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FOREWORD

Cornell Aeronautical Laboratory, Inc. (CAL), Buffalo, New York,
performed the research reported herein for Air Programs, Naval Applications
Group, Office of Naval Research, Washington, D. C. 20360, under ONR
Contract Nonr 3691(00)., Dr. P, Crimi of CAL conducted the study, with
assistance from Mr, W, G, Brady, Mr, Harvey Selib was responsible
for the preparation of the digital machine program. The program was under

the supervision of Mr. F. DuWaldt who prepared this summary report,

The work was performed from February 1965 through May 1966
and is a continuation of the work described in CAL Report BB-1665-5-2,
"Representation of Propeller Wakes by Systems of Finite Core Vortices',
by W. G. Brady and P, Crimi, issued under ONR Contract Nonr 3691(00),
February 1965 (DDC No. 612007). As an outgrowth of this research, a

companion study on rotor flow iields (in the absence of a ground effect) was

performed forthe U, S. Army Ballistic Research Laboratories (Contract
£ No. DA 30-069-AMC-645(R)) by Dr. P, Crimi and Mr, A, Sowyrda and

published in two volumes:

1. Crimi, P. Theoretical Prediction of the Flow in the
L Wake of a Helicopter Rotor Part 1 - Development of
Theory and Results of Computations CAL Report

i | No. BB-1994-S-1  September 1965

i
| 2, Crimi, P, Theoretical Prediction of the Flow in the

!’.}; Wake of a Helicopt-* Rotor Part 2 - Formulation and

4 Application of the Rotor-Wake Flow Computer Program

} CAL Report No, BB-1994-S-2  September 1965
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The analyses reported herein (in which the effect of ground proximity is
included) are similar to those used in the companion study since both stem

from the model developed by W. G, Brady, P. Crimi, and A, Sowyrda
under ONR Contract Nonr 3691(00).
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ABSTRACT

This is a summary report that presents the development of a wake
model for a lifting propeller (rotor) in ground effect and the computational
procedure used to determine the spacial distribution of wake vorticity and

the induced velocity field accompanying that vorticity distribution.

Sample calculations for a two-bladed rotor were carried out on an
IBM 7044 computer., Locations of wake vortical elements and the associated
induced velocities at selected field points are presented for advance ratios
of 0, 0.02, 0.05, and 0,10 for an-—Ii (ratio of rotor height above ground tc

R
rotor radius) of 1.0. Also, a few results for a hovering case withE =0.5

are presented, A calculated root-mean-square velocity map is conljpared
with measured hovering data (time averaged) and good agreement is cbtained
!n the outer hall of the slipstream. The implications of cornputed results
with respect to the flow fieald at @ horizontal stabilizer or tail rotor are noted

as examples of the use of the model,

The wake vortex model used for these calculations is a distorted
continuous helix emanating from each blade tip. For purposes of numerical
calculation of mutual vortex interference effects, the c¢ontinuous vortex is
approximated by short straight-line filaments., For purposes of numerical
calculation of self-induced effects (that is, the effect of an element on itself),
the local element curvature and the core diameter are estimated. The

Fortran statements of the computer program are presented in the Appendix,

v BB-1665-S-3
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SYMBOLS

M‘ m m m

ratio of vortex core radius to rotor radius, —%—
ratio of height of rotor hub above ground to rotor radius -
number of rotor blades '
air density

designation for (™

wake reference point
rotor radius

radius of curvature of a vortex tube

position vector of a point in the flow

incremental time
self-induced velocity of a vortex element !

components of fluid velocity in the directions of #,y and 2,

respectively, nondimensionalized by AQA
time averages of 7 l@ and \/3_ respectively
free-stream velocity

local fluid velocity

time average of the radial velocity

induced downwash

time average of v~

momentum value for the time average of v

aircraft weight

rectilinear coordinates with origin in the tip-path plane,

nondimensionalized by R
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@y inclination of the free stream to the tip-path plane
r circulation

A blade loading parameter; ) = %W/(?TZ/\/B,OQZR"')'
yr advance ratio; « = Vy/(QR)

7 rotor azimuth angle

n rotor angular speed

Q)(f/) magnitude of distributed trailing vorticity in a wing wake
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INTRODUCTION

Position and structure of the vortical wake of a propeller (rotor)
are important considerations in many practical problems. Among these
are (1) calculatiun of rotor aerodynamics for the purpose of estimating
performance, blade dynamic response, and stability and control derivatives;
(2) prediction of the flow field in which auxiliary devices operate; (3) esti-
mation of rotor-induced loads on aircraft structures other than the rotor;
(4) estimation of the potential for entrainment and transport of ground debris
or water droplets; and (5) correcticn of wind-tunnel data for wall effects,
When an actuator is in an axial-flight conditici and the free-stream velocity
is large compared to 1'.e wake-induced velocities, approximate techniques
can be used in analyzing the effect of the wake structure relative to the
various problem areas indicated above, However, when an actuator is in
slow speed flight and/or is highly yawed, the wake structure becomes an
important influence, Of particular importance in this latter category are
the flow fields associated with VTOL aircraft in the near-hovering condition
when the actuator axis is approximately perpendicular to a nearby ground

plane, It is to this problem that the current research was directed,

Mathematical description of the flow field for a rotor is made diffi-
cult by the interdependence of the solution and the wake position -- that is,
the boundary condition is known but the location of the boundary is not known.
This situation is characteristic of problems that can be generally classified as
"free-boundary problems'. The method of solution that can sometimes be
used on this class of problems is to guess the position of the boundary,
compute the solution, and determine if the computed solution is consistent
with the assumed boundary location, This approach is based on the use of
space coordinates as independent variables and the computation is cast as
some sort of feedback scheme in which the differences between the assumed

boundary location and the resulting solution are used to determine a new

1 BB-1665-S-3
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estimated boundary position. The technique involved in the current studies

is slightly different. Advantage is taken of the azimuthal periodicity of the
rotor position and the independent variable is chosen .0 be time (or azimuthal
angle of a reference blade)., The point of view, then, is that '"new'' elements
of wake vorticity are generated as the blading rotates and translates., These
elements are convected with velocities determined by their self-induced
velocities as well as velocities induced by the existing wake structure, the
bound vorticity of the blade, and the image vortices introduced to satisfy the
ground-plane boundary condition., It is reasonable to assume that, eventually,
a stabilized periodic wake array would be obtained since the condition cf a
fixed periodic blade loading was imposed. This is, however, not always the
case -- this situation will be pointed out in the discussion of the sample cal-
culations. It is believed that the lack of perfect periodicity ia the solutions

is a result of the truncation of the wake extent; but the possibility of a compu-
tational -- or even physical -~ instability for some cases cannot be completely

discounted.

Initial effort in this research task was devoted to the special case
of actuators hovering near a ground plane (Reference 1). The wake structure
was assumed to be representable by discrete concentric planar vortex rings
of finite core diameter, Image rings were used to enforce the ground-plane
boundary condition. This model subsequently has been used in the estimation

of slipstream envelopes for propellers at zero advance ratio (Reference 2).

Vortex rings were useful devices in analyzing hovering cases
because the requirement for axial symmetry gave assurance that the rings
would remain planar. In the presence of a free-stream velocity having a
component parallel to the actuator plane, however, the axial symmetry
disappears and the advantage of the ring representation is lost, Therefore,
the continuous distorted helix (recommended in Reference 1) was selected as
the model for the current effort, Again, the ground-plane boundary condition

was enforced by the influence of an image wake,

2 BB-1665-5-3
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A recently completed study (References 3 and 4) has shown that
the distorted helix model yields time-averaged velocities that agree well
with measurements made in and about a helicopter roter wake (in the absence
of an appreciable ground effect), No check could be made of the ability of
the model to represent the time variations of the velocities because measure-

ments are not available,

The digital machine computing program is based on the assumption
that the rotor is in steady level flight (or hovering) with specified tip-path-
plane angle, Shaft rotational speed, rotor force, initial vortex core diam-
eter, number of blades and tke ratio of rotor radius to height above the
ground are alsc inputs. Information relative to the computing program is

given in the Appendix.

3 BB-1665-5-3



GENFISIS OF THE IDEALIZED MODEL

A detailed analysis of a propeller or rotor flow field in general
form would be prohibitively expensive in terms of man-power required
and computing costs. It is necessary, therefore, to idealize the physical
situation in order to reduce the mathematical complexity, Ultimate justi-
fication for the validity of the simplifications introduced rests upon the
comparicson of the essential quantities with experimental observables or

comparison with a more representative analytical model.

The fluid velocities depend primarily upon the effects of the rotor
blades, their wake, and the ground boundary proximity. The effects are, of
course, interrelated but, for purposes of discussion, will be considered

separately.

Rotor or propeller blades may be regarded as high-aspect-ratio
wings in a harmonically varying stream. The actuator lift must be approxi-
mately equal to the weight of the aircraft, Therefore, the circulation about
a given blade must be a harmonic function of azimuth, The radial variation
of circulation depends on blade twist, planform, and the influence of the
wake, Nonetheless, results of theoretical computations of harmonic air
loads and measurements (Reference 5) indicate that the radial variation

of circulation is approximately elliptical,

The wake of each blade is a thin sheet of vortical fluid, When the
rotor is translating, the vorticity in the sheet has two components (shed
vortices initially parallel to the spanwise direction and trailing vortices
initially parallel to the chordwise direction), Flow visualization studies
indicate that the sheet rolls up within a few chord lengths of the blade to
form a single concentrated vortex trailing from near the tip of the blade
(see, for example, Reference 6)., Theoretically, a similar vortex should

arise from the vicinity of the blade root, However, published smoke pictures

4 BB-1665-5-3




as well as an analytical treatment of the wake of a hovering rotor lead to
the tentative conclusion {(Reference 1) that the root vortex is rapidly con-

vected away from the rotor and/or dissipated.

The effect of the ground can be accounted for by the introduction of
an image vortex for every element of the vorticity in the fluid. In this way,
the ground boundary condition (the vanishing of the normal velocity com-

ponent) is satisfied,

The above observations lead to the idealized model used for compu-

tational purposes, The fluid is considered to be inviscid and incompressible.

First, the rotor blades are replaced by radial line vortices whose
strengths vary once per revolution (/ ~/-2x5tny¢ ), Blade-induced effects
will be reasonably reproduced except in the immediate vicinity of the blades,
The neglect of higher harmonic variations of blade circulation is not expected
to be important in comparison with the wake effects for field points not too
close to the blading., As a consequence of this representation, the blade

loading can be regarded as a known quantity.

Second, the wake is idealized as individual free vortices, one trailing
from the tip of each blade, The circulation of each tip vortex varies in accord-
ance with the (known) azimuthal variation of the blade circulation, The trailing
vortices are assumed to have circular cross sections for purposes of the
computation of the self-induced velocity, The effects of shed vertices and

trailing root vortices (required by Kelvin's theorem) have been neglected as

noted above,

Corresponding to each blade bound vortex and each wake vortex

element, there is an image vortex below the ground plane,

Formulation of the digital model for the flow corresponding to the
simplified model can be accomplished in a straightforward manner, A

coordinate system fixed in the tip path plane is introduced (see Figure 1).

