHECK COMPLETE

CONTINUE

WRITE(6,51)

FORMAT(®’H®,” %)

VIVTI(1)=vIV(1)

DG &5 1=¢,N=1

VIVTI(I)=vIv(l)+vIvT(I-1)

CONTINUE

VIRDY (M JJ)=VvIVT(n=1)

MM+

TF{MoLE VL)L O0T0 22

WRITE(6,80)

FORMAT(*H® ,*TOTAL VORTEX INDUCED VELOCITY AT EACH STATION
CPOINT IS*)

WRITE (6, ) (VINDVIL) ,L=1,14)

RETURN

END
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1394
1395
1336
1397
1393
1399
1400
14C1
1402
1403
1404
1405
14004
1407

LINE

1408
1409
1410
1411
1417
14132
1414
1615
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430

NUMBE R

FORTRAN TEXT

11

SUMFOUTINE BLVOCO(XV,YV,ZV ,B8,1)
DIMENSION XV (10(,20),Yv(100,20),2v100,20),THETACTIOW)
COMMON/RL21/ N, NFILASTP

P1=3,1415927

VORTEX COOKDS FROM OTHER BLADES

Do 31 K=1,M
THETA(K)=(K=1)*2*PI/(NFILASTP=-1)
ARB=SQRT(YV(K, 1) %e2+4xV(K, 1) =*2)
YV(K,I)=pAB*COSC((2+«P1)/8B)+THETA(K))
XVIK, 1) =AE*SIN(((2*P1) /BAR)+THETA(K))
IV(K,1)=2vIK, 1)

CUNTINUE

RETURN

END

FORTRAN TEXT

(1]

30

SUBROUTINE LANDG(XV,YV,IV,CT,B,B5,R)
DIMEHSION XV (1CC,20 ,Yv(150,20),2v(130,20)
DIMENSION THETA(100) ,RV(100Q)
COMMON/BLZ /AT, A2, A3

COMMON/BLZ21/ N, NFILASTP

DATA ROE,PI/1.225,3.1415927/
LANDGREBE WAKE COEFFS.
Al==0.25*(CT/BS)

A2=-1.41+SQRT(CT/2)

AS=0,1465+(27+CT)

VORTEX FILAMENT ANGLE

DO 30 K=1,N
THETA(K)=(K=T1)*24PI/(NFILASTP=-1)
IFCTHETA(K)=PI)Z , 0,4
IV(K,1)=AT*THETA(K)

GOTO S

IV(K,1)x (A1 2«PI/B)+A2*(THETA(K)=2+P1/B)
RV(K)=0,78+0 ., 22+*EXP(~A3+THETA(K))
XV{K,1)=RV(K)I*SINC(THETA(K))
YV(K,T1)=RV(K)*COS(THETA(K))

CONTINUE

RETURN

END
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1431
1432
1433
1634
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1646
1447
1443
1449
145¢C
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1465
1467
1468
1469
1470
1471
1472
1473
1474
1475
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FORTRAN TEXT

5

300
400
401
02

301

502

20
21

36
19

303
304
30s

306

SUBROUTINE STRIP(VO,Y ,T0T,CT,vI , R,BETA,C,BS,B,A,W)
REAL MACKND

DIMENSION EBETA(A0) ,vART (40) ,BETAC4G),C(4D)
DIMENSION Y(40),BS(40)

DIMENSION VvO(40),T(40) ,vI(40),TT(40)

DIMENSION AN(40)

DIMENSION AA(40)

DATA ROE, PI/1.225,3.1415927/
VARS=BETA(8)*180/P1

b0 5 1=1,14

EBETACL)=TAN(VO(I1)/(WxY (1) %R))

CONTINUE

WRITE(6,30()VARSE

FORMAT('H® ,*GEOMETRIC ANGLE OF INCIDENCE (75%XR) IS:®,1F8.4,
WRITE(6,400)R

FORMAT(® ' ,"BLADE RADIUS IS:',1F8.4,°Mm*)
WRITE(6,40%1) (C(LY,L=1,14)

FORMAT("®" " ,"BLADE CHURD AT .75R IS:',1FB.4,'M")
WRITE(6,402) (BS(L),L=1,14)

FORMAT('" *,°"ROTOR SOLIDITY IS:",1F8.4)
WRITE(6,301)

*DEGS

FORMAT(® * _ *ELEMENTAL INFLOW ANGLES FROM APPARENT VERTICAL FLIGH;

C INCIDENT VELOCITIES ARE:")

WRITE(6,302) (EBETA(L) ,L=1,14)

FORMAT(® *,2F8.4)

DG 10 1=1,14

VARI=(VOC(I)/2)4(BS(Id)*A+W*R/16)

VARZ2=2#* ((KETA(I)*Y (I)*W*R)=VO(I))

VARI= (4xv 0 (1) 2vO(1))/(BS (I)*A*W*R)

VARGL=RS (1) *A*w*R/16.
VAR7(ID=1.04((VAR2) /(VAR3I+VO (L) +VARAL))
VI(I)=VART1*(~1,C+SQRTCABS(VAR7(1))))
ANCI)=(VICI)4VO(1)) /(W*Y (]I)*R)

MACHNO=(W*Rk*Y (1)) /340.0
PRANDTL=1,0/SQRT(1,0~(MACHNO*®2))

