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ABSTRACT
AN EXPERIMENTAL AND ANALYTICAL METHOD FOR
APPROXIMATE DETERMINATION OF THE TILT
ROTOR RESEARCH AIRCRAFT
ROTOR/WING DOWNLOAD
David E. Jordan

May 1986

An investigation was performed to analyze the XV-15
Tilt Rotor Research Aircraft download phenomenon. This
phenomenon is a direct result of the two rotor wakes
impinging on the wing upper surface when the aircraft is in
the hover configuration. This study represents one of many
devoted to the analysis of this problem.

For this study the analysis proceeded along two lines.
First was a method whereby results from actual hover tests
of the XV-15 aircraft were combined with drag coefficient
results from wind tunnel tests of a wing that was represen-
tative of the aircraft wing. Second, an analytical method
was used that modeled the airflow caused by the two rotors.
Formulas were developed in such a way that a computer
program could be used to calculate the axial velocities in
the vicinity of the aircraft's wing. The axial velocities
were then used in conjunction with the aforementioned wind
tunnel drag coefficient results to produce download values.
An attempt was made to validate the analytical results by

modeling a model rotor system for which direct download

values were determinable.
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Symbols

Ay: rotor disk area (ft.zi
Cdz drag coefficient

Cp: power coefficient
Cpo: profile power coefficient
Cy: thrust coefficient

Cw: weight coefficient

c: wing chord (ft.)
DL: aircraft rotor/wing download (1b.)
DL/T: aircraft download-to-thrust ratio

§ _: flap deflection angle (deg.)

F.: engine exhaust jet thrust (1lb.)

GW: aircraft gross weight (1lb.)

I s circulation strength (ft.z/sec.)
H/D: rotor height above ground to rotor diameter ratio
IGE: in ground effect hover

K: vortex ring time spacing factor
OGE: out of ground effect hover

R: rotor radius (ft.)

'r':' vortex ring radius (ft.)

3,

p: ambient air density (slugs/ft.
STOL: short take-off and landing
: rotor thrust (lb.)

VIOL: vertical take-off and landing
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Symbols (continued)

average induced velocity at the rotor disk
(ft./sec.)

rotor tip speed (ft./sec.)

aircraft rotor lifted weight (1b.)
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CHAPTER 1

Introduction

Description

The XV-15 (Figure 1) is a "Tilt-Rotor" aircraft. The
aircraft has a wingspan of 32 feet 2 inches, a length of 46
feet 3 inches, and a design gross weight of 13,000 pounds.
The aircraft's propulsion system consists of two Lycoming
LTC1K-4K turboprop engines and two 25-foot diameter, three-
bladed prop-rotors. These engines are variants of Lycoming
T53-L-13B engines and are mounted one on each wing tip.

The rotor axes are capable of rotation from a vertical
position (for helicopter and hover flight) to a horizontal
position (for airplane flight). Control of the aircfaft in
the helicopter configuration is provided by rotor-generated.
forces and moments, whiie in the airplane configuration
control is provided primarily by conventional control sur-
faces. Operation at engine tilt angles between vertical
and horizontal provides short take-off and landing (STOL)
capabilities, as opposed to vertical take-off and landing
(VTOL) capabilities. Cross shafting of the two engines
provides rotational speed synchronization, permits power
transfer for transient conditions, and prevents complete
loss of power to either rotor due to a single eﬂgine

failure.



Figure 1

The XV-15 Tilt Rotor Research Aircraft



The XV-15 was designed and built as a "proof of
concept® aircraft and is providing a data base for the
larger scale V-22 Osprey that is currently in the prelimi-
nary design phase. Two XV-15 aircraft were built by Bell
Helicopter Textron Inc. under contract by NASA. One, air-
craft 702, was retained by Bell Helicopter and is operated
in Texas; the other, aircraft 703, is operated by NASA at
Ames Research Center.