5 BB-1665-S-3
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The vector V, in Figure l is the free-stream velocity (the negative of the
translational velocity of the aircraft), inclined at an angle «, to the =x -axis
and parallel to the z-3 plane. The angle ¥ denotes the azimuth position of
the reference blade, and £P is the vector positioning a given point with re-

spect to the origin,

The fluid velocity ¥ at a given point located by the vector rp may

be expressed in the form

=7 [ [(r)r, xdr
!(rF) T 4 / r? (1)

4

where 71;=7,-r and /7 is the circulation about the vortex element at r .,
The line integral is to be taken over all vortices in the flow ana the image
system -- which paths are collectively denoted by €y . It is necessary to
modify this expression when 1, #r and this point is discussed later. The
circulation, /7, about the blade vortices is estimated directly in terms of
flight parameters. The circulation about a wake vortex at a given point is
simply that value assigned to the blade vortex when it was generating that

segment of wake,

The only information lacking for the complete specification of the
flow at a given instant, then, is the location of the wake vortices at that
instant. The position of a given point on a wake vortex located by the
vector r is the time integral of the velocity experienced by that fluid

particle

z

T =y () +J V) AT @)

o
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Thus, even after being simplified, the flow can only be obtainea as the
solution of the nonlinear integral equation formed by the substitution of
Equation (1) into Equation (2). A direct aralytical solution is not feasible
but the problem is amenable to solution by numerical methods using a high-
speed digital computer. The manner in which the formulations of Equations

(1) and (2) were implemented for digital computation is discussed in the

following section,

8 BB-1665-S-3




DESCRIPTION OF THE COMPUTATION MODEL

The idealized continuous model deduced in the previous section
is replaced by a sectioned model having locally constant characteristics.
Consistent with this replacement is the representation of integrals by sums.
This same technique was used in Reference 3 and the foliowing discussion

follows closely that given in Reference 3.

Wake Positioning and Displacement

For purposes of numerical analysis, a series of points is marked

off on each wake vortex, as shown schematically in Figure 2,

%
Ve

Figure 2 WAKE REFERENCE POINT IDENTIFICATION

9 BB-1665-5-3



Points are placed sufficiently close together so that, for purposes of
computation of wake-induced velocities, the segment ({) of wake between
points £ and £-,; may be considered to be a rectilinear vortex having con-
stant circulation along its length, The wake spacial configuration at any

instant is then defined by the locations of the end points,

Computations are initiated by specifying that each of the wake
vortices lies on a prescribed curve., Generally, the curve is chosen to
be a skewed helix with pitch and skew selected from simple momentum
considerations, The numerical analogues to Equations (1) and (2) are
then performed by first summing the velocity contributions of all vortex
elements in the flow at each reference point (Equation (1)), and then con-
vecting each point at the computed velocity for a time interval At (Equation
(2)). The time interval A¢ is chosen to correspond to a small finite change

in the azimuth position, 4¥, of the blades

_ LY
at = = (3)

where QN is rotor angular speed. Once the new coordinates of each reference
point are computed, the azimuth of the blade vortices is increased by A¢ and
the velocity computation is performed again, As the blade vortices are re-
positioned, a wake vortex element is added to the flow at the tip of each bladz
vortex, the added vortex having a length of approximately RAY, where Ris
rotor radius., A corresponding element is dropped from the computations at
the downstream end of each wake vortex, so the program is not encumbered
by a wake of ever-increasing size. The computations are continued in this
manner for a specified time and the results are inspected. If a nea:rly peri-
odic solution is established in the space volume of interest, the calculation

is terminated.

10 BB-14665-S-3




The total number of wake vortices taken into account and the
magnitude of AY determine the accuracy of the flow representation at a
given point, It is judged that, for a two-bladed rotor, a value for A¢ of
thirty degrees is sufficiently small to furnish an acceptable estimate of
the time variations of the flow consistent with the other approximations
introduced, The number of wake elements considered depends on the
region of interest and the forward speed. If the flow ''near'' the rotor
plane is desired, then the wake generated by only a few revolutions of
the rotor is needed, It has been found, for example, that with an advance
ratio, #, of about 0, 25 just two revolutions of wake sufficiently define the
flow near the rotor plane in the absence of a ground plane (Reference 3).
At lower advance ratios, the free stream does not clear the wake from

under the rotor as rapidly so more wake must be retained.

Computation of Velocity Induced by Wake and Blades

The velocity induced at an arbitrary point P by the vortices repre-
senting the wake and blades is simply the sum of the efiects of an array of
rectilinear vortex segments, If I/ . denotes the velocity induced at P by

¢

the element between points 7 and F, ,, it is found from Equation (1) that

r

Vo =¢77_2 (cos 8, -cos8;,,) (4)

where /; is the strength of the element and 6, , &,,, and h are defined in

Figure 3. The velocity is directed normal to the plane containing 7, £

v+7
and 7~ .

As the field point P is made to approach any point on the line

joining A and #;,, in Figure 3, the induced velocity increases without

11 BB-1665-S-3




WAKE VORTEX ELEMENT (¢)

Figure 3 GEOMETRIC RELATIONSHIPS DEFINING THE FLOW
INDUCED BY A RECTILINEAR VORTEX ELEMENT

limit because A tends to zero (Equation 4); the velocity becomes indeter -
minate for A = 0. The possibility that this situation will arise at an arbi-
trarily chosen field point is remote, Conversely, precisely this situation
arises in the evaluation of the transport velocities of the ends of each of the
wake vorticity elements -- that is, at points A and £, in Figure 3. Now
the singular behavior can be considered to have been introduced as a result
of a limiting process in which a vortex element having a finite core diameter
retained its strength (circulation) as the core diameter was allowed to ap-
proach zero, Evidently, this limiting process is not an admissible operation

when the self-induced -relocity of a vortex is sought. Therefore, for purposes

of computing wake-induced flow at a given wake reference point -- i, e,, a
vortex joining point -- the effect of the two wake elements adjacent to that
12 BB-1665-S-3
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point must be a2nalyzed by taking core size into account (if a point lies outside
the core substance of a vortex, the formula for induced velocity is the same
as for a vortex with infitesimal core size; i, e., Equation (4)). The self-
induced velocities also depend directly on the curvature of ({the centerline

of) the vortex tube at the point in question. An approximation to the actual
cusvature is obtained by assuming that the :wo elements whose effects at
point P. are to be computed lie on the circular arc which passes through
points A_,, £ and £ _,, as shown in Figure 4, Then it is assumed that

the two vortex segments have circular cores of rotational fluid of radi1 a,_,
and @;, respectively, Further, the approximation is made that the vorticity
within the core is tangent to the arc of the tube and of a magnitude which
varies linearly with distance from the center of the arc, The assumptions
of a linear variation of vorticity and local tangency would seem to be
admissible approximations and consistent with the prior assumptions

such as the neglect of shed vorticity effects. The self-induced velocity 1{50_
at point £- -- i, e,, the contributions of the elements adjacent to £ -- may
now be written in integral form by summing the effects of circular-arc
vortex filaments of differential corss section, If it is also assumed that the
core radii are much less than the radius of curvature &, the integrand may

be simplified and the integral evaluated. It is then found that

where ¢(;_, and @ are defined in Figure 4, The self-induced velocity is
directed normal to the plane of the arc of the tube. The approximate core

radius of a given element may be assigned on a rotational basis using energy

considerations, as discussed later,

13 BB-1665-S-3
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Figure 4 GEOMETRIC RELATIONSHIPS DEFINING THE SELF-INDUCED
VELOCITY AT WAKE POINT A,

Determination of System Parameters

The inputs to the calculation were nondimensionalized for purposes
of coding, with lengths made dimensionless by rotor radius, R, and velocities
by rotor tip speed, LK. The flight conditions of the aircraft being repre-

sented relate to the computer program through the following dimensionless

parameters: advance ratio g = ﬁ'—)’% , nondimensionalized blade vortex cir-
-
culation _QBRZ , tip-path-plane angle, &, and the ratio of wake-vortex core
14 BB-1665-S-3
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radius to rotor radius, .% . The quantities which determine w« are, of course,

generally available, Estimation of the other parameters is accomplished in

the manner discussed below.

Radial Maximum of Blade Vortex Strength, /,, (#)

The circulation about a translating and rotating rotor blade at a
given azimuth position ¢ is actually varying in the radial direction (more
or less elliptically)., It was felt, though, that a sufficient approximation
to blade-induced effects would be obtained by making the circulation constant
spanwise and of a magnitude equal to the maximum attained on the actual
blade. It might be supposed that blade-induced effects would then be some-
what exaggerated but comparisons of computed and measured flows indicate
that the error introduced in the root-mean-square velocity estimate is not
large enough to be discernable (See Reference 3). The error introduced in

the local velocity very near the blade would, however, be expected to be

relatively large,

If the circulation is assumed to vary elliptically in the spanwise
direction and the advance ratio is in the normal helicopter range, the maxi-
mum circulation, /;,, , about a blade is approximated by (neglecting root

zffects and making small-angle approximations where appropriate),

o BLg(¥)(1-2 50 ¢)
” TPNRE

(6)

where /g is the total lift acting on the blade and 0 is the air density. Then,
assuming that the total lift acting on the rotor is constant and equal to the

gross weight ¥ of the aircraft, it follows that

/ﬂ

.Q,/;Z = 2mA(i-2psiny) (7)
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where A is a blade loading parameter, defined by

%
- 77'2/\/5/0-0_2/29:

with A3 denoting the number of blades on the rotor.

Inclination of the Tip Path Plane, &r

The tip-path-plane argle is a complicated function of flight con-
ditions, rotor dynamics and blade pitch settings., Various methods are
available for computing this angle (see, for example, Reference 7), but
their use requires iterative or graphical procedures and the values of

parameters which are generally not well defined.

Reasonable values for o, have been obtained without resorting
to elaborate methods by assuming the rotor resultant force to be normal
to the tip-path-plane and equating the horizontal component to the fuselage

drag.

2
oy = Llo M (8)
77/1/5 A

where Co; is the fuselage drag coefficient, defined as the ratio of fuselage
drag to -‘—271./0_1_/;:?2 . Equation (8) was obtained by neglecting rotor in-plane
drag and fuselage lift, The angle <, if assumed to be small, must then be
simply the ratio of fuselage drag to rotor thrust (aircraft weight), It was
noted in Reference 3 that values for robtained from Equation (8) were
found to be within 20 to 30 percent of measured values for a UH-1A heli-

copter (Reference 8) using a value for Co,_. of 0.014 (Reference 9),

Wake-Vortex Core Radius, &

The nondimensionzalized core radius of each vortex element must
be specified as it is generated by a blade vortex, This core size should
correspond to that of the tip vortex formed in the physical flow when the

wake rolls up.