VVV=COSCANCL) ) *PRANDTL

AACI)=(BETA(I)-AN(I))*180,.0/P1

IF(AACI) .LT0.0) GOTO 36

IF(I.LE.9) GOTO 20

GOTO 21
TCI)=0,5%ROE*(WaR*Y (1)) x#2%A2C (1) *0 , 10#R* (BETA(I) =AN{I))avVV
60T0 10
TCI)=04S5*ROEX(WHR*Y ([) )42 % p2C(1)w0 02*R+(BETA(I)=AN(I))*VVYV
60T0 10

T(1)=3.0

CONTINUE

WRITE(6,303)

FORMAT(® ' ,*INDUCED VELOCITY(STRIP) SQRT QUANTITY-')
WRITE(S, 50L)(VAR7<L) L=1,14)

ronMAr(' S2FB.4)

WRITE(S, 305) ' o s
FORMAT(® *,EFFECTIVE ELEMENTAL ANGLE OF INCIDENCE IS")
WRITE(G, 306)(AA(L) L=1,14)

FORMATC * JoFB.4)

VARY=1,0

TTC1=7(1)

o




LINE NUMHEK FORTRAN TEXT

1487 DO 8O I=2,14

1483 TTCIY=TLI) +TT(1~1)

1489 20  CONTINUE

1490 CT=(B*TT(14)) /J(ROE*¥(WAR) ax 2 *P I aR2%2)
1491 ¢ WRITE(6,100)

1492 100 FORMATC(® *,*THRUST WITHOUT TIP LOSS IS:*)
1493 c WRITEC(E,*) TT(14)

1494 ¢ WRITE(6,91)CT

1495 91 FORMAT(' *,*THRUST COEFF. WITHOUT TIP LOSS I1S:°,71F8.4)
1496 C TIP LOSS FACTOR

1497 IFCCT.LT.0.0) GOTO 592

1498 VARS=1=~(SQRT(2.0+CT)/B)

1499 o WRITE(&,800) VARS

1500 3CO FORMAT(® *,°TIP LOSS FACTOR IS:',1F8.4)
1501 GOTO 806

1502 592 VARS=1,0

1503 806 00 30 1=1,14

1504 IF(Y(I).GT.VARS) GOTO 31

1505 GOTG 30

1506 31 T(1)=0.0

15047 30 CONTINUE

1508 C DO 33 x=1,14

1509 o IF(VI(K) .LT,.0.0) GOTO 34

1510 C GOTO 33

1511 C VI(K)=0.9 LINE=34

1512 o T(KY=G0.0

1513 c CONTINUE LABEL =33

1514 o WRITE(6,89)

1515 89 FORMAT(® *_,*STRIP INDUCED VELS. ARE:")
1516 C WRITE(E,*)(VI(L),L=1,14)

1517 ¢ WRITE(6,90)

151% 90  FORMATC® *,*STRIP ELEMENTAL LIFTS ARE:")
1519 C WRITE(6,*) (T(L),L=1,14)

1520 00 32 1=2,1%14

1521 TTCD)=T(I)+TT(I=-1)

1522 32 CONTINUE

1523 TOT=TT(14)

1524 CT=(B*TT(14)) /(ROE+*(WAR)#*%2+«P]+R*%x2)
1525 C WRITE(6,200) TOT

1526 200 FORMAT('® *,*THRUST VALUE WITH TIP LOSS IS:*,1F12.6,'N*)
1527 RETURN ST

152% END




LINE NUMBER FORTRAN TEXTY

1529 SURROUTINE PERM(VIT,Y,TH ,TOR,DT R, THETA,C ,BS,B,ENERGY,GAMAX
1530 C,A,W,THI,NUM,UT,DHSUHM)

1531 REAL MACHNO

1532 DIMENSION DL(40),0PD(40) ,DH(40) ,DHSUMCLD)

1533 DIMENSION GAMA(14) ,TORITIP(14),0L20¢40)

1534 DIMENSION TORIS(40),8S(40),CL(40),TORPS (40D

1535 DIMENSION Y (40),THI(40),VIT(40),DT(40),CD0C40),TORI(4D),
1536 C TORP(40),TH(40),TOR(40),C(40) , THETACLD) ,UT (40

1537 COMMON/BLZ22/ BETA,AZIMUTH,SIGN

1538 DATA ROE,PI/1.,225,3.,1415927/

1539 DO SO 1=1,14

1540 IF(NUM.EQ.2) GOTO 95

1541 THICI)=VITVCL) /CW*Y(1)*R)

1542 95 IFCABS(THETACI)=THI(I)) 6T .0.21) GOTO 81

1543 IFCCTHETACI) -THI(I)) LT,.0.0) WRITE(S,84) 1

1544 VELR=W*R*Y (1)

1545 IF(NUM,EG.2) VELR=UT(I)

1546 IF(VELR.LY .0.0) GOTO &1

1547 MACHNO=VELK/340.,0

1543 VV=COSCTHICI))

1549 VVv=1.0/(1.0=-(MACHNO*+*2))

1550 IF(ILLE.9) GOTO 3%

1551 G070 37

1552 36 DLOI)T0.S«ROEN(VELR**2)+A*C(I)*#Q 10*R*(THETACI)=THIC(I)) *VVV
1553 DL20(I)=DL (1) /(Q0.14R)