The XV-15 tilt rotor research aircraft is a unique
aircraft with unique capabilities. Along with the capabil-
ities, however, come unique problems. One problem occurs
when the aircraft is operating in a hover. 1In this con-
figuration the engines are in a vertical position with the
rotor disks parallel to the wing surface. The wing is
approximately 5 feet below the rotor disk and experiences a
"downward” directed force due to the direct impingement of
the rotor wake on the wing. The approximate determination
of the magnitude of this downward directed force, hereafter
referred to as download, was the goal of this research
project. The download and its elimination, or at least
reduction, is a significant problem for today's XV-15 proof
of concept prototype and tomorrow's V-22 Osprey production
aircraft.

It is difficult to experimentally determine the air-
craft download due to the number of variables involved:
rotor thrust, engine exhaust jet thrust, aircraft gross

weight, download, and upload in the case of a ground effect



reflected wake. The problem with the experimental deter-
mination of the download arises from the fact that there is
no readily apparent way to separate the download out of a
gross measurement of the vertical force system. While the
aircraft gross weight can be exactly determined, the
exhaust jet thrust can only be approximated, being a
function of inlet air velocity, and the installed rotor
thrust defies determination due to its direct interrelation
with the download phenomenon. These facts have led to many
attempts to determine download through model test and theo-

retical techniques.

History

The first record of a download typé phenomenon was
encountered in the late 1950s with the XVv-3 (Deckert and
Ferry, 1960). The XV-3 was a S/VTOL aircraft much like the
XV-15 except that it was powered by one radial type piston~
‘engine mounted in the aircraft fuselage. Power was shafted
to a transmission at each wing tip which drove two bladed
prop-rotors.

During the flight test evaluations of the XV-3 it was
discovefed that a large increase in power required was
encountered suddenly when hover flight was approached.

This fact was attributed to an aspect ratio effect. The
reasoning was that theoretically, above transitional
speeds, the prbp—totors were actualiy influencing a
diameter of air extending from the outboard edge of one

prop-rotor.to the outboard edge of the other. With this



large mass of air being influenced, the induced power
required was necessarily low. However, below transitional
speed (i.e., in hovering flight), each prop-rotor was
thought to influence a diameter of air approximately equal
to its own diameter. Thus, with the much smaller mass of
air being influenced, the induced power requirement had to
be increased to produce the same thrust. While this expla-
nation seems feasible, the problem could have been the
first encounter with tilt-rotor download.

In 1969 a test was conducted at Wright-Patterson Air
Force Base that plaéed a mock-up under a full-scale CH-47
Chinook rotor (Gillmore, 1971). It was speculated that on a
wing without leading or trailing edge devices the download
force would approach 12% of the aircraft gross thrust. The
test wing, however, was run utilizing trailing edge flaps
deflected 70° in conjunction with a leading edge device that
opened like an umbrella, top and bottom. Using this con-
figuration it was demonstrated that the download could be
reduced to 4% of gross thrust. While these results seem
perfectly accurate and acceptable, the extension of these
values to reflect the XV-15 would be questionable. The
test used only one rotor and no image plane or end plate to
simulate the longitudinal symmetry of the XV-15. Thus, the
test did not adequately model the flow phenomenon that
exists on the XVv-15.

Other tests were conducted by the Bell Helicopter

Company beginning in 1968 (Marr, Sambell, and Neal, 1973)



that utilized a 1/5 scale powered aeroelastic model of the
XV-15. The model was tested at rotor height above ground
to rotor diameter (H/D) ratios from 0.5 through 1.0. 1In an
attempt to isolate the download force, the model was run
both with and without wing panels installed. The test
revealed that at an H/D value of 1.0 the ying panel down-
load was 11.4% of the model thrust. This value was higher
than the 7% that was predicted for the full-scale aircraft.
It was thought that the difference between the predicted
and actual values could be attributed to a Reynold's number
effect. A Reynold's number correction had the effect of
reducing the predicted download yalue to 5-7% of the full-
scale thrust. The results of these tests are also suspect
because of two factors. First, the Reynold's number cor-
rection was based on wind tunnel data of "cross sectional
shapes with rounded edges and flat sides" and not the model.
aircraft wing. Second, the download predicted for the
full-scale tilt rotor aircraft was based on in ground
effect (IGE) data and therefore does not adequately reflect
the general out of ground effect (OGE) solution.