16 BB-1665-S-3




In order to obtain an estimate of the core size, three major
simplifying assumptions have been made. First, all vorticity in the flow
except that contained in the wake under analysis has been neglected, The
justification uses the fact that, some distance from the wake, the flow
before and after roll-up is effectively the same, Second, it is assumed
that the wake may be considered as though it were generated by a wing
of the same geometry as tae blade in steady translational flight, That is,
the tip and root vortice;:: of a rotor blade are assumed to have the same
core size as the tip vortices generated by a wing of the same aspect ratio
in steady translational flight, and having the same loading as the blade had
when it generated the segment of wake being analyzed, Third, it is assumed
that the roll-up of the wake of a wing in steady translational flight can be
treated as an unsteady two-dimensional problem rather than a steady three-
aimensional one., The only justification (other than intuitive argument) for
the latter two assumptions is that they do yield results which appear to be

realistic,

Consider, then, a wing of large aspect ratio in steady translational
flight, as shown in Figure 5. If /" denotes the circulation about the wing, then
at some position in the wake upstream of the point where roll-up begins

(View A-A, Figure 5), the circulation per unit length 7(y)is given by

-a/”
OB (9)

where w(y)is the magnitude of the vorticity in the wake and A(y) is the thick-
ness of the wake sheet, Given the loading on the wing -- i.e., on the rotor

blade at some azimuth -- }(y)may then be specified through Equation (9).

"The net effect of the blade root vortices is neglected in the rotor calcu-

lations for reasons given previously on page 4,

17 BB-1665-5-3
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Figure 5 REPRESENTATION OF THE WAKE BEFORE ROLL-UP
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Note that y= 0 at some point, say ¢,, where /7 is a maximum. Also, since

r(-6) = r(b)= 0, -pcorresponding to blade root and b to blade tip, it follows

that A b

AL 4 y(9)dy =1,
(4

where /] denotes the maximum value of 7(y). Replacing variation in ¥ in
the wake by variation in time in a plane parallel to the y-z plane and fixed
in the wake; the sheet of vorticity would be observed to roll up into a pair
of vortices whose cores consist of the rotational fluid which was cor zined

in the sheet,

This process will be assumed, in what follows, to be two dimen-
sional, That is, the flow in the wake-fixed plane is taken to be the same
as though the wake were extended to positive and negative infinity in the
x-direction, and that in each plane parallel to that plane the flows are
identical; or taken still another way, it is assumed that derivatives with
respect to #x are small in comparison to changes iny or % inscfar as roll-up

is concerned,

If the cores of the vortices formed by the roll-up are assumed to
be of circular section and of approximately uniform vorticity, and if it is
further assumed that wis constant in the sheet before roll-up (except at (,,
where it changes sign), it follows that the core radii of the two vortices will
be equal, Further, because the moment of impulse of the flow is conserved,

the vortices locate on the y-axis with their respective position ¥ = ¢, and

Y = gp given by

19 BB-1665-S-3
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The situation after roll-up is as shown in Figure 6.

'
I r,
e ‘e ——t—y
i ]
y=-b y=b
u:.q[, Y= Y=

Figure 6 REPRESENTATION OF THE WAKE AFTER ROLL-UP

If viscous effects are neglected, the kinetic energy of the flow per
unit depth, 7, must be conserved, By deriving expressions for 7 for before
and after roll-up and equating them, a relationship for core radius @ may be

obtained,
From Reference 10, 7 is given, in general, by

T = —Zf//wspczgdg (11)

where

()= L [ (3-'7>2+(3~—4")"}’/*
7 (y,3) mefwm[ = dnds

The integrals are taken over the entire area where « is not zero., If % is
substituted for « in Equation (11) and h is assumed to be much less than b,

the integrands can be simplified and the integrals evaluated. It is then

20 BB-1665-5-3 i




found that, in the limit of vanishing sheet thickness, 7 before roll-up is

given by
b b .
T= ‘54‘4 )’/y)a’('}),ﬂn/!g—gl‘d{/d/]"

Similarly, it is found that after roll-up,

. /0/77;2 {/&'1/ (f?‘/?'yl) +~1]

27 a ¥

so that the core radius is determined from

(12)

(13)

y;-sn) z// r/y)r(n)%ule/ Vldyd'?‘— (14)

The result of Equation {(14) may be put in a form more directly

related to blade circulation as follows., Let [ be expanded in a Fourier

series according to

- —Z Ay S k6
” k !
where cos@rb-g . Then
7(9)=b;m9 g_(;:
;7725-%9 f ka cos kO

Also, it is found from Equations (10) and (15) that

- / b
be L [;;"L/ yr(y)dy =a,
m Yp

21
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If ¥ and Yg -4, are then substituted in Equation (14) and the integrations

performed, it is found that
o0 2 {
a = E_ 21(7_2)6-[};.:[1(‘0115-7] (16)
R~ 2 R

where ¥, is the radial distance from the axis of revolution to the blade root,

Anindication of the order of magnitude of core radius predicted by
Equation (16) can be obtained by considering the case of an elliptic distri-
bution for /7 (i.e., minimum wing induced drag, and hence maximum core
radius). Suppesing f, to be zero, and substituting coeificients appropriate
to the elliptic distribution (a,=%az=-"an=0), find a value for @& of 0, 0862,

This value agrees with that given in Reference 11,

Some numerical computations were performed {Reference 3), util-
izing Equation (16), to determine the order of magnitude of core size pre-
dicted by this method and to provide an indication of the amount by which the
core size varies with azimuth and forward speed. Data for the computations
were generated by a blade-loads program that CAL developed for the U, S.
Army Aviation Materiel Laboratories (these results are generally in good
agreement with experimentally obtained loadings)., Three flight conditions
were considered: (1) a UH-1A rotor at 105 knots forward speed, (2) a UH-1A
rotor at 30 knots forward speed, and (3) a 5-foot-diameter experimental
rotor in hovering flight. The ratio of rotor radius to vortex core radius was
calculated for four azimuth positions of the blades in each case, using a 12-
point harmonic analysis of circulation distribution., The results of the com-

putations are tabulated below,
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Ratio of Rotor Radius to Core Radius
Flight Condition y =0° = 90° @ =180° | ¢=270°
105 knots - UH-1A 24,0 13,3 17.5 21,0
30 knots - UH-1A 18.7 15,0 14,4 24.1
Hover - 5-Foot Rotor 21.9 21.9 21.9 21.9

This method of predicting vortex core radius appears to provide
a reasonable oraer of magnitude for that quantity -- from about 4.0 to 7.5
percent of rotor radius., Most notable is the lack of any substantial variation
in core radius either with forward speed or azimuth peosition, The variations
obtained may be considered small since a change of 20 or 30 percent in core
radius produces a much smaller change in self-induced velocity, with the
latter varying as the logarithm of the former. For example, with & changed
from 0,05 to 0,065, the change of the self-induced velocities would be approxi-

mately 5%.

It was, therefore, possible to incorporate a major simplification
in the digital computer progiram by assigning a representative value of 0. 05
to the ratio of core radius to rotor radius, independent of azimuth position
or flight conditions, It was verified (Reference 3) that this simplification

does not cause an appreciable error,
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RESULTS OF SAMPLE COMPUTATIONS

A few exploratory calculations were made., All were done for a

two-bladed rotor. The table of conditions covered is given below.

) Tip Vortex
Height-to- Tlp"Pat‘{l' Core Radius-
Advance|Rotor Radius |Plane Tilt,| I,oading Number [to-Rotor-
Case| Ratio Ratio ar Parameter | of Blades|Radius Ratio
No. M H/R degrees A Ng a
1 0 0.5 0 0.00506 2 5 x 10“5
2 0 1,0 0 0.00478 2 0. 05
3 0.02 1.0 0 0.00478 2 0,05
4 0.02 1.0 0.6 0.00203 2 0. 05
5 0. 05 1.0 1.25 0.00203 2 G, 05
6 0.10 1.0 2.50 0.00203 2 0. 05

Preliminary Remarks

The computing program used in this study allowed the choice of
100 field points at which velocities could be computed, In addition, of
course, the velocities at the end points of the vortex eiements representing
the rolled-up wake vorticity were always calculated. The program is set
up in such a manner that the solution (vortex end points), after a certain
running time, can be stored on punched cards so that additional calculations
can be initiated without going through the whole starting process. For
example, in the interest of economy, it has been the practice to run the
program for a time period that corresponds to the replacement of all the
initialized wake by elements which have been free to convect in the developed
velocity field., That is, if the wake has been specified to consist of m rev-

olutions per blade, the problem is run for the time equivalent of m revolutions,
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At this point, the computation is stopped, the selected field-point coordinates
are inserted, and the problem is restarted and run for, say, one additional
rotor revolution, In this way, the computations at the fieid points are made
only after an iterated wake position has been obtained., The problem can
then be restarted again with new designators for the field puints so that the
velocity field appropriate for a given problem can be expanded to the extent
necessary. One might, for example, be interested in computing the velocity
distribution in the space volume tc be occupied by the wing, fu.elage, tail,

and tail rotor,

The particular problem being attacked also determines the amount
of computation required in the sense that the wake shape should be stabilized
relative to the space volume of interest, In practice, this means that calcu-
lations along the ground plane, for example, generally require a larger wake

array than the calculation of the velocity field very near the rotor plane,

The purposes of the various calculations given in Table 1 are

the following:

Casel - Comparison of the distorted helix model results
with those obtained from the vortex ring model
for hovering flight (Reference 1),

Case 2 - Provides a comparison of calculated results
with experimental data (time-averaged
velocities).

Case 3} Provide an illustration of the effects of a

Case 4 change in actuator loading.

Case 41 Show the effects of advance ratio (including the

Case 5¢ - . : .

Case 6J effect of the estimated trim tip-path-plane angle),
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Most of the results are presented in terms of nondimensional
space coordinates and velocities, In those cases where the interpretation
is most easily made in dimensional quantities, a tip speed of 690 ft/sec.

was used in converting to the dimensional velccities,

Comparison of Distorted-Helix Solution with Vortex-Ring Solution,H/R = 0,5

Results obtained with the distorted-helix model are compared
with results obtained from the vortex-ring model (Reference 1) for hovering.
Averaged (in the root-mean-square sense) axial velocities halfway between the
rotor and the ground plane are shown in Figure 7 and the time-averaged radial
velocities at the ground plane are shown in Figure 8. It can be seen that there
is reasonably good agreement between the results of the two models in terms
of the averaged quartities, In Figure 9, the time variation (in terms of the
azimuthal position of the reference blade) of the radial velocity along the
ground at various radial positions is shown, Here, differences in detail
can be noted although again it is evident that the mean velocities are approxi-
mately the same (note the broken scales for x = 0,6 and 1,0), The differences
in form of the velocity time histories are to be expected. As the helix moves
past a fixed point on the ground, and the blade bound vortex rotates in the
rotor plane, a relatively smooth velocity variation is obtained., The ring-
vortex solution, on the other hand, shows a discontinuous velocity distri-
bution at points in time corresponding to the impulsive addition of a ring
to the flow, The characteristic dominant frequency for both the helix and
the rings is the blade passage frequency. Radial ground velocities at x =
0.2, 0.6, and 1.0 are in phase for the ring solution because the vorticity
vectors are always contained in planes normal to the shaft axis. The
distorted-helix solution, on the other hand, contains the effects of a swirl
velocity component induced by the axial component of vorticity, The rela-
tive phasing between the velocities obtained from the ring and helix solutions
has no significance because the impulsive ring has no absolute time reference,
The ring solution in Figure 9 was phased so that new rings were arbitrarily