1554 GAMACI) =DL (I)/(ROE*VELR*0,1%R)

1555 GOTO 38

1555 37 DPLUI)=0.S*ROE*(VELR**2)%A+C{I)»0, 02*R*(THETAC(I)-THI(I))*»vVy
1557 IFCCLLEQa14) JANDL(DLCI) LT 0%0)) DL(IX=0,0

1558 DLZD(I)=DL(I)/(O.DZ*R)

1559 GAMACI)=DL (1) /(ROE*VELR*(,02+R)

1560 C PROFILE DRAG COEFF,

1561 38 PART=ABS(THETACI)=THI(I))

1562 CDOC(I)=0.0087-(0,0216%PAR1)+(0,4*PART*%2)

1563 c INDUCED TYORQUE

1564 TORICI)SDL(I)*Y(ID*THI(I)*R

1565 IF(ILLEL?) 60TO 39

1566 GOTO 40

1567 C PROFILE TORQUE s
1568 39  TORP(I)=N,5*ROE*(VELR**2)*Y(I)*RsC(1)*0. 10*CDO(I)*R*VV
1569 GO0TO0 SO .

1570 40 TORP(I)=0O,S«ROE*(VELR**2)#Y(1)wR*C(I)%0,.02+CDO(I)*RaVY
1571 GoYo SO

1572 81 pL(1)=0.0

1573 TORICIY=0,C

1574 TORP(I1)=0,C

1575 I WRITE(6,82)1

1576 82 FORMAT(®BLADE AT STATION PT.',12,' IS STALLED®)

1577 84 FORMAT('BLADE ELEMENT AT STATION PT.',12," IS AT A =VE A~0-A")
1573 50 CONTINUE

1579 DO 51 I=1,14

1580 DPO(II=TORP(II/(Y(I)*R*COS(THI(IY))

1581 DYICI)=C(DL(I)*COS(TRICI)))=(DPDCIDASIN(THICI)))

1582 IF(NUM.EQ,2) DT(1)=DT(I)*COS(RETA)

1583 IF(NUM.EG ,2) GOTO 52

1584 GOTO $1




LINE NUMRER

1585
1586
1587
158¢&
1589
1599
1591
159¢
1593
15946
1595
15764
1597
156¢
1599
16uls
1601
16C¢
1603
1604
1635
160¢
1607
160¢
1609
1610
1611
161¢
1613
1614
1615
1616
1617
1618
1619
1620
1621
162¢
1623
1626
1625
1626
1627
1624
1629
1630
1631
1463¢
1613
1634
1635
1636
1637
1638
1639
1641

LINE

1641
1642
1643
1644

NUMHBER

FORTRAN TEXT

52

51

&0

53

61

N
<

7

72

31

35

20

5GC

19

121

VART=(DPOCI) «COSCTHICIIII+(DLCID*SIN(THIC(I)))
VARZ=(DLC(I)* COSCTHICI) D)) -(DPDUI)*SINC(THI(1)))
DHCI)=(VART+*SIGN*SINCAZIMUTH) ) ~(VARZ*SIN(BETA)*COS(AZIMUTH))
CONTINUE
WRITE(6,60)
FORMAT(® ", "ELEMENTAL L
WRITE(S6,#)(DL(L), L=1,14
WrRITE(LH,53)
FORMAT('ELEMENTAL THRUST DISTRIKHUTION Is:®)
WRITE(LH, =) (DT(L)Y,L=1,14)

WRITE(6,61)

FOMMAT('2=-DIMENSIUNAL LIFT DISTRIBUTION 1S:*)
WRITEC(LH,#) (DLZOC(L) ,L=1,14)

WRITE(L,70)

FORMAT(® * ,*INDUCED TOKRGUE DISTRIRUTION IS:*)
WRITE(,*) (TORI(L) ,L=1,14)

WRITE(H,71)

FORMAT(® *,°'PROFILE DRACL CUEFF., DISTRIBUTION IS:")
WRITE(6,+) (CDOCL),L=1,14)

WRITE(6,72)

FORMAT(® *,*PROFILF TORWUE DISTRKRIBUTION IS:")
WRITE(&,*) (TORP (L), L=1,14)

TORIS(I)=TGRI(Y)

TORFS(1)=TORP(1)

Do 30 M=2,1s

TORIS(MI=TORI(M)+TORIS (M=1)
TORPS(M)=TORP(M)+TOFPS(M=-1)

CONTINUE

WRITE(S6,31)

FORMAT(" *,*INDUCED TORQUE VALUE IS:*)

WRITE(6,*) TORIS(14)

WRITE(6,35)TORPS(14)

FORMAT(*PROFILE TORQUE VALUE IS:*,1F10.5)

TRV =0T(1)

TOR(I)=TORI(II+TORP (1)

TF(NUM_EG,.Z) DHSUM(1)=DH (1)

DO 20 x=2,1%14

IF(NUM,EG,2) DHSUM(K)=DH(K)+DHSUM(K~-1)
TH(K)=DT(K)+TH(K~1)

TJOUR(XI=TORI(K)+TOKP(X) +TOR(K=1)