The latest tests that addressed the download issue
were performed at the Outdoor Aerodynamic Research Facility
(OARF) at NASA-Ames Research Center in 1984 (McVeigh,
1985). The download aspect of the tests was specifically
directed toward the V-22 Osprey program but it was felt
that the results were applicable to this study. The tests

consisted of a 25-foot diameter three-bladed prop-rotor



mounted with its axis of rotation parallel to the ground.
This configuration precluded any influence that the ground
would have had on the prop-rotor performance. The effect
of the opposing prop-rotor was simulated by using a large
image plane. A wing, complete with a 31% of wing chord
full span flap and follower, was placed downstream of the
rotor disk between the rotor axis and the image plane. The
wing was instrumented to facilitate the measurement of
forces and moments. The results of the test show that for
a flap deflection angle of 67° and a nominal design thrust
coefficient of .016, the download-to-thrust ratio was 9.3%.
" The wing used for the tests had a chord of 10.5 feet and
was placed approximately 8 feet downstream of the rotor
disk with a 6° dihedral. AThis test represents the most
recent and most accurate work done to date attempting to
resolve the download issue.

The above tests show that the download problem is
significant and deserves attention. The fact that early
estimates of the download were in the 3% to 5% range but
have grown to 9%'td 10% of gross thrust is significant in
itself. Applied to a hovering XV-15 aircraft, the 4dif-
ference in the early and late estimates of download account
for a differencé of almost 1,000 pounds.

The download analysis, for this study, was performed
utilizing two different procedures. The first method was
an experimental method that combined results from actual

aircraft hover tests of the XV-15 and results of wind



tunnel tests of a model XV-15 wing. The second method was
a computer simulation of the aircraft propulsion system,
namely two 25-foot diameter prop-rotors, that relied on
vortex ring theory. This method also made use of the same

wind tunnel test results.



CHAPTER 2

Experimental Determination of the Download

Hover Test

Flight tests were utilized to attempt to experimen-
tally determine the XV-15 rotor/wing download. A hover
test was conducted in 1983 in which the aircraft was flown
using five different deflection settings with careful
attention to maintain the aircraft gross weight within a
narrow range (approximately 13,560 to 13,700 pounds). Data
from the hover test was utilized in conjunction with data
acquired from wind tunnel tests pf a representative two-
dimensional airfoil to arrive at values of download-to-
thrust ratio. .

The XV-15 aircraft wing is equipped with a flap/
flaperon control surface system. The system is rigged to
provide a linear relationship between the flap and flaperon
deflection, i.e., a flap deflection of 40° causes a flaperon
deflection of 25°, a flap deflection of 20° causes a flaperon
deflection of 13°, etc. (Figure 2). Throughout this linear
deflection relationship, roll controi is accomplished by
the pilot's flaperon input overriding the associated flap/
flapefon angle relationship. The flaperon deflection,
corresponding to the pilot input, is from the position
predetermined by the flap setting. For the hover download

investigation, a special modification was implemented to



the flap/flaperon system which facilitated ground adjust-
ment of the flaps and flaperons to the same deflection
angle, thereby producing the effect of a full span flap
system (Figure 2). The deflection angles used during the

test for the full span flap system were 0°, 20°, 40°, 50°,

and 60°,

a
IS
o

A

(deg.)

Flaperon Angle §

20 1
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Figure 2

XV-15 Flap/Flaperon Schedule

In order to facilitate a direct correlation between
test points throughout the hover test, effort; were made to
keep the aircraft gross weight within a narrow range.
Ballast was added to the aircraft during the flap readjust-
ment ground time to compensate for the fuel burned during
each portion of the test. Accordinély, the aircraft gross

weight was maintained within a 200-pound range. Aircraft

gross weight determination during the test sequences was

10




11
performed after the tests using on-board fuel quantity
instrumentation data.