; Ng T, . .
introduced when ¢ = —— in the helix solution,
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At a fixed point ''near' the actuator, of course, the velocity
solution corresponding to Figure 9 is very nearly periodic. The lack of
periodicity with a fundamental of one-per-revolution seen in Figure 9
probably reflects the finite extent of the wake used in the calculations and
the tendency of the vortex elements to coil at the wake termination, .. Inclu-
sion of diffusion and dissipation effects -- which should have become signif-
icant because the vorticity has existed for a time period corresponding to
roughly 60 chord lengths of blade travel per revolution -- would probably

alleviate this situation,

Comparison of Calculated Hovering Results with Experimental Data

(Time-Averaged Velocities)

It was shown in Reference 3 that the time-averaged velocity dis-
tribution alculated on the basis of the distorted-wake-helix model agreed
well with measurements made in the wake of a helicopter rotor in a tunnel
at an advance ratio of 0, 14, Measurements of wake velocity distributions
for rotors at low advance ratios in ground effect are sparse, In Figure 10,
measurements (Reference 6) for a hovering model rotor one radius above
the ground are compared with computed results, Since the measurements
were confined to the three horizontal planes and one vertical plane, indi-
cated by the dash lines in Figure 10, the experimental velocity contours
indicated are not necessarily accurate, The corresponding computed
root-mean-square velocity ratios show the same general character as the
measurements over approximately the outer half of the flow field., The
differences between the calculated and measured results incrase toward
the centerline of the rotor., It is speculated that this difference might be
due to the neglect of the blade inboard vorticity in these calculations,
Similarly, the measurements in this region should be treated with some
caution because the velocities were deduced from pressure readings and
some question arises with respect to the assignment of a meaning to a

""'static pressure'' reading in a confused velocity field,
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In Figure 11, the measured and calculated root-mean-square
velocity ratio profiles along a line normal to the ground at a distance one
and one-half radii from the shaft centerline are compared, Qualitative
agreement is noted except very close to the ground plane where boundary

layer effects (neglected in the calculation) could be expected to be important,

The method of measurement employed in the test (Reference 6)
precluded the possibility of determining the time variations of the velocities
under the hovering model, The calculated velocities vary with time {azimuthal
position of reference blade) and some idea of the variations can be obtained
from Figures 12 and 13, Values of the velocity components at points on a
line parallel to the x-axis and halfway between the rotor and the ground
(Figure 12) and along the ground (Figure 13) are compared, In particular,
the time-averaged values are shown compared with the values computed
when the reference blade is at ¢ = 0 degrees and when the reference blade
is at ¢ = 90 degrees (see Figure | for coordinate system), It is evident

from the figures that the computations indicate sizable time variations.

Effects of Actuator Loading; 4= 0,02, H/R =1

The calculated effect of a change in actuator loading on the geometry
ot the wake vorticity can be seen in Figure 14 where the traces cf the tip
trailing v rtex cores in the x-3 plane are shown at the time when the refer-
ence blade vortex (Blade No. l)is at ¢ = 0, The cores for the more highly
loaded case ( A = 0,00478) e: hibit a wider separation along a trajectory
than do those for che lightly loaded case (A = 0,00203), Further, the esti-
mated trajectory is less inclined relative to the rotor for the more highly
lecaded case, These differences* arise, of course, from the greater induced
velocity (and the greater energy) associated with the vorticity of the more
highly loaded blades,

The small difference in tip-path-plane angles (0, 60) for the two cases is

believed to have a negligible effect,
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Figure 12 COMPARISON OF CALCULATED TIME-AVERAGED VELOCITY COMPONENTS

WITH VELOCITY COMPONENTS CALCULATED WHEN THE RCFERENCE

BLADE IS AT ¥ =0 0R ¢ = 90°. (HELIX MODEL).
CONDITIONS: o« = O ﬁ= 1.0; 2 = -0.5, 4 = 0.
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The reference blade bound vortex is located at ¢ = OO at the instant
shown in Figure 14. It can be seen that the last vortex generated by Blade
No. 1 is above the tip path at ¢ = 180° -- that is, the vortex tube is passing
above Blade No. 2 which is at ¢ = 180°, It might be concluded that at some

time during the next half revolution, Blade No. 2 would cut through the vortex
tube generated by Blade No, 1, This does not, however, appear to be the
case, 7The tip voriex from Blade No, 1 slides outboard relative to Blade

No. 2 as Blade No, 2 rotates, At the time at which the core is in the tip-
path-plane, it is also outboard of the blade tip and no intérsection occurs,
The miss-distance is small and, therefore, no definite conclusion can be
drawn with respect to the behavior expected of the physical system -- the
position errors introduced by the idealizations introduced are probably of

the same order as the miss-~distance.

In Figures 15 and 16, the velocity time histories at two points in
the plane of symmetry and near the location that might be occupied by a
horizontal stabilizer and/or a tail rotor are compared for the two loading
cases, One of the field points (¥ = 1.0, ¥ = 0,0, 3 = -0.25) is outside tne
slipstream envelope (see Figure 14) and the velocities do not differ greatly
for the two loadings {Figure 15). Apparently the differences in spacings and
vortex strengths for the two cases introduce compensating effects. Another
interesting feature of Figure 15 is that both the ¥ and 3 velocity components
experience reversals at blade-passage frequency. One could anticipate, there-
fore, that a tail plane or tail rotor would experience shaking forces and these

would be transmitted to the fuselage.

Velocity component time histories at a tield point inside the slip-
stream are shown in Figure 16, This location (x = 0.8, ¢y = 0.0, 3 = -0,25)
might also be a candidate location for a stabilizing surface and/or a tail
rotor. The calculations indicate that the relative amplitudes of the velocity
fluctuations at this location are nearly proportional to the loading parameter,

A . The velocity component normal to the reference rotor plane, V3', is, of
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course, higher for the higher loading parameter and this velocity compo-
nent dominates in the slipstream., Again, sizable velocity fluctuations

with respect to time are indicated.

Another characteristic of the slipstream velocity is shown in
Figure 17 for the highly loaded case (A = (0, 00478). Figure 17 shows the
difference in the resultant velocities (AQRVW) that might be experi-
enced at the two tips of a stabilizing surface (x=0.8, ¥y = £ 0,15, 3 = -0,25).
The velocity fluctuations correspond to differential aerodynamic angies of
attack of approximately 7°. Therefore, the oscillating forces would excite
fuselage bending and the oscillatory couple would tend to shake the fuselage

in torsion,

Effects of Advance Ratio

Effects of advance ratio on the slipstream shape and the velocity
components were calculated for a fixed value of 0,00203 for the loading
parameter, A, The estimated tip-path-plane trim angle, &, was changed
as a function of advance ratio, «. The pairs (u, oy ) are (0.02, 0. 6%) in
Figure 18, (0,05, 1.25°) in Figure 19, and (0. 10, 2.5°) in Figure 20. These
plots will not be discussed in any detail -- they are only intended to indicate

major features of the flow fields.

Slipstream Location. Comparison of Figures 19a and 20a -~ the

traces in the plane of symmetry of the vortex cores when Blade No. ! is at
Y = 0°-- displays a slipstream ''tuck-under'' between & = 0.05 and 0. 10,
Below some critical advance ratio in this range the ground effect forces
the wake vorticity to translate upstream near the wall (Figures 18a and
19a); above this advance ratio, the free-stream velocity overpowers the
ground effect and the vorticity is swept downstream. Extrapolation of
wind -tunnel data to free flight conditions (out-of-ground effect) could be

compromised severely by differences introduced by this effect -- in particular,
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at lew advance ratios, the forces and moments measured in a wind tunnel
could differ significantly from those that would be experienced in the absence

of a tunnel floor.

Velocities Just Below the Tip Path Plane, Figures 18b, 19b and

19¢, 20b and 20c show the calculated time histories of the nondimensional
velocities immediately below the tip path plane (} = -0,01) along the longi-
tudinal axis (y = 0. 0) for advance ratios of 0.02, 0,05, and 0,10 respectively,
The sharp peaks* in the l@ component for |%|<| indicate the passage of the
blade bound vortex; and the peaks are of nearly equal magnitude because of
the assumption that the blade bound vortex strength does not vary in the
radial direction, Therefore, the V, values indicated should be reduced by
the ratio of the local 7 to the constant (maximum) value used in the calcu-
lations to obtain a more representative l{j radial variation. The x-compo-
nents cof the velocity, v, show sizable time variations in the vicinity of the
slipstream boundary -- a reversal in sign occurring at blade passage fre-
quency near |X| = /atu = 0,02 and 0,05, Interior to the slipstream

(lx}< 0.8, say), ¥, changes with time at fixed points are indicated to be
relatively small. The 1/3 components show the characteristic rise and

fall, at blade passage frequency, expected near the rotor plane in the in-
terior of the slipstream, Near the boundary of the slipstream, this axial
component is strongly influenced by the tip vortex as well as the bound
vortex and large time variations can occur, The sign of the mean value

changes as the slipstream boundary is crossed.

Figures 19d and 19e, 20d and 20e show the velocity ti. .e histories
just below the rotor (2 = -0.10) along the lateral axis (x = 0.0), General
characteristics are similar to those indicated above with the Vz and ‘/3,

velocity components interchanged with respect to the effect of the blade

bound vortex effect,

“The peaks should be somewhat rounded -- the sharpness indicated is the

result of using straight lines in the plotting routine to join calculated points.
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Velocities Near Fuselage. Velocity time histories along a line

representative of a fuselage location are shown in Figures 19f and 19g

and 20f and 20g for x= 0,05 and 0,10, The lateral velocity component, V,
is seen to be relatively small, The longitudinal, V, , and axiail, V, , non-
dimensional components are large and oscillatory. It would be expected

that these components would give rise to oscillatory fuselage forces.

Figures 19g and 20g show the change in environment experi-
enced by a tail rotor (0,6<%<1,3, y = 0,0, 3 = -0.25), Itis apparent that
the velocity field in the vicinity of a tail rotor is nonuniform and, conse-

quently, oscillatory tail rotor loads would exist.

Flow Near a Stabilizing Surface, Figures 19h, and 20h iliustrate

the velocity variations in the regions of the tips of possible stabilizer posi-
tions (0, 6<%<0,9, ¢y = +0.15, 3 = -0.25), Figure 20h («= 0.10) indicates
time variations of V, and V}. at these locations that are significant while
Figure 19h (¢ = 0.05) exhibits a much smaller ncnuniformity, Sidewash

velocities, 1.{{ , are small.

Velocities Along the Ground Plane, Figures 19i and 19j, and 20i

and 20j show the velocity components along the ground at the plane of sym-

nmietry (y = 0). The oscillatory component of V, and the change of V with

# decrease with increasing advance ratio in the region inspected. The \/5,

coraponent is small along the line on which the caiculations were made and

\/} = 0 by imposition of the boundary condition,
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CONCLUDING REMARKS

The model developed provides estimates of the velocity field in
the vicinity of a rotor (propellerj operating in ground effect. In particular,
the time variations predicted appear to be reasonable -- at least over the
outer half of the slipstream and at field points outside the slipstream, Since
there are no known suitable surveys that show the time variation of velocities
in the vicinity of a rotor, it was not possible to verify this most important
aspect of the present eifort nor to test the validity of the many assumptions,.