CONTINUE

GAMAX=0,0

PO 500 L=1,14

GAMAX=AMAX 1(GAMAX,GAMA(L))

CONTINUE

DO 113 L=1,14

IFCABS(GAMACL)=-GAMAX) LT 1E=-3) NUM=L

CONTINUE

WRITE(6,12C) Y(NUM)

FORMAT('THE MAXIMUM CIRCULATION IS LOCATED AT',1F4.2," RADIUSH™)
WRITE(6,121) GAMAX

FORMAT(/,*MAY IMUM BOUND CIRCULATION IS:®,1Ff8.4)
WRITE(S6,*) (GAMA(L)Y ,L=NUM_14)

TORIYTIP (NUN=-1)=(0,0

DO 130 L=NuUM,14
TORITIP(L)=TORITIP(L=1)+(DT(L)*XTHI (L))

IFTS ARE:®)
)

FORTRAN TEXT

130 CONTINUE

ENERGY=TORITIP(14)
RETURN
END




LINE NUMHER FORTRAN TEXT

1665 SUBROUTINE POSTN(XFV,YFV,2FV XVELT ,YVELT,ZVELT, KO, XFVNEW,YFVNEW
1646 C,2FUNEW, M, RAD,TIME, VIG NRU,M? MK ME)

1647 REAL YES

1648 DIMENSION VELG(100,20)

1649 DIMENSION XVELT(100,20),YVELT(100,20),ZVELT(100,2M)

1457 DIMENSION xfFV(100,20) ,vyFv(100,20),2Fv(100,20) ,XFVNEW(100,20)
1651 DIMENSION YFYNEW(100,20),2FvNEW(100,20),0ELTAXFV(100,20)
16>¢ DIMENSION OGELTAYFV(I00,20) ,DELTAZFEV(100,20),TIME(20) ,RAD(2W)
1653 COMMON/BLS/ OMEGA,ALPHA,V

1654 DATA YES/1WY/

1655 DO 1] K=1_*»

165¢ c M7=YES,CLASSICAL WAKE REGUIRED.

1657 IF(M? EG,YES)Y GOTO 22

1658 DELTAXFV(K ,KO)=XVELT(K ,KO)*TIME(KO)/RAD(KO)

165% DELTAYFV(K ,KO)=(YVELT(K,KO)+(V*COS(ALPKA)}) I«TIME(KO)/RAD(KQ)
166 TF(MAEC.YES) VERVSV*SIN(ALPHA)

1661 IF(MEEGLYESY GOTO 21

1662 RVORT=SQARTIXFV(K, KOOI *#%2+YFV (K KQ)**x2)

1663 ITFCYFVIK,KO) .GT.1.0) VERV=(V*SIN(ALPHA))=(2,.0*VIG)

1664 VELG(K,KO)=¢ ,U*VIG

1665 IFC(RVORT.GT .1.0) JAND . (YFVI(X,K0).6T.1,.0)) GOTO 21

166¢ EPSV=ATANZ (=X FV(K ,KO) ,YFV(X ,X0))

1607 IF(KULGT . hBU) EPSVEATANZI(XFV(K,KOD) ,YFV{(K,KO))

1661 1F(RVORT.GT.1.0) KVORT=1,0

1669 VERVZ(V*SINCALPHA) Y =(VIG*«(1 , 0+(RVORT*COS(EPSV))))

167° VELG(K,¥0)=vIG*(1 0+ (RVORT*COS(EPSV)))

1671 o1 DELTAZFV(X , KO)=(IVELT(K,KO)+(VERV))+TIME(KO)/RAD(KD)

167¢ GOTO 23

1673 22 DELTAXFV(X k0)=0.J

1674 DELTAYFV(K KO)=(V*COS(ALPHA))*TIME(KO)/RAD(KO)

1675 DELTAZFVI(K,XO0)=((V*SINCALPHA))Y=VIG)*TIME(KOY/RAD(KO)

16746 23 XFUNEW(K,KU)=YFVI(K , KO)+DELTAXFV(X,K0)

1677 YFYNEW(K, KO)SYFV(K ,KQ)+DELTAYFV (K, KQ)

167¢ TFVNEW(K, KG)Y=2FV(K _ KO)+DELTAZFV(K,KQ)

1676 10 CONTINUE

168U C WHITE(EL,200M,K0

1681 22 FORMAT("ROTOR AT POSTN®,1Xx,12," FOR HELIX NO®,IZ,/)

168¢ C WRITE(6,7)

1683 7 FORMAT('GLAUERT DISTRIVUTION IS:*,/)

168i C WRITE(H,&Y(VELGL,KO) , L=1,M)

168% 5 FURMAT(1F12.6)

1686 C WRITE(S,60)

1687 60 FORMAT(7X,"DELTAXFV® , 7X,*DELTAYFV' ,7X,"DELTAZFV")

1688 C WHITE(6,61)(VDELTAXFV(L ,X0),DELTAYFV(L,KOQO) ,DELTAZFV(L,KO0),L=1¥)
1686 61 FORMAT({(6X,1F8.4,2(7Xx,1F8.4)))

1693 C WRITE(6,62)

1691 O¢ FORMAT(/, 7X,"XVELT",7X, YVELT®,7X, "IVELT")

169¢ C URITE(0,63)(XVELT(L,KO),YVELT(L,KO),ZVELY(L,KO),L=1,M)