An aircraft wheel hover height of 50 feet above the
ground was established for the tests using visual
references. Thié height corresponds to an H/D ratio of
2.5, insuring that the data taken would represent OGE
conditions.

Rotor speeds were held constant (+1 RPM) throughout
the test points through the use of the engine RPM governor.
Three data points per flap setting were recorded and are
presented in Table 1. Ambient test conditions were moni-
tored and recorded through the use of a local weather |
station that was placed well outside of the rotor influ-
ence. Light winds existed throughout the test period
rangiqg from 2.5 knots at 320/045° to 4 knots at 340°. The
aircraft heading was held constant at 320° during the tests.

The system of Qertical forces that act on the XV-15
during hover operation is composed of four components:
engine exhaust jet thrust, rotor thrust, aircraft gross
weight, and the rotor/wing download.

‘Engine jet thrust was determined with an acceptable
degree of accuracy using Lycoming LTClK-4K engine data
(Figure 3). Engine exhaust jet thrust is dependent on
engine horsepower and free stream velocity in the vicinity
of the engine inlet. After the rotor tip speed and mast
torque were determined from aircraft instrﬁmentation, rotor

horsepower could be calculated. Assuming that the



Table 1

Out of Ground Effect Full Span
Flap Hover Data

ROTOR MAST TORQUE (WLB)
, FPLAP GROSS WT WIND o SPEED
RECORD (DEG) (LBS) (V. /DIRECT) (RPM) LEFT RIGHT
534 0 13550 2.5/045° 0.9917 587 116814 118841
535 0 13536 2.5/045° .9917 587 114808 116764
536 0 13527 2.5/045° L9917 587 115728 118494
537 20 13537 3.5/340° .9917 587 112384 114652
538 20 13521 3.5/340° .9917 587 113043 114092
539 20 13513 3.5/340° .9917 587 114356 115005
540 40 13657 3.0/345° .9955 587 111464 113951
541 40 13647 3.0/345° .9955 587 111305 114479
542 40 13637 3.0/345° .9955 587 110827 115429
543 50 13673 3.0/340° .9917 587 109476 112615
544 50 13662 3.0/340° .9917 587 108636 111456
545 50 13645 3.0/340° .9917 587 109314 113052
. 547 60 13614 4.0/340° .9936 588 107176 118768
548 60 13601 4.0/340° .9936 588 108460 108746
549 60 13585 4.0/340° .9936 587 105907 109352
Parameters
AVG. ENGINE <, —
SHAFT _ JET _ <,
: POWER  C c THRUST  WEIGHT (NON c,3/2
RECORD (HP) p p (LBS) (Gw-2Fj) LINEAR) (LINEAR)
534 1098 .001150 85.0 13380  .00979
535 1079 .001130 .001141 83.5 13369  .00978  .000967 .01007
536 1091 .001143 84.0 13359  .00977
537 1057 .001108 83.0 13371 .00978
538 1058 .001108 .001112 83.0 13355  .00977  .000966 .010043
539 1068 .001119 83.0 13347  .00977
540 1050 .001095 82.5 13492  .00983
541 1052 .001097 .001097 83.0 13481 .00982  .000973 .01006
542 1054 .001099 83.0 13471 00981
543 1034  .001083 82.0 13509  .00988 v
544 1025 .001074 .001080 81.7 13499  ,00989  .000982 .010107
545 1036 .001084 82.0 13481  .00986
547 1008 .001048 81.0 13454  .00979
548 1013 .001054 .001050 81.5 13438  .00978  .000969 .009987
1003 .001048 80.2 13425  .00980

549

12
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transmission linking the engine and rotor was 93% effi-

XV-15 Engine Exhaust Jet Thrust

cient, calculation of the engine horsepower was then

possible. Computation of the free stream velocity in the

vicinity of the engine inlet was accomplished through the

use of simple momentum theory (i.e., v, = V£‘Jct/2).