Briefly, these assumptions were the following:

. Incompressible fluid,

Inviscid fluid,

Negligible effect from root vortex,

oW N e

. Negligible effect from shed vorticity at small advance
ratios (< 0.10),
5. Self-induced velocity determined by local vortex
curvature,
6. Blade bound vortex constant along span.
7. Constant initial vortex core diameter,

8. Vortex core diameter estimated from wing theory,

It is believed that the theory developed is applicable to a variety
of problems that arise from the interaction of propeller (rotor) flow fields
with other aerodynamic surfaces. It should be recognized, however, that
only the zeroth-order effect -- the velocity field in the absence of aero-
dynamic surfaces -- has been obtained, Questions related to the inter-
action of, say, a wing surface or a tail rotor blade with a free vortex

have not been investigated,
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The cateristed sesuits indicate that, a. ;aw auvance ratios, the

1]

ground effect forces the wake to translate sposizeam. Jonscquently, wind-
tunnel measurements of forces and moments acting on rotors (and fuselages,
stabilizing surfaces and tail rotors) may not be representative of out-of-

ground-effect behavior,
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RECOMMENDATIONS

Direct measurement of time-dependent flow quantities in and near
the wake of a propellef (rotor) in ground effect is recommended.

In particular, veleocities in the flow field and wind-tunnel wall

(or ground) pressure distributions would be desirable, Comparison

of these measurements with the theoretical results would furnish

a measure of the validity of the theory,

Vorticity diffusion and dissipation effects should be incorporated

in the theory,

An effort should be made to investigate the effects of shed vorticity

components and the inboard trailing vorticity components,

The utility of the theory for engineering purposes should be
established, In particular, measurements of the time-dependent
pressure distribution on a wing or fuselage in a rotor wake
(compound configuration) could be compared with estimates

based on the calculated rotor flow field.
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y =0.00, 2
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Figure 20b NONDIMENSIONAL VELOCITIES AT FIXED FIELD /OINTS NEAR
THE TIP PATH PLANE VS REFERENCE BLADE POSITION, ¥ .
CONDITIONS: c¢ = 0.10, A = 0,00203, a7 = 2.5°;

¢ = 0,00, 2 = -0.010, « VARIABLE.
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Figure 20c NONDIMENSIONAL VELOCITIES AT FIXED FIELD POINTS NEAR
THE TIP PATH PLANE VS REFERENCE BLADE POSITION, ¢ .
CONDITIONS: 40 = 0.10, A = 0.00203, &7 = 2.5°:

% = 0,00, 3= -0.010, y VARIABLE.
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Figure 20 NONDIMENSIONAL VELOCITIES AT FIXED FIELD POINTS NEAR
THE TIP PATH PLANE VS REFERENCE BLADE POSITIONS, ¢ .
CONDITIONS: s = 0.10, A = 0,00203, ory = 2,5°;

¢ = 0.0% 4 = -0.10, x VARIABLE.

1
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Figure 20e NONDIMENSIONAL VELOCITIES AT FIXED FIELD POINTS NEAR
THE TIP PATH PLANE VS REFERENCE BLADE POSITION, ¥ .
CONDITIONS: 4 = 0.10, A = 0.00203, c, = 2,5°;

x = 0.00, 2= -0.10, y VARIABLE.
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Figure 20f NONDIMENSIONAL VELOCITIES AT FIXED FIELD POINTS NEAR
FUSELAGE LOCATION VS REFERENCE BLADE POSITION, ¢ .
CONDITIONS: 2« = 0.10, A = 0.00203, oy = 2.5°%;

y =0.00, 3 = -0.25, % VARIABLE.
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Figure 20g NONDIMENSIONAL VELOCITIES AT FIXED FIELD POINTS NEAR STABILIZER
AND/OR TAIL ROTOR LOCATIONS VS REFERENCE BLADE POSITION, v .
CONDITIONS: 4« = 0.10, A = 0.00203, &7 = 2.5°;
2 = ~0.25, % AND 4 VARIABLE.
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Figure 20h NONDIMENSIONAL VELOCITIES ALONG GROUND.
CONDITIONS: x« = 0.10, A = 0.00203, orr = 2.5°;
7 0.00, 2 = ZGROUND’ ¥ VAR ABLE.
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Figure 20i NONDIMENS!'ONAL VELOCITIES ALONG GROUND.
CONDITIONS: &« = 0.10, 2 = 0.00203, a7 = 2.5°;
Y 0.00, 3 = 3GR0UND, % VARIABLE.
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APPENDIX

OPERATIONAL INFORMATION FOR THE COMPUTING PROGRAM

This program is written in FORTRAN IV, with the exception of subroutine

CLEAR, which is written in MAP, This routine is used to initialize storages

to be zero,

CARD 1

NB:
NRW:
NA:
NPNCH:

NOPT:

NTAPE:;

NPRINT:

LNCT:
NFPT:
NXPT:

NPINT:

INPUTS

Number of blades, ng

Number of revolutions of wake per blade, A,
Number cf azimuth stations, N,

Punch option, If zero, no cards are
punched at the end of a run, If not zero,
all wake point coordinates and core sizes
at the final azimuth position are punched
on cards,

If zero, the initial wake configuration is
computed, If not zero, initial wake
configuration is read in,

If not zero, wake point coordinates and
velocities are saved on utility Tape 4.

if NPRINT =1, coordinates and veleocities
for each wake point are printed; if
NPRINT = 2, those for every other point
are printed; if 3, every third; etc,
Number of lines desired per page of output.
(Not used in the study reported here)
Number of points off the wake for which
velocities are to be calculated,

Output is produced at intervals of NPINT
steps; i, e,, if NPINT =1, the data for

each azimuth position is printed,
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CARD 2 PSIO; Initial position of Blade 1, %nil‘ , degrees,
REV: Number of revolutions of rotor for which

calculations are to be performed, Ay

XLAM: A
XMU: yz
ALPHAT: oy (degrees)
RB: R/C = ratio of blade radius to blade chord.
H: H/R
CARD 3, 4 GAMB: Normalized strengths of Blade 17 NA of them.
Al: Core sizes at Blade 1; (NA of them),
A Initial core sizes; (NRW)(NA)(NB) of them.

Coordinates of points off the wake at which velocities are to be computed
NXPT points in all (up to three sets of coordinates per card):
XIPT YIPT ZIPT
% Yy ¥

Initial Wake Configuration - Read in only if NOPT is not zero,

X: (NRW)(NB)(NA) of them,
Y: (NRW)(NB)(NA) of them,
Z: (NRW)(NB)(NA) of them,

A listing of the program is given on the pages which follow.

"Estimated as lg (¥)=1-2 usiny in the absence of data.
!
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$IBFTS 274wVl ISTREF
L HELICOPTEY WAKE VNATICITY WITH GROMND FFFFCTS ~ YATN PRNAGRAM

COMMAN X ( WAr .H),Y(*a 2510 70340,5),U1247,5),VI347,8),d{347,5),

1 GAMAL AN 6] SE (7,8, CAMRLIICN) AT (17D) 4 A(347,5) 4P TR,
? VA g XACL o XMGL o N MW o NA o Nidy NPT, NTAPE , PR T4T ( MOVEH, PS TN,

3 L, YL AMG AL OHAT G PIHT ¢ BSTIFa XNAZNDPST ¢ N1 g NW] o XNW, XNR, TDN],
% QAT AT M1 02 PSS aTOL X T oT1 T2 4XJgNPS, J2%, 108, IDS 1, XXX,YYY,
Y 7703 IS8T 1M, IOl SIR1,ST02,SI03 3060 IFEN, XML, XMU2, XNY3, T2 ],
4 X g XY X7 QUM 4 QIR ¢ R SO, SFSD[,85:;3F,LP8,SFG1,SEG2,
7 SHY L NCT,XIOTINT ), YIPT(LION) L ZTPT (17N ) VX1 ), vY (1r),

3 V7] D)y YOT  NAR  TAT TRy R I, HyWORAR GSAT?,CAT D \A"T CA?T, THCAT
R yT“'\.A.T

NTACNSE ™ A1 70)

FOUIVALENGT (SRS, 007 )

1 CALL CLEAR(X,NA™)
DI = 2, 1415288524
RAD = 1 T4%327%99,
TP = 72.0%0]
PEAN 1500 49> 20 A, DN U MADT, JTAPE (NOD IMT, LNCT,NFPT ,NXPT NP INT,
l \'L\',/l:ll
INCA FIRAAT( |71 <) T
CALL DU R gDy
TE(UTAPE (0T, Q) wrrlND g ’ T T T
DEAD 1GL] G PSIC, Y, Y17 ity YNULALPHAT , 2P H
1971 FOWWAT(w: . 9)
_ﬂ_""__jfhn_[__l_{_{“"(l).l-l Sy
REAY 177 ), (4 IYef=1,%A)
MDY = M
Vi oz Ve lEA
NWl o= M)
NAR = * N A
XNA = AA
APST = p.ewo1/¥va T
XNy = AN
MO U I A | -
QAT = S (A} PHATHWAN)
CAT = (S {AL DATENAN)
SATY = SAT%%D
C{.T? "‘\T"'ﬂ-—_' o i o Tt -
QA2T = ST D ,"RALDHATEDAN)
CAPT = ¢ ’Q(’) SERALOIIATRLAY)
THSAT = 2, " (kQAT
THOAT = D,FJ{*FAT )
WARAY = ST R (Cru T (DR PRY) AR, IR ) & 4 XMIJERA ) - XMJEx D) )
XAUSE = [ (AL T AR QAT ) 0T
X"WSK = (wi+-"xru$§xT)*qAT
SOCAT = SAIXEAT
WACATH = ~FCAT/
] = XVUuCAT
€2 = (X“““SAT+YI\')
2 = XIS AT#GAR T (N[ AwivY D /2 )
XML = fl/vl«d
XMQL = XMIESAT /X[ A
TMP = Eox)dDS]
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TUDYl = SCRT(TMPE{TUP+2,7))
FRR = (T¥P-TAP1+ALLS (1,7 +TMP4TMO]} ) /DPST

DTAD 17 1 (AT s ) e i =130, 21,9310 7
17 TE{NXPT.EY, ') 40 1 1r
READ 10N (NIOT (1), YIPTLI) . 7IDT (1) ,1=1,NXPT)

123 DQIF = PQI7 #3340, ~xpoy
CALL [Dnurt - I,
NCT = 2
ToNe T sl AR ANNR T T T
PST = PSTxRAR
PSIS = bqq . e
PSIF = °2§1F%RAY+, NG