1693 63 FORMAT(I(4X,T1FR.4))

1694 o WRITE(6,30)

1695 30 FORHAT(/,7X,‘XP',?X,-XP1',7x,'YP‘,7x"YP1',7x,'1P',7X,‘ZP1')
169¢ ¢ WRITE(6,4 ) (X FV(L,KO), XFVNEW(L,x0),YFV(L,KC), YFVNEW(L,XO)
1697 C C,2FV(L,KO) ,2FUNEW(L ,KO0),L=1 M)

169+ W0 FORMAT(O(MY ,VF3,2,50 X, VFR,2)))

1690 RETURN

17057 £Hn




LINE NUMRER FORTRAN TEXT

1701 SUFRQUTINE GLAUERT(A,B,C W, R, THETA ,ALPHA,FORVEL , V]I, VVV,T)
17¢¢ DIMENSION COF(S)Y, LP(5) , RP(S)

1703 REAL MU,LANDA

1704 DATA PL/2 V4159277 ,R0E/1,.225/

1705 vi=0.uJ

1766 NUM=0

170 5 Pi=0,1EC

1704 TOL=XU2AAF(P1)

1709 C WRITE(6,2000) NUN

171 OGN FORMATO*NUME' 12)

1711 NiM=NUM+1

17172 LAMDAZ(L{FORVEL*SINCALPHRA) ) ~(VI+VVV))/(W=*R)
1712 MUS(FORVEL2COSCALPHA))/(W*R)

1714 VARI=((THETA/3I D+ (((MU**2)*THETAY/ 2, )+ (LANDA/Z2.))
1715 VARZ=( S*ROGFAAnH*(* (Wa22 )« (Ranr3)

171¢ TEVART*VAKY

1717 ¢ WRITE(E,8)

t71¢ 2 FORMAT('GLAUERT THRUST [S:')

1719 C WRITE(6,*) T

1727 IFCHUMLGT L1C0)GOTO 10

1721 VIAPPROX=T/(2 ,0+ROE*PI«(R**3)*FORVEL)
172¢ COF(1)=1,C

1723 COF(2)=2,Cxvvy

1724 COF(Z)=FORVEL ®#*24VVVwe?

1725 COF(4)=0.0

1726 COF(EI==(Ta#2) /(L Ce((ROEXPLI**x2)* (R*2§))
1727 NC=S

17245 1FAIL=0

1729 CALL CORAEF(COF NC,RP,2P,TOL,IFAIL)

1730 D0 &0 k=1,4¢

1731 IF(ZP(K) L T.0.,1E-2) GOTO 70

1732 GOTOD 60

1732 70 IF(RP(X).,6T.0.1E-2) GOTO 80

1734 607G 60

1735 80 VI=RP(X)

1734 IF(TLLT.Cal) VI==V]

1737 C WRITE(6,90)VI

1738 90 FORKMAT('VI=',1F12,6)

1739 60 CONTINUE

1740 C WRITE(H,30)(RP(LI,ZP (L), L=1,4)

1741 30 FORMAT('RP=",1F8.4,°IP="_1F8.4,//)

1742 C VIHOVER=SORT(T/(2,0*ROExPI+R&x2))

1743 ¢ WRITE(6,40) VIAPPROX,VIHOVER

1744 40 FORMAT('VIAPPROX=',1F3,4, ' VINOVER=",1F8,.,4)
1745 GGTO S

1744 10 RETURN

1747 END




LINE NUMHER FURTRAN TEXT

1745 SURROUTINE IND(XFV,YFV ,2FV _ KO,LO,XVEL, YVEL,ZVEL A MMM,
1749 CNOSTPS, KR, VORTEXKC,VORTEXXKD ,VORTEXRC,VORTEXRL,VORTEXRD,VORTEXA
175u C,VORTEXB,VORTEXC,VORTEXD ,VORTEXE NTYPV,GAMAX , CIRAV,SIGN)
1751 DIMENSION VX (200),vY(200)Y,v2(2G0)

175¢ DIMENSION VIX(200),vIY(200),vIz(200)

1753 DIMENSION £V (200),yv(200),2v(200),xv1(2G0),yv1¢200),2v1{200)
1754 ODIMENSION VIXT(200) ,VIYT(2C0),vILIT(200)

1755 UDIMENSION XFV (100,200 ,YFv(100G,20),2FV(100,25) ,CIRAV (100,20
1756 DIMENSION XVEL(100,20,20),vYvEL(100,20,20),2VEL(100,20,2
1757 DIMENSION VORTEXKC(100,20) ,vORTEXKJ(100,20),VORTEXRC(103G,20L)
1758 C,VORTEXRL(1D3G5,20),VORTEXRO(100,20) ,VORTEXA(1INQO0,20)

175y C,VORTEXR(1CJ,2C) ,VORTEXC(1CG,20) ,VORTEXD(100,20)