In order to determine the aircraft thrust coefficient,

the

thrust per rotor was asﬁumed to be 110% of half the air-

craft gross weight and the rotor tip speed was determined

13



from aircraft instrumentation. These two values facili-
tated calculation of the average rotor-induced velocity.
This value of average rotor-induced velocity was assumed to
approximately represent the free stream velocity in the
vicinity of the engine inlet. With the induced velocity
and engine horsepower determined, a first approximation of
engine exhaust jet thrust was possible. Further iteratipns
to refine the engine exhaust jet thrust values were deemed
unnecessary due to.the apparent insensitivity pf.the jet
thrust to the level df rotor thrust and also the relatively
small value that the jet thrust represented compared to the
other forces in the system. Engine jet thrust during the
hover tests was determined to be between 80 and 85 pounds
per engine. Doubling this value accounted for the total
engine exhaust jet thrust. This total engine exhaust jet
thrust was then subtraéted from the aircraft gross weight
and the value that resulted represented the "rotor lifted”
aircraft weight (i.e., W = GW - 2Fj).

The rotor lifted aircraft weight was used to define a
"weight coefficient.” This weight coefficient was in the
form of the standard helicopter thrust coefficient, with
'haif of the total rotor lifted weight substituted for the

rotor thrust. The form of the weight coefficient was

14

6N - 2F -
G (1)
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In order to be able to apply the OGE hover test data

at other levels of power coefficient (Cp), the Cp = mct3/2

+ Cpo power polar algorithm (Hayden, 1976), applicable only
in the linear aerodynamic range, was utilized. This
algorithm expresses the total power coefficient as being
composed of the induced power, which is proportional to the
thrust coefficient to the three halves power, and the
profile power, which is that power required to turn the
rotor in a zero thrust condition. Although this is an
approximation, for hovering flight the combination of
induced and profile power accounts for 90% to 100% of the

total power.

Solving the algorithm for thrust coefficient (Ct)

ives:
grves C _C 123
P PO
C,= |——
t m ]
(2)
Calculating the slope (m) between a general point
(cC. , C 3/2) and the C_ intercept (0, C_ ) gives:
P H P Py
c -¢c
i Po
m:
C 3/2
4
(3)
Substituting this expression into that for Ct gives:
cC -C 2/3
P Po /
‘oo | )
P Po (4)

where (C_ , C,. ) is a general OGE hover point corresponding

P Y
to a given flap setting and Cp is the Cp axis intercept of
o

15



3/2

the Ct = mCt + Cp curve, which is based on prior XVv-15

o
hover data (Hoerner, 1965). Referring back to the
relationship that the rotor lifted weight is equal to the
aircraft gross weight less the engine exhaust jet thrust

plus the rotor/wing download gives

T=W+0DL (5a)
or
DL
T=“[1+ W ] (5b)

Dividing through by the density, rotor disk area and rotof

tip speed squared ( pADVtz) gives:

: DL
€y Cw[l N ] (6)
Using the manipulation outlined in Appendix A and
substituting this final result into the previous
rélationship for thrust coefficient (Ct)‘gives;
ot -2
(7)

Due to the fact that it has been shown (Makofski and
Menkick, 1956) that the rotot/wing download to rotor thrust
(DL/T) ratio is independent of the rotor disk loading but
dependent on body configuration in the rotor wake alone,
this ratio for the XV-15 is assumed to be dependent on flap
configuration only. Thus (1 + DL/T) was assumed to have a
constant value for each flap angle setting and the exprés-

sion for Ce derived from the power polar expression became:

c -C 2/3

fl (8)

16



This relationship, depicted in Figure 4, states that the
rotor lifted aircraft weight (W) is, for a specific flap
setting, only a function of applied power, Cp. Therefore,
for each flap setting and its associated C L and Cwl
values, a unique Cw value will be defined. From this it
follows that for each unigue C, there will be a unique W,
or rotor lifted aircraft weight. This relationship is
particularly useful due to the fact that weight coefficient
(Cw) values were easily obtainable from the hover test data
(Table 1) while true thrust coefficient values could not be
initially determined. The linear relationship of the