TE{NNPT,F),7) 67 TN 2
2 P'.'A’\ ]r:‘q'((X(]' rp!-—] \“"J_’_'L!_?l’\l(})_

1703 FNCMAT(AE12,.58)
RFAN 1{*7.((v(1,J).r-1.v«1).J=1,v4)
READ 102 ({7014 d),T=1,%01) ,0=1,43)

co T 7
I NN A IEANRE]
X1 = FL‘.‘.T(!—])*)()Q[
EXD] = EYD(WACATHEYT) - —_
4 AN 8 J=].v"l"’
OGN = DPSI #B] MAT{ J=])2 TN~
SPS™Y = SIN(PSICY)
(oCay = (aS(2S17))
— THT Y = ATANOSPCT)) ‘)Qf\lJf'AT)
GIJ = {(H+SATR(OST J)/f{ﬁ]iﬁi -
1 = SICT( ], —SATORCDGN D)4 YL AMK (U E(FYO[ =] ) /{WICATR(H4+SAT

1 cesn})=x11/(72.0%H)

X(Ted) = CULIECATEOAS{Y[=-TYHT )+ XXX ST +GT J¥SAT
Y(T4d) = =T1IRSIN(YT="HTj}
ZUTo ) = =FIJESATHOAS (XI=TT )= XT# X 4SS 40T 15CAT

CONT AT

COMT INQIC

T NDS = A O(OQ]N, 2,7 x0T )/PPST+],3
IF (MPS,CT, \!A) LA

oS Jd=t,

BN ]

Jpe = v;q(ﬂJq+(W\ (J=1)) /87 eNMAR,NA)

[€ (JPS,52,7) J9< = A -

1PSY = 0°S e e e———
no R [=1,"

1ps = 1e<]

[oS1 = 10S-1
[FIPS].F),7) IPSY) = ™MA

SAMA( 1,00 = (LAMP(ERS)e3AMP (]PR]) ) /2.0
3 CONT M
A CANT TN

[FINTADE = 250 10 |7

WOTTR(A) I, MRy yMA INCL A ODT NTAPF GMPRINT, LNCT  NFOT  NXPT NPTNT,

] ADYCH, DS, IV, YL AM, XML, ALPHAT, R, H

wQ]rc(/,)\.]nr v|| 1,71°7

FALL M4
1N NN 12 g=1,0)

YATEE IR B T TP
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e

SEG(T4Jd) = SQRTUIX{I IV =X(T#1 4 J) ) 2024 (Y (T J)=YLT4Y, ) )%%24(7{ 1y ])~

1

1{I+1,J))%%2)

11 CONTINUE
12 CONTINUE

13 DO 29 I=1,NW
D0 28 J=1,NA1 e
XXX = X{14J)
YYY = Y(I,J4)
127 = I(1,4J)}
utl,J) = 0.0 e L A .
VII«J) = 0.0
W(l,J) = 0.0 _ . . N .
130 NN 135 LL=1,NB
XXBR = X{1,LL)*CA2T~-7(1,LL)*SA2T-THSAY
YYBR = Y(1,LL)
IIBP = —(Z2(1,LL)I*CAPT+X(1,LL)*SA2T+THCAT) .
XXBR1 = X(2,LL)*CA2T-7(7,LL)*SAPT-THSAT
YYBR1 = Y{2,tL)} ___ . L e
LIBRRY = —{7(2,LL)*CA2T4+X(2,LL)%SAPT+THCAY)
SGBR1 = SQRT((XXX=XXBR)*42+(YYY-YYRR) **x24(277-77H8R)%%2)
131 DD 134 [RR=],NW
SGRR? = SQRT((XXX~XXBP1)#&2+(YYY=YYBR]) &2+ (177-7700] )%%2) o
SEGSO = SEG(IRR,LL)*%?
HM1 = SGBR1**24SGRA2%%2

IF (HM1.GT.SFRSQ) G2 T 132

HM? =

?5%((SARR1+SGBR2)*%2-SFGSQ)* (SFGSO-{SGRR] ~ QFHQ7)**2)/SFG§Q

[F (HM2.GT A{TRR,LL)%%2)GN TN 1372

. GGG = ~GAMA(TRR,LLI/SEGII®O,LL) e
GO TN 123

132 GGG = —GAMA[TRR,LL)*(SGROI+SGRRY) /(SGRK]*SGARI £ ( (SHRCT+SGRR2 ) #% 2
1 -SFRSNY)

133 XNU]l = {YYY=YYRP])X{77R0O-77UR]}=(777=77PR1)%={YYRAI-YYOR])

XNU? = (777-77BRI)VF(XYRE-XXAR])=(XYX=-XXAR]I)H(77RR-T77RR])

i XNU3 = (XXX=XXRL )% (YYPP-YY22])~(YYY=-YYRR])*(XYAR-XXAR])
H{Ted) = U0T,J)$XMOTEGAR
VIT,d) = VI, J)+XNU2EGGE
W{T,J) = W({T,J)+xX\IRGE6G
SGRR1 = §HBR?
XXBR = YYne|) TTTTomTTm T
YYQR = YVgD |
778p = 77RR]
XXP21 = XU IRZ42,0 1 V*CAPT=7 ([CR+7, 11 ) =SA2T~THSAT
YYRR] = Y([P2+2,L1)
J7RRY = = (7 (w242, 11 )ECAITX (T34, L L)*SA2T+THOAT)

134 CONT INUF
135 CNTINUF

14 DN 2?25
[ST =
IND =
IFLG =

L=1,N%]

[
N

1

TF (L
(ND =
IFIG =

NFELJ) 6D TIN 14

-2

)

IF_(INDGTLR) GO TN 16
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15

I[ST = T+1
IND = NW
TFLG = 1

16

IF (IST.GY.NW) GO YO 18 . . _
SIG2 = SQRTE(XXX~X{TST, L)) %2+ (YYY=Y(IST,L))*%24(Z277-71IST,L))**2)
DO 17 IR=JST,IND

SIG1 = SIG2
SIG2 = SQRTIIXXX=X(IR+¢1,L))&*x2+(YYY-Y(IR+1,L))*%24(777-7(IR+1,4L))

1 ’ *¥2)

___SEGSN = SFG(IR,L j**2

HMY = SIGL**24SI1G2%%)
TF(HM1.GT.SFG5Q1G0 TN 160 o

HM? = .26%((STGL+SI62)%%2~SEGSQ)*{SFEGSO-(SIGL-SIG?2)%*2) /SEGSQ
TF(HM?2 . GT.A(IR,L)%%2)1G0 TO 160

GGG = GAMA(IR,L}/SFG(IR,L)
GD T0 161

160

GGG = GAMA(IR,LI*(STGI+SIG2)/(SIGI*SIGI*((STGL+STG2)*%2-SFGSQ)}
XNUL = (YYY=Y(IR+1,L) ) *{Z(IR,L)=2(1R*1,L)}-(2Z2-2(IR+I,L}I*

161

1 {YUTIR L)-Y{IR+1,L1])
XNU2 (727-2CTR+1,L))I*(X{IRyL)~ X(IR+1oL))-(XXX X{TR+1,L))*

1 (7UTR,L)=7(IR+1,1.))
XNU3 = (XXX-X(IR+1,L))*(Y(IR,LI-Y{IR L, L) (VYY-VITRSL, LD

1 (XCTRG L) -X(TR+T 41 1)
ULTed) = ULT,J)+XNUTGGG

ViT.Jd VT, J)+XNU2*G56
W T,J) = W(T,J)+XNUBRGGH

toatgn

17

CONTINUE
GO TO (18,1514 1FLG

18

IF (L.NE.J) GO TO 25
IR] = 1-1 .

IF (T.FC.1) 1°1 = 1
XMX = (Y{IR1,1)=Y(TRI+1,L))*{7(IR141,L)=7(TR1+2,L))-(Y(IR14},L)~

1 YUIPT#2, L1 )%{Z (IR 4L)=2(IR1+1,L))
L UXMY = (Z(IR1 L)=Z0TR14T, 1)) % (XCIRI4) oL ) =XCIRL+2,1 V)= (2(IR141,L )~

1 JUIRT+2,L) )% (Y (TR L) =X{TR1¢1,4L))
o XMZ oz (XUIRIGLI=XCIRI4T,LI)*(YOIRI4T L) =Y (IRI#2,L))~(X(TRL#) 4L}~

1 X(TR14+2,L))&(Y(TR1,L)=-Y(IR141,L))

SiG4 = SEG(IRI+1,1)

SIG3 = SEG(IR1,L)

SIGS = SORTLAXLIRI+2,1 )-XTIR] JL))**24(Y(IR142,L)-Y(IR],L))* %2+

1 (7(IR1+2,L)=7(IRT,L))%%D)

DEN = (SI1G3+SI64=SIGS)*(SIGI+ST34+SI0S)*(SIG4+SIG5-SI63)N*(SIG3+ _
1 S165-51G64)
IF_(NEN.FQ.0.0) GN TN 25

1002

[FINFENLTCOINRITE(AZINC2)T4J,SIS34S164,SI6GS
FORMAT(2X43HNENOMINATNAR NFGATIVE FNR R COAMCUTATIAON T =13,3X3HJ =

1 13,3X6HSIG3 =F16.8,3Y6HST534 =F16.R,3X6HSIGS =F1h.8 )
RR = SIG3%SIG4*SIGS/SORT(ABRS(DEN))

SQI1 = SORT((2.0%RR-SIGII*(?.,0%RR+SI5G3))
1F (SIG2%%x2,LF.SIGA*®2+SIGR%*%2) GO TO 19

SF = (2.0%RR+SQOT1)/SIG3
GO 10_20

19

SF = (2.0%RR-SQI1}/SIG3
[F(SF.EQeN.0) SF = 1.,0E-2N
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20

SNYT = SLRT({(D.Y¥RR- l")*(’ NEEIESTR4))
TF (SICA%E2, Lt SIGA¥2+q 0 xx) ) TO 21

21

SG = (Z.05R0¢SD11/8106

N TN 2°

SG = (2.7°%R¥=SQT) /8174

[F(SHLENA,0) &0 = ], =20

IF (T.E201) 60 10 22

AF = (GAMALT], VE(VFGLH I3SE/A(IR 1, J) )+, 250 45ARALT, JI*(ALOG( 8. )%

27

1 SR/A( T ) V¢, 28)) /4, f*Pn&sﬂ)r(xHYtt7+qut 2+XYT k%72 ) )
GO TN P4 . —
RE = (GAVA(T,J)*{A1 YR, 0x <r/A(7.1))4.7%))/(4.“*QR*SODT(XMX**2+

1 XMYREDEXMT E42]) )

24 UllyeJd) = Ul eJyaxuysig
VIT,d) = V{T,J)eXuyxnc
WileJ) = WllsJ)eXx4ar=ar

75 CPONTINUFE
SIOGL = SuRT{XXYRED4YYVELI4 TV 8% ToTTTTTT s momm e
XXRP = ~JHGAT
YyyrRe = " T T e e e
J7RO = —THCAT

SGRR Y = K7W T{[XXX=XXAK)xEI2+(YYY-YYRR)%%kD4+{(77]-77RR}%%2})

254 DN 27 =] MR e e
(PS8 = MOD(APSH{VAT{L-1) ) /MRreNAR,NA)
[E(LPS,FY ") I P = NA
XXRE1 = X(1y0 JECAPT=THGAT ) s
Yyazl = v(l.L) e
779Q) = =X(1+1 )¥SLZT-THCAT
YNUTL = (YVO2-YVYY )X (77RU]=FTRP )+ (TT7~77RQ)X(YVHP]-YY2R)
XNIID] = (7732=777)%(YX0X]=XYAD) ¢ (XXY=XXRP)*(77]2]-7770]) T
YA = [ XXYT2-XXYX)R(YYP2]-YYAR )¢ {YYY-YYAR)X{XYAR]'-XYXAR)
QAR = SIRT{(XYY-XXuD]JaE24 (YYY=YVAR] ) &k24(777~778UQ) J&&2) .