1767 C,VORTEXEC(CICN,20)

1761 REAL 1,J,K

1762 common/BL2S/ VSO,RCC

1763 CAlLL ICLOKEMASK(64,IRES)

1764 C vIiz I (*VE UPWARD)

1768 ¢ * *

17¢6 C * *

1767 ¢ sxsxunrxe s P(XP,YP,IP) *

1768 C vVix LA *

1769 C * * * *

17270 C * * * Aok ok ek o w bk

1771 C * viy * *

1772 C A * * *

1772 C (XA, YA,ZA) * * *

1774 C » N >

1775 C * *

1776 C g Y

1777 C (XR,YB,7IR)

1775 C

1779 DO 100 LL=1,NOSTPS

1786 XP=XFV(LL,KOD)

1781 YP=YFV(LL,X0)

1782 ZP=2FV(LL,KO)

1783 DO 112 L=1,(NOSTPS=1)

1784 ¢ WRITE (6 ,*)L

1785 IF(MMM_EQ,.Z) GOTO 31U

1786 IF(LLEQ,LL) GOTO 300

1787 TFC(L+1) LEQLLL) 6O0TO 3%C

1788 LF(NTYPV.EQ.Y) GOTOU 314

1749 GoT0 31¢C

179¢ 300 viIX(L)Y=0.0G

1791 vIiv(L)=0.0

1792 V1Z{(LI=0.0

1793 GOT0 130

1794 310 CIR=CIRAV(L,LO)?

1795 XA=XFV(L,LO)

1796 YASYFV(L,LO)

1797 ZREZEV(L,LO)

1796 XBIXFV(L+T,L0)

1796 YBEYFV(L+1,L0)

1800 2B=7FV(L+Y,L0)

1801 PI=3,14159¢7

180¢ VARTI=(XP~XA) x*2

1803 VARZ=(YP=-YA) ¥#?2




LINE NUMPER FORTRAN TEXT

1804 VAR3IS(ZP=2A) as?

13805 AP=SQRT(VART+VARZ+VARY)

1806 VARL(= (XP=XR) x+2

1807 VARS=(YP~YRB) #x2

1808 VARK=(IP=78) a#?

18u9 BP=SQRT(VARLIVARS+YVARS)

1810 . LF((BP, LT 1E=-3) .OR . (AP LT, 1E~-3)) GOTO 997
1811 I=(XP=xXA)x (XP=-XR)

1812 J=(YP=YA)*(YP=-YR)

1813 K=(IP=ZR)*(2P~1B)

1814 VART7=(AP+BP) /(AP*HP)

1815 VARE= (AP*HP) +1+J+K

1816 CONI=VAR7/(k xVARS)

1817 AB=SQRT((XA~XB)*#22+(YA-Yiu)**2+(7A~28)**2)
1818 1F(AB.LTL1E-3) GOTO 997

1819 ANGLEB=ACOS(((bP*22)+(AR*=2)~(AP*%2))/(2 0*BP+AB))
1820 H=ABS (BP*SIN(ANGLESB))

1821 TEC(H LTLRCO) LANDLUNTYPV ,EQ 1)) CIRSCIR*(H/RCQ)*#2
182¢ IFONTYPV.EG,.,1) GOTO 629

1823 IF(H,GT.(VORTEXRO(L,LO)/R)) GOTO 500

1824 VORTT=VORTEXRL(L,LO)/R

1825 VORT2=VORTEXRG(L,LO) /R

1826 VORT3I=VORTEXRC(L,LO)/R

1827 IFO(R,GT.VURTT) JANDL(H .LTLVORT2)) GOTO 510
182%& TF((K4GT.VORT3) ,AND,(H,LE VORTT)) GOTO 520
1829 IF(HLJLEL(VORTEXKC(L,LO)/R)) GOTO 530

1830 SC0 CIR=VORTEXKO(L,LO)

1831 GOTO 629

1832 510 CIR=(1.O-EXP((VORTEXD(L,LO)*H*R/C)+VORTEXE(L,L0)))*0.99*GAMAX
1833 GOTO 629

1834 S20 CIR=((VORTEXB(L,LO)*ALOG(H*R/C)I+VORTEXC(L,LOY) 20 ,GO+GAMAX
1835 GOTO 629

1836 530 CIR=((K*R/VORTEXRC(L,LO))**2)*VORTEXKC(L,LO)
1837 629 CONZ2=SIGN*CIR*CON1/(4.0*P1)

1838 VARX=((YP=-YA) *(2P=2B))~((IP=2A)*x(YP~YR))
1839 VIX(L)=CONZ*VARX

1840 IFCABS(VIX(L)) ,GT.vSO) WRITE(6,710)

1841 710 FORMAT("VIX .GT,.VS0"*)

1842 IFCABSC(VIX(L)Y) JGT,.VSO) VIX(L)Y=VSO

1843 VARY=((ZP-2A)*(XP-XB))=((XP=XA)*(2P=-28))
1844 VIY(L)=CONZ=VARY

1845 IFCABS(VIY (L)) .GT.vSO) WRITE(S,711)

1846 711 FORMAT('VIY.GT,vS0")

1847 IF(ABSC(VIY (L)) .GT.VSO) VIVYIL)=VSO

1848 VAR7=((XP=«XA) *(YP~YB)) ~((YP=YA)*(XP~XH))
1849 VIZ(L)=CONZ*VARZ

1850 IFCABS(VIZ(L))Y ,GT.VSD) WRITE(S,712)

1651 712 FORMAT(°VIZ.GT.VS(O®)