Cp = mCt__B/2 + Cp expression is applicable only for values
of C_ below .0003, as can be seen in Figure 5. The

3/2

deviation of Cw from the linear Cp vs. Cw relationship

is presented in Figure 6. At values of Cp above .0008,
which is the case with the OGE hover data taken for this
study, an empirical adjustment was utilized to reflect the
departure from linear aerodynamics (Table 2). This adjust-
ment consisted of finding'a Cp dependent sC, value from
Figure 6, utilizing the study values of Ep. This ACw was
then added to the nonlinear E; values to arrive at the

associated Cw on the Cp vs. C 3/2

w linear projection. A new

value of C , at the desired Cp, is then obtained by inter-
polation (using the linear equation, Equation (8)). A

second adjustment was then made to project the interpolated

3/2

- curve. The second

Cw back to the nonlinear Cp vs. C

AC, value was obtained from Figure 6 at the desired Cp

17
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Table 2
o _ : 3/2
Deviation of C From Linear C_ Vs. C
Relationship v
c, cw3/ 2 cw3/ 2 c, C, c,
UN ACT UN ACT
.0008 .0007 .0007 .00788 .00788 0
.0009 .000808 .000796 .00867 .00859 .00008
.0010 .000908 .000888 .00938 .00924 .00014
.0011 .001012 .000972 .01008 .00981 .00027
.0012 .001114 .001055 .01075 .01036 .00038
.0013 .001215 .001134 .01139 .01087 .00051
.0014 .001316 .001212 .01201 .01137 .00064
.0015 .001418 .001283 .01262 .01181 .00081

(.601); Utilizing this method, outlined in Appendix B,
computed values of Cw'and W were determined and are
presen;ed, with the‘associated flap angle test points, in
Table 3. The incremental weight (aW) column in Table 3
reflecté the additional weight, reférenced to the 0° flap
angle weight, that could be hovered OGE as a result of
increased flap angle deflection. The effect of flap angle

on rotor lifted weight (aAW) is presented in Figure 7.

Wind Tunnel Tests

Wind tunnel tests of two-dimensional wing sections
were éerformed in the Army 7-foot by 10-foot wind tunnel at
NASA Ames Research Center during April and May of 1983.
The wind sections utilized plain flép configurations and
Flaps of various

were tested at angles of attack near -90°.

chord sections were tested.
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Effect of Flap Angle Deflection on
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Table 3

Rotor Lifted Weights and Flap Deflection
Angles at a Constant Power Setting

§ C 1} AW
ofs) (ec_="001)  (GW-2F.) (Weg_o—Wge)
P (1bs?) {Igs.)
0 .00897 12,261 0
20 .00912 12,466 205
40 .00923 12,665 404
50 .00939 12,835 574

60 - .00948 12,983 _ 722

21



22

The variation of drag coefficient with flap angle for
the various flap chords tested is presented in Figure 8.
The decrease in drag coefficient with increasing flap
deflection angle is interrupted by a sharp rise, reflecting
the onset of separated flow on thé flap upper surface. The
wing section with the .25c flap, which is the same size
flap as that on the Xv-15, demonstrated flow separation
characteristics about 10° earlier than observed on the air-
craft. The cause of this could be traceable to the fact
that the XvV-15 flap is slightly thicker than that which
would be dictated by the basic airfoil contour. The result
of the greater flap thickness is a larger flap leading edge
radius than that which was built into the wind tunnel flap.
Since the drag coefficient characteristics for each of the
flap chords tested were similar in the attached flow
region, it was assumed that the xv-lS'wing drag coeffi-
cients could be represented by extrapolation of the .25c
flap data to 60° flap deflection, based on the pefformance
charactefistics of the .30c and .35c flaps. The extrapola-
tion is shown as a broken line in Figure 8 and is included

in Table 4.