GGH] _=GAYN(LPSIX(SAR21+8ARNI ) /(5530 ¥SGARI*( (SGRR [ +SARRY ) «42~1,0) )

Ui, d) = UTJ)=CRITHYNIT]
VITyJ) = VIT,J)~GRATRXNLNDY R
WllyJd) = w01, J)="501%Y4N03]

[F([.Fn.l.d\ ).l..r(‘.JS(‘-” Tiv 240
DSIRK = FIAAT([PS~1)xl0Qq]

—— e

SINDS[ = SIN(PSI8K)
(‘ﬂSDQ[ = F-]Q((’Q[rll()
QMUY = (YXY=LNSPSTIEAD+ (YYY=SINPST)%%24777%%2

[F (<YH24SIN1 %2 ,6T,1.7) F0 TN 253 T
QMH = SOPT(YYR?) _ N

H? = (28K ((ST6H]#0MH) %521, 0) & (1, 0={SIG1-PMH) %)
[F (24P R%%?,GT.1.7) 6N TN 258

HH = CORT (M)

XpT XXY%E(C)SOQ[H4 2+ SIMPSI* &2/ (HH&RR) ) -YYYXSINPST*CNSPSI%(]1.0
1 (HU2RE) -], M)

YHT YYYS (STLPSTRED+COSOCT R/ (HHEPP ) )= XXXXSINOS[2INSOST*({],n/
1 {vpkin)~1,7)

3]

IHT = 777/01m4re)

XNUT = —YTE7 (14 1+7AT&Y(1,L)

YNIID = =7oTav (1, ) eXHTE7(1,L0)

YNUS ==YPTEV (T, L)+YHTEX(1,1)

SIG? = SCRT((XHT=Y{ 1, L))+ YHT=Y (1,01 ))%k24(74T=7{1,1 ) )%%x2)
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258,

X80,

G TN 240
LELSYYYETL L) 7775V 1.0 )
XNUZ = =7775X (1 0 y4XXys7{1,1)
XNUZ = =XXXAEY (140 ) #YYYEX()4L)
5167 =

Hilyd)
Vil,J)

Uiy J)Y X1 20650
VI, JY+YNN2 20,60

260
27

{1, d) ¢YE12GLG

W(lsJ)
G TR 27

WlTy b = 2 (14J)=NARR (I PC)REDR
CONT JMUF

UlTed) = U1y J)eXMOy
Ty d) = 7 (1, 0)=yesL

SAOT(IXYX=X{] 4 LY VA2 (YYY-Y {1, L)) %4D4(277-7(1,0))%%2)
S GGHR = GAMULPS)F(SIS16STO2) /(SI51#STA2&((SIR1+SIR2)%x%2-1,1))

28
29
39

3]

CONT TANF

CONT TMYF

TFINCTY JNF,C)G0 TG ]
TEINXDT NP, M) CALL YLOTY
CALL nytenr

NCT = 0T+

TFEINFT AE MDILT)NAT =~
[FINTAPF 30, Y) o TP 217

WOTTF(4)0Q] g Xl g YLA MG ALPHAT JNR R Ao NA o NW

WRIT=(4) ((Y(;'J)QV(IQJ)'Z(l’J"U(I'J)'_V("J)!}’J‘(!.':')__'_Q_A_M_E_(-I_!J)_Q."

A{TeJd) o I=1,MWE) J=1,NRT)

WRITF(4)VL,\VY,V7

30

OST = BST+9PSH

AMDS = NDC+ ]

[F (NPS.6T,.04) MPS = ]
[F(PST e JPSTIF) (1 T 3D
FRINTADE MO,N) FNMD ETLF 4
[E(NwI I, E0,°) & TO

PUNCH |74

197%4 FNOMAT (7477 BELI7ODTEY wAWE YADTIOITY CALTHLATINNS -  HARVEY

1SFELIR 77 )

PUNCH 177 1o ({ALT )Yy T=1MW)  J=1,N3) e
PUNMCH 1772, (XL Ty J) o T2l yMiY ), J=1,N7)

PUNCH 3A7”Y  ((Y{Ta )y t=1,0 1), d=1,NF)

PUNCH 1rC3,((7(T4d)sT=1,001),J=]1,N")

TN g

32 N 38 J=1,\11

TXY = X({1,J) o
TYY = Y(1,J)

T71 = 7(1..) .

0 3 [0,

TYX? = Tv] _ et e e .
Ty = TY1

72 = 17} o o o
TY] = X(IvJ)

— Tyl = Y(T,.) - .

T71 = 72(1.+J)

X(FyJ) = TY2eXx] AMxip{[~1,J)%00Q] . o
YOTad) = TY24XLAWSV([=], ) &°PS] )
ZJUT,J) = T2 AME{][=-1,J1%00Q]
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TEAXOT ) 29ATH7 (L Y% (AYT e, 6T AL, ) 360 TN 23
L XAdgd) = (XL JVECAT=2(1, 1 ESATYISCAT-(H=A(1,J})¥SAT
7144} = -a(H-A(l,J))*(AT+(X(!oJ)*FAT—?(],J)‘SAT)*SAT}
33 COMT INUF
XJ = FILOAT(J=-]1)&TPNA
X(14.0) cOCnPSI+x)
Y{l, 1 STH{OST4+X)
BN & SR AT
35 CONT IMHUF
nn TR h=1,M8]1
JPS = VODINPSH{MAX(I-1))/NMNO+NAR,NA)
TE(IDS, re,nYy Jes = NA
JPSt1 = JpPS-]
JRLIPST ). CIIPS] = MA
SFEGYT = SE5(1,0)
GAM] = GAMA(L,))
TAY = A(1,.0)
36 DN 7 [=24M4W
GAM2 GAM]
GAM] = GAMALL, )
GAMA(T,J) = /482
SFG?2 = SELY
SFG1 = SFGIT,.))
SFGUTd) = SOPTULY I o) =XAT4+1 g )b x%24(VIT o)=Y LT+1,J) ) 6%24(T(14d)-
1 T(I+1:J))%%2)
TA? = TAl
TAl = A(i,.))
A(TyJ) = TAESORT{SF 32/SFG(T4J))
37 CONT INUF
SEGIT,d) = SORT((XIL,d)=X(2,J) )52+ (Y{1,J)=Y(2,0))%%2407(1,J)~
1 7{2,J))%%2)
Al1,J) = ATLIPS)
GAMAL ), J) = (GAMB( JPS) 4AMR(DSY) ) /2,7
38 CANTIMUF
SRR £5 IS BC)
FND

o1 o
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$IRFYC 77107 L IST,RFF
C HELICOPTER WALE YRRTICTTY W[TH SRAOUND FFFICTS - SUBRNUTINF IDOUT

SURLUT TN TAPYT
COMMIN X ([147,8) 4 Y (24,5} ,7(260,5),U(340,5),V(340,5),4(34",5),

1 CAMA(340,5) ,SEH {347, 51+ GAMRT (1501 yATTLAS 13 AT34A, 5775 1,8A0,

> VA Y ACL , XMST , NO, NEW  NA 9 NW o NOPT g MTAPE , NPRINT , HOVCH, PSTA,

3 XMLty YL AMy AL PHAT .0 [NT, 2STF, XNA,DPST N, NW] o XNW, XNR, TPNR,

4 SATv AT o CY g2 PST TP o XU yT1 g T2, XJgNPS, JOS, [0S, [PS] 4 XXX,YYY,
5 777 IQT IR I t o QTGLyS1529SI0G3 9GO, IR, XNUT , XNUZ2, XNH3, TR1,
4 XMY g XUY g XMT 3 STGay STGS,RR,SOTT,SFySOT4S6,BF,LPS,SFGL,SFG2,

7 SN, LNCT, YI“T(!“’)'YIPT(I‘“),7I°T(11“).V¥(l"ﬂ) vveinag,

3 VZILT™  NYDY (MAR  BACTD (R, Hy 47RAL QAT ,0AT? ,SADT,CADT, THCAT
") 'THQ’\T B

1] WPITF(A 1T INA AN A DG DGR XA, I ALPAAT, R, Y
1037 FADMAT( LH 1, A )X 20 [LNPTER WAKT YAITICITY 900 IA% /745X 3] HVJWRER

LOF RLADES =111 /745X31HNMNEE AF 0RYND JTIONS NF WAKF =
2 111 Z4SY 310 IMRED AP AT TITH STAT] INS =111 : LS
3 J45%X, 2298 (IN]TIAL) =

3 F11.3,8H IFCOEES /45X234PA] (E[NAL) =F11.3,
A BH_DEGRFES /45X23HL A4anA =12 ,8 /458Y23HMY

R T T T T e e 0 U T /AR 2 T 0HAT T T T UEETI Y, W0 DFGRFES 7

5 WEXD MR /3 =C11.%/

7° 46X 211y =F11.3) e e e
2 NP = D N /EPYATMAY)

o = N (\ -

o wDIT"(I,lV‘I) o _ o R
1nq1 FOUMAT( /7 27 YamD ST, 15X2DPH STRENGTH OF RUARE | ,l&(?ﬂHrnPF ST7F AT
1RLACE 1 )
3 DN 4 J=) NA
WRITF(F,1302)DS, AR (T),ATLT)
1082 FAPMAT (KIS 2, [in R, C16 ,5)
DS = DS+NDS
T CaNnTiane T T T o ’ -
FTUN
FND
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. Amme st b - e e w we— e = © R v e a - e e

$IBFTC 7700UTP | [ST4RFF
o HELICOPTFRR WAXE yvARTICTITY WITH GROUAND EFFFLTS — SYBROUTINE auToyr
SURPTINE NYTPUT ‘
COMMAN X (67,5) 3 VI347,65)32(340,5)1U(340,5) 4VI40,51,4(247,5),

1 GAMALR40 4 5) ¢ SEG{340,5) ¢GAMRL (107} JALTLN ) 4A(347¢5)PT,RAD,

? VMO X AL o XMSLy NRy NPIW o NA G NW g NHOT o NTAPE, MPRINT 4 NOVCH, PSR,

3 XML, XL A, AL PHAT , PINT (PSIF XNA, OPST, N2 ], N, XN, XNR, TPNG,
SAT,TAT Cl o024 PSTaTPT G XT,T1,T2,X ) NPS, DS, IPS, [PS]4XXXyYYY,
7773 1SToIMD,IFLG,STNT,S152,51G7 ,G‘G,WVV XNIIT 9 XMIT2 o XN'J3, IR 1,
XYY g XCAY g ¥MT7 , STG4, STIRS 4R, SNAT L, SF ST 9 S6RE LWL PS4SFGL,SFG2y
SHALLMT T, XIDT(I““).YIPT(IDA)o7!PT(1““),VYKIQ“!,VYIIU“)'
N7L1R ) g NXP T NARGCACTR 4R Hy WORAR (SAT 2, CAT2,SA2T,CA2T, THRAT
y THSAT