1852 TFCABS(VIZ (L)) .GY.VS50) vIZ(L)=vSO

1853 GoYs 110

1354 997 WRITE(6,3769)

1855 379 FORMAT('] &AM HERE')

1856 vVIx(L)=0.u

1857 vivL)=0.C

185%¢% VIZ(L)=0.0

1859 C WRITE(SH,TW)




LINE NUMBER

1860
1861
1862
1863
1864
1865
1866
1867
1862
1869
1870
1871
1872
1873
1874
187¢%
1876
1877
187¢
1879
188G
1881
138¢
1883
1556
1824
1846
1857
1885
1889
1890
1391
1892
1895

laNal

FORTRAN TEXT

10

20

30

40

IRt

749

741

7S 6

251)

100

FORMATC7X, "XA', 7X, YA ,7TX,"ZA*,7X,"XB"*,7X,"YB*,7X,*IB*)
WRITE(H,20)XA,YA,ZA,X8B,YB,128
FORMAT(4LX ,1FB,.2,501X,1F8.2),//)
WRITE(6,30)
FURMAT(?X,'XP',?X,'YP',?X,'ZP')
WRITE(S,4U)XP,YP,IP
FORMAT(3(2Xx,1F8.2))

CONTINUE

WRITE(6,740)

FORMAT('VIX DISTRISUTION IS:*)
WRITE(H,») (VIX(JIJ), JJJ=1,(NOSTPS=1))
WRITE(L,761)

FORMAT('VIY DISTRIBUTION IS:')
WRITE(S,*)(VIY(JII) , JJJ=1,(NOSTPS=-1))
WRITE(H,750)

FORMAT('VIZ DISTRIHUTION IS:")
WRITE(G6,*)(VIZ(JJJ) , Jli=1,(NOSTPS~1))
VIXT(H)=vIx(1

VIVI(1)=viY (1)

VIZT(D)=vi7(1)

DO ¢50 N=2,(NOSTPS~1)
VIXTONISVIXTIN=T)+VIX(N)

VIYTI(N =VIYT(N=T)+VIY(N)

VIZT(IN) =VITTIN=1)+V]Z2(N)

CONTINUE

LL=STATION POINT,

KO=HELIX NUMRER STATION POINT LL IS LOCATED,
LO=HELIX NUMBER THE INDUCED VELCCITIES ARE FROM,
XVEL(LL,KO ,LOX=VIXT(NOSTPS=1)
YVEL(LL,KO,LO)=VIYT(NOSTPS-1)

ZVEL(LL ,XO,LO0)=VI2ZT(NOSTPS-1)
CONTINUE

RETURN

EME
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Cr, Expt McCormick et Expt McCormick et
al(1l7) al(17)
Source (mean) r/c w/c=0.02+ VS/VT Comments
0.035¢C

i ] =0.625C

L VS/\T U.6;5LL
Cook (28) 0.69 0.016 0.044 0.31 0.43
Andrew (19) 0.65 0.074 0.043 0.3 0.41 Vortex decay in

expt apparent
Simons (66) 0.5 .05-.075 0.0375 0.23 0.28 Aged vortex
Carradonna et all 0.446 0.056- 0.0356 0.68 0.28 Rotor blade aspect
(18) 0.075 ratio=6.0
Panton (67) 0.87 0.046 0.05 0.72 0.54
Zalay (68) 0.57 .03-.05 0.04 0.6 0.36
* _ 7 .

Rorke (25) 0.4 0.03 0.034 0.58 0.25 Estimate
Chigier et al 0.72 0.079 0.045 0.37 0.45
Qn
Chigier et al
(22) 0.84 0.053 0.049 .68 0.53 Aged vortex
Pouradier (69) 0.45 0.22 0.26

FIG.2 TABLE OF McCORMICK'S ET AL VORTEX DATA.




‘VIVA XALI0A TV LE S,MHIANV 40 HTIdVI € 914

Ve, . i
Source Comments Ar M Vortex Experimental Approximating 5/vT Experimental | Approximating
Positi b
e Yoty = c >lI (o &8 Ee, e e
Z < c v 1 - M t
r ( Ja =
o 9Fc
Cook (28) Roter blade 41 0.53 75° 0.3 0.29 0.34 0.016 0.013
hot wire probe azimuth
Simons et al | Rotor blade 54 0.125 300° 0.23 0.25 0.28 0.05 to 0.042
(66) hot wire probe azimuth 0.075
Present Rotor blade 28 0.102 120° 0.3 + 0.03 | 0.25 0.31 0.074 0.068
Author hot wire probe azimuth
Reorke et al Fixed wing 4.2 0.2 : 2¢ 0.48 0.22 0.57 0.02 to 0.018
(25) wind tunnel test downstream : 0.03
hct wire probe
Zalay (68) Fired wing 5.6 0.133 6.5¢c 0.6 0.26 0.57 0.03 to 0.036
wind tunnel test downstream 0.05
hot wire probe
vorticity meter
Panton et al Fixed wing 9.2 0.123 39.6¢c 0.72 0.36 0.62 0.046 0.045
67) free flight downstream +.,12
hot wire probe -.25
*
Iversen et al| Fixed wirg 11.4 0.135 3.25¢ 0.42 0.35 0.55 0.050 0.045
wind tunnel test downstream
(70) hot wire probe
elliptic tip
*based on
92% cherxd
Chiger et al Fixed wing 5.33 .089 trailing 0.37 0.33 0.74 .079 .095
wind tunnel test edge
(21) hot wire prcbe