1 ILiMF = &
PSIN = D<1/2AN
ANGTY = IPST/RAD
2 NN S J=1,M11
TFCILINFoFDL ) MRITE(L 1N INR, VA NRW X LAM XM, ALPHAT ,,DPS TN, PSTD
1290 FORVAT(1U] , 44X TRHHLL TCODTED HA‘(" ODT[(‘[TY NISTRIRYTINN //13x
1 160, NE BLATEC = [2,23X25HNN, OF A7TMIITH STATIONS = 13,
2 JIX214YM), Of Rey, OF WAKFE = [2 /9XRHLAM3INA =F]2,5,15X4HM) =
3 F12,8, 12XOHAL PR T = FT,3,54 956G, 11XLIMNFITA PST = FT.3,
4 s NER, //785X5HPS] = FR 3, Ry NEGRFES )
3 WRITF(A,INN2)J
1202 FARMAT( /89Y12HR]I ANE myuare (2 /)
4 WRITF(6y1702) (1, X(l'l).Y(I,J),I(I.J),U(I,J),V(I,l),a(I.J),

O & N> N

1 GAMA(T g JY4ALT4J) o T=1NWLoNPRINT)
1073 FIRMAT( 4YSHSTAT., 15X 1IHY , JA4XIHY, 14X 1HT7  14X24VX s 13¥Y2HVY, 13X24V 7,
1 1EXSHSTREMGTH, &X9HCNRF STIF /(TA,F139.5,7815.5) )

ILINF = TLINF + NW1/MAXC(MPRINT,]}+13
1€ (TLINELGFLLNCTY TLINF = n
5 Cr)MT I‘\l”o
IF(NXPT , f3.") /0 T 4
TROTUINE C2 7)) RITF (A, INNTINB, NA GNP W, XLAM, XMy Al PHAT,,NPSTD, PSIN
wRITL(/.l"a)(YIPT(I),YIPT(!).ZIDT(I),VX(I).VY(I).V7(I),!-1 NXPT)
1004 FOPMAT( /6AX264VrLO TTIFS AT DTHFR PDINTS //19XTHX, 16X 11V, 14X 1HT,
1 LOX2UY Xy 12XDPHYY, 13AXD2HY ] J{E26,5,8F15,5 ) )
H RETHRM
N0

— —— wwe - e n ke ———- ——— -
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$19FTC
L

TIVILCT L IST,PFF
JHELTCOPTE? wAKE VORTICITY WITH SROUNMD FFFFCTS ~ SURPOYTINE VLCTY

TSURRAUTINE VLFTY
CONMON Y{347,5) ,Y(347,8),7(340,5),1J{340,5),V{40, 5)yW(340,5),
CAMAL(347,5) 4SFL{347,58) ,GAY Hx(l““).A](l““).A(%4ﬂ 5),91 RAO,
VAP XML XMQL, MR, NRR G NA, NW, NPT, NTAPE,NPRINT,NDVCH,PS1N,
AMLiy YLAM, AL PHAT, pPIMT, DSTF,XMA, npsx NBl,NHl XNWXNB, TPNB,
SATZCAT y C1 4024 PSTHyTOl o XT4T1 4 T2 ,XJ4NDS, JPS, TIPS, TIPSl XXX,YYY,

DL N NP W8N

7774 ISTLIND IR Gy SIG1eST52eSIGR406G6,PENyXNULy XNU2 4 XNU3, TR,

XVX 3 XHY 4 X¥7 3 STG4,STG5,RR,SQT L, SF, SOL+SGWBF,LPSySEG]4SEG2,

SUM,LCT, YIPT(I"“)aYIDT(I“”).IIPT(IGD)oVX(lnn)oVY(IOODo

VZI{177) g MXPT4NAR,FACTR yR3,H,WNBAR,SAT2,CAT2,SA2T,CA2T, THCAT

2+ THSAT - =+ - Tt
OTMENSTON GAMP(1C0)

EQUIVALENMCE (GAMR] , GAMR )

1 DN 7 1=1,HXPT

XXX = X[eT(][) ‘"' T T - e

YYY = YIPT(T) — e

277 = 71PT(1) T

VX{[) = ~,n

Vy({ry = r,»

NIt = nye i} o L L

130 NN 135 {L=1,NR - T
) XXBR = X(1,LL)*¥CAPT=7 (1, L)*¥SADT-THSAT

YYBe = V{1,IL) T

778R = —(7(1,LLIXCA2T+¥(),LL)*SA2T+THCAT)

XYOD ] = X{?2,LL)%CAPT=7{2,1 L)*SA2T-THSAT

YYRP1 = Y{?,LL) s

TIRRY = ~(7(2,LL)%CA2T+X (2,1 LY%SA2T+THCAT)

SGRE] = SQ2T{{XXX=XXRW )24+ (YYY-YYBR) %42+ (77 2-778R)%%?)
131 PO 134 [P2=],Nu ' o mm e m e e T

SGRR?2 = SORT(IXXX=XXAP]}*%D4+(YYY~YYRR] )% %24+ (777~77RR])*%2)

SFEGSN = SEL{[PR ([ )&%D -

HM] = SOREIHX2+SEAR %)

I[F (HY]1,(.T,SSR872) 6N TR 132 T e e

HM2 = 28%((SGRRL4SARRD)EXI-SFGSO) X (SFGSQ-(SG3R1-SGRR? ) £%2) /SFRSTY

IF (HY¥2 6T ACIRR,LLI%%2)6G0 TN 132

GGG = =GAMA(IRR,LL)/SEGLIP2,LL)

GN TN 132
132 GG = ~nA“A(I”Q'LL)*(QCPPI+§SRQZ)/(SGRQI*SGRQ?*((ﬁ@ﬁq}iﬁ§ﬁgel¥*7

] -SFEGSNY) )
123 XNUT = (YYY=YYROD )& (77RR=77AR ) ~(777-77RR] ) &(YYBR-YYRR])

XNU? = (777-77RR1)X(XXRP=XXAR])=(XXX=-YXXRR])&(77RR-77RQ1) )

XNU2 = (XXX=XXPRI)%(YYRR-YYBR])=(YYY=-YYRR] )% (XXBR~XXAR])

VXUT) = VX (D) +XNUTEGLG

VY1) = VY{T)+XNU2RGAG -

VZI(T) = V7(1)+XNU3EGGH

SGRR] = SGAP? B o

XXRR = YXHU )

YYBR = yyan]

770R = 7740 -

XXRP L = X (1«42 LL)SCAPT=7 (19042, L L) ¥SA2T-THSAT )

YYRRY = Y{[0R+42,(1)

ZTREY = =7 ([U04 2, L) RCAPTHX([PR4D, L1 )& SAPT+THCAT)
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134 CONTiNUE
135 COMTIMUE

2 D0 5 J=1,M8]
SIG2 = SQRTU(XIPTLT)I=Y(1,J) ) %24 (YIPT(I)=Y (i, ) &£24(7(PT(])~

1 2(1,J))%%2)
3NN 4 K=14NW
SIGL = SInR?
SIG2 = SORTUUXIPT(IN-X{K+1,J))*%2+¢(YIOT(T)-Y(K+1,)) ) x2+{71PT(T)~-
1 T{K41l,J))%%2)

SFGSN = SER(K,J)e%?

HM1 = SIGL&#2+SI00%%D

[F(H¥1,6T.SF58016) TR 3n

HM? ‘= . 25%((SIG1+SI62)&42=SERSN)&(SFASN=(STIR1=CTIRD)£2D ) /SFAS)
IF(HM2. 6T A{K, J)*%2)G00 TS 37

GGG = GAMA(K,J)/SEGIX,J)
60_10 31

T30 666 = GAMA(K,J)¥(STAT+SIG2I/(ST51%SIAPE{(SIAI+SIR2)%%2-SrF550))
31 XNUL = (YIPTLE)=YI(K J)IE(F{K,J)=7 (K1 J)I-LT{PT(])=7(K,y)))%

1 (Y{KyJ)=Y(K+1,11)

XNU2 = (ZIPT(I)=7(K )5 (X% J) =XK1 o) )= (XIDT(T)=x (K, J) )%
1 (7(Kgd)=7(Kt1,.0)) -
XNUR = (XIPTLI)=X(K, ) )&IVIK J)=Y (¥l J))={YIPT(T)=V(K,J])*
1 (X(KyJ)=X(K+14J))

VX(I) = VX(T)+XNnpssse

VY(T) = VYTT)+YHur=asn
VZI) = V7LD +XNUBEG,LG e .
4 CONTINUF

_5 CONTINUE
SIGL = SART(XIPT(I}&%2+YI[PT(1)&2+7[PT(1)%%?)
XXBR = —THSAT
YYRR = ~,D
778R = —THCAT

SGRP1 = SOKT((XXN-XXOR )&%+ (YYY=YVPR) %A 4 {777 =7 jap) %50}
D06 _L=1,NR

TLPS = MON(NOSH(NAR(L-]1)) /NAENAR,NAY

CIF(LPS.FR.7)_LPS = NA

"XXBRR] = Y(] LY*CA2T~THSAT

Yysel = Y{l,.) —

7IRR] = =X(1,4L)%SA2T=-THCAT -
___XNU11 = (YYW) “YYY)¥(7/RPI=T7ARI+(77/7-7702)%(YYRR] -YVL)

XNU21 = (77%Q 777)*(*YR£1— XOR )& [ XXX=YXAN)E(7727]~-7740)
O XNUAL = (XXUR=YXX)H{YYAPT=YYRR)#(YYY-YYPQ)H( XX -XY3F)

GGRR 2 = SORT({(XXX=XY L] )£424(YYY=-YYIR]) VD4 ( 77777201 )#k))

GGGl =GAMBII PS)*{S(RL+S1IL) /(SEARTXGRRZIX((SAAP] +878722)%%2-1,0))

VX{T) = VXOT)=5661%XM1]
VYLI) = VYOTI=8001XM0] )
VZII) = VI =660 1IRXNTY

XNUL = =YIOT(I)&7 (1, L142IPVILIYI%Y{]1,1)

XNU2 = =7107(1)aX (140 J4XIPT{1)X7(1,1)
XMHW,AW-YIDT(I)~V(1.I)+YI“T(!)*K(I,LI

SIG? = SORT(AXIPT T I=% (1 0 VI EE{YTOT (I =Y (T, VEOY7T0v{fi=
1 701,00 )15%2) .

DEN = STRTRSIG2S((SI1#SI72) %21 ,0)

[E(DFN,FI, N\, ™) NFN = )
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GGG = GAMBI(LPS)H(STS14SIG2Y/NEN K
VX(1) VYL T)4XNTRGAG
VYLT) = VY{ Ty« XMIDESGH
vt V7 (1) +XNU3%RAGH

b rOMTINYC
VX{T) = vxX(T)+x(
VI(TY) = VZ(1)~-xXM<)

7 CONTINYC

W n n

DETIN -
EMD
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