Source .37Re EXpt Andrew Expt Andrew
. _,-0.2 A .
rC/C rc/c:-Re KZVS/ VS/VT VS/\/T (l*(6.6/Ar)
s K, 6
Andrew .035 0.074 0.049 0.3 0.43
Carradonna et al
(18) .02 0.056~
0.075 0.044 .68 .67
Cook (28) 017 0.016 0.021 .31 0.38
Simons (66) .03 .05-.075] .032 .23 0.33
Chigier et al .024 0.079 0.056 .37 0.73
(21)
Chigier et al .024 0.053 0.056 .68 0.73
(22)
Panton (67) .017 0.046 0.045 72 0.79
Rorke (25) .027 0.0475 0.05 .58 a.6
zalay (68) .02 .03-.05 | 0.039 .6 0.57

FIG.4 TABLE OF VORTEX DATA COMPARISONS.
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FIG.7 PHOTOGRAPH OF A VORTEX CORE EXPANSION.

FIG.8 TWO INFINATE RECTILINEAR VORTICES.
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FIG.47 PHOTOGRAPH OF THE TIP VORTEX FORMATION AT THE FRONT OF
A CCIR.

FIG.48 PHOTOGRAPH OF THE UPWASH AT THE FRONT OF A CCTR.



FIG.49 PHOTOGRAPH OF APENDING BLADE VORTEX INTERACTION.

FIG.50 PHOTOGRAPH OF THE FLOW PERIODICITY AT THE FRONT OF
A CCTR.
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< START )

4

/NPU'T‘ PROCEDUR®

!

CALL STRIP,LANDG & BLVOCO
Compute rotor thrust coeff,
evaluate tip vortex paths

and set vortex strength,

CALL CAL & STRIP,

Compute the apparent ascent
velocity at each blade
element from the tip vortex
wake,Re~evaluate the momen-—
tum induced velocities at
each blade element,Sum

velocittes,

CALL PEPRM,
Compute induvidual blade
thrust ,torque,peak

circulation etc,

Y

CALL CAL,
Compute the velocities
induced on the lower

rotor from the upper wake,

Y

CALL STRIP,LANDG,BLVOCO -
Evaluate rotor thrust coeff,
tip vortex paths and vortex

strengths,

'

CALL CAL,STRIP & PERM AS

ABOVF,

B

FIG,54 FLOW CHART

OF HOVER CODFR,




CALL CAL & STRIP2,

Compute the induced veloc-
ities from the lower rotor
tip vortex wake on the

upper rotor and update the
momentum velocity at the
upper rotor plane to include
the affect of the lower rotor
inboard pressure gradients,

+

CALL ZUPDATE,

Update axial coordinates of
of the upper rotor tip vortex
wake to include the influence

of the lower rotor,

COTO

Change blade
pitch on lower

rotor

Z{/ Output listing. //

GOTO A

FIG.54 CONTINUED.




A

(l START ;)
///INPUT PROCENURE //

1

CALL GLAUERT,
Compute rotor mean induced velocity

and flapping coefficients,

r

Set up azimuth step,flapping and
flapping rate distribution around

disc(s),

Y

Set up three vortex filament

station points per bhlade,

Y

CALL RANXINE,

Compute filament vortex strengths,

 {

4

FREE WA¥E?,

NO 4
CALL IND

I

Compute the self

and mutual induced

Rotor blades azimuth positions .
i vortex filament

increased by one azimuthal step,

velocities,

Y

CALL POSTN,

Update vortex filament locations,

NO

WAKE REVOLUTIONS

COMPLETED?,

WAKE CONVERGED?,

FIG.55 FLOW CHART

SINGLE ROTOR OF FORWARD FLIGHT

COMPUTATION?,

cobw,

CALYL INCEPT,

Compute where the upper rotor wake

intersects with the lower rotor plane,

Y

\j




Transfer axes from no feathering plane

to axes in and rotating with a_given

blade,

Y

CALL RANKINE & CAL,

Compute vortex induced velocities on

a given blade,

+

CALL GLAUERT,

Update momentum velocity Aistribution,

¥

Sum velocities on a given blade,

CALL PERM,

Compute irdividual blade thrust,

torque ,H force etc,

COMPUTATION ON NO

Y

A

ALL BLADES
COMPLETED?,

Compute total rotor thrust,

torque,H force etc,

¥

NO
BLADES STEPPED

GOTO C AROUND DISC?

Compute rotor thrust,torque and A

force,Bvaluate shaft angle of attack

requirement for longnitudinal trim,

UPDATE TRIM SETTING?,
GOTO B

FURTHER COMPUTATIONS

GOTO A REQUIRED?

( STOP, ) F1G,.25

CONTINUED,




x * k'th blade
vz

v .
vX =1

'y
]

TIP VORTEX FILAMENT

j=filament no station pt,

CENTRE OF LOWER
ROTOR DISC

UPPER ROTOR WAKE LIMITS

FIG.56 NOTATION OF AXES.
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