Experimental Download Analysis

The 8C4 values listed in Table 4 represent drag
coefficient decreases, referenced to the 0° flap deflection
drag coefficient, for each increase in flap deflection.

The relationship of 8C4 to flap deflection angles is
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Army 7'x10' Wind Tunnel Test
2-Dimensional Wing With
Plain Flap
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Figure 8

Effect of Flap Angle Deflection on Two-
Dimensional Drag Coefficient

Table 4

Drag Coefficients and Flap
Deflection Angles

; c ic
(oef) d (cy, & ~c4 )
§£=0 §f
0 1.69 0
20 1.53 0.16
40 1.32 0.37
50 1.21 0.48
60 1.09% 0.60

*Extrapolated



24

depicted in Figure 9. Realizing that the decrease in drag
coefficient ( ACd) was responsible for the increase in
rotor lifted weight ( AW) for a given power setting (Cp), a
relationship between LY and AW was established and is
shown in Figure 10. Using a linear regression technique,
it was possible to establish a ( AW/ Acd) ratio, which was
valid and constant for a specific power setting. Multipli-
cation of this ratio by the two-dimensional wing drag
coefficient for each associated flap deflection angle made .

it possible to define a form of the rotor/wing download as:

o, [ ]L

Results of the experimental download analysis for the

(9)

selected power setting (Cp = .001) were computed as
percentages of the total aircraft thrust, which was a
function of flap deflection angle. The computed download

values are listed in Table S and depicted in Figure 11.

Table 5

Experimental Download

S¢ 17] DOWNLOAD TOTAL THRUST  DOWNLOAD
(GW-2F.) (aW/AC,)C (W+DL) (8 THRUST)
J d d&f
0 12402 1885 14287 13.2
20 12599 1706 14305 11.9
40 12753 1472 14225 10.3
S0 12967 1249 14316 9.4

60 13079 1216 14294 8.5
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CHAPTER 3

Analytic Determination of the Download

The airflow from a spinning propeller, or prop-rotor
in the present case, can be approximated through the use of
vortex ring theory. A vortex ring is a vortex filament
that forms a circle of radius r'. The approximation of the
rotor's airflow in this study consisted of a set of concen-
tric vortex rings, one set for each prop-rotor, beginning
at a position that coincided with the geometric location of
" the rotor disks. This study was concerned with hovering
performance simulation only, so the number of vortex rings
to be included in the analysis was dictated by the hover
scebario being analyzed, i.e., IGE or OGE.

The velocity of the air that impinges on the upper
surfacé of the aircraft's wing is the cause of the rotor/
wing download and hence was the parameter that needed to be
determined. More specifically, the axial component of the
rotor slipstre;m velocity needed to be determined.

Three aspecfs of the vortex system that required
investigation in order for the analysis to be performed
were: a set of equations that could be used to calculate
the induced axial velocity components of each of a number
of vortex rings; an equation that could model the rotor
wake contraction, i.e., predict the radius (r') of each of

the vortex rings downstream of the rotor disk; and a system

28



whereby spacing between each successive vortex ring could
be adjusted to obtain an average induced axial velocity, at
the rotor disk, that agreed with that predicted by momentum

theory for helicopter rotor inflow.

vortex Ring Induced Velocity

The velocity induced by a vortex ring can be deter-
mined by beginning with the Biot-Savart law written in
vector notation:

- .ﬁxgs
R

(10)
giving the velocity vector dJ'induéed by an element of
length dg = r'd¢' of the vortex ring at the point (x,r,q)
or (x,y,z) (Pigure 12). Forming the vector d;/ds, which
represents the unit vector tangent to the vortex ring at
the position of the vortex element, with the unit vectors
in the x, y and z directions gives:

ds

- ol + cose ] - sine¢'k

(11)
Forming the radius vector i, which represents the distance
from the vortex element to the point (P) at which the
induced velocity is to be calculated, in a similar fashion

gives:

R = xT + (rsing - r'sine’)] + (rcose - r'cose’ )}k

(12)

with the magnitude of the vector being:
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e d x@ e 1l e ? - 2ericos(e -¢')

(13)

The cross product of the'two vectors then becomes:

ds -
R x _Eé_ = ~(rcos(¢ -¢') - r')T + xsing'] + xcos¢'k
(14)

The x, or axial, component of the induced velocity caused.
by the whole vortex ring can then be determined by inte-
grating the resulting Biot-Savart expression around the_

circumference of the ring. The expression to be integrated

becomes:
’ \ §
.. T rcos(o ¢') -1
va(x,r) 4ar’

3
[I& + r + 1 - 2rcos(¢-¢') ]
(15)

where the ratios x/r' and r/r' have been replaced by x and
r for clarity. Following the steps outlined in Appendix C,
the final form of the equation to be solved for the axial

velocity component of the vortex ring is:

e T - 2(r-1)
LR T [z = }[ k(k) t2 2 } ek

x" + (r+1) + (1) (16)

where K(k) and E(k) are those functions also shown in.

Appendix C. The axial velocity shows singular behavior at
X =0, r =r' =1 and near this point the equation can be
evaluatéd by expanding the elliptic integrals for K(k) and

E(k) in powers of (1 - kz):



K(k) = A+(A-1)/4(1-K2)+(9/64)(A-7/6)(1-k°) 2+

(17)
E(K) = 141/2(A-1/2)(1-k2)+(3/16)(A-13/12)(1-k%)%+. .. .. ..
(18)
Where:
A=1n ————4 k2= 2 4r 5
1 - k2 x© + (r+1)

The remaining parameter that required attention in
order to be able to evaluate the induced axial velocity
" equations was the vortex circulation strength, T.
Beginning with the Kutta-Joukowski law, which relates
circulation to 1lift, or in this case thrust, an expression

for circulation strength can be written:

T= thrR

(19)
Utilizing the dimensionless thrust coefficient from
standard helicopter terminology, the rotor-produced thrust
can also be expressed as:
T = oAV,
(20)

Equating these. two expressions gives:

TR = AgVyCy
: (21)
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or

2
TR = sR VtCt

(22)
Differentiating both sides of this expression with respect

to R gives:

IdR = ZsRVtCth
(23)

or

T = 2'thct

(24)
This expression, while representing the circulation
strength about a rotor disk of radius R, has also been
shown to represent the total circulation strength about the

axis of rotation due to the trailing vortex system

(Franklin, 1955). Since this study involved a three-bladed

prop-rotor system, it was assumed that the circulation
strength due to each blade could be obtained by dividing
the total circulation strength, about the axis of rotation,
by three. Thus, the final form of the trailing vortex
circulation strength due to each blade becomes:

Z:thct

res—g—
(25)

Wake Contraction

A formula was needed that could be used to model the

contraction of the rotor wake as a function of downstream
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position from the rotor disk. From the literature investi-
gated (Marr, Sambell, and Neal, 1973), a formula was
obtained that, while not reflecting extreme precision,
modeled the gross characteristics of the wake contraction.

The expression is of the form

1/2
L 0'707[ 0.5[2 -le""/“] }

(26)

where: r(z) downstream wake radius

R = rotor radius
z = downstream position
n = a constant

The determination of the constant, n, began with the
continuity equation written between the rotor disk and a
genefal point in the rotor wake. It can be shown, between

these two points, that the following relation holds:

e B
vD Rz
(27)
Considering a velocity relationship of the form
ﬁ=[V_z "_u]
v_ VD v,
. (28)
it can be written
v_ Rz v_
. (29)

This relationship was further developed by obtaining

expressions for the ratios on the right-hand side. For the



velocity ratio it is accepted that the ratio of the inflow
velocity at the rotor disk to that infinitely far down-
stream is 0.5. Marr, Sambell, and Neal (1973) theorized
that the radius ratio Rz/Rd equals .908 at a value of z/R
equal to 0.2. Substituting these values yielded a velocity
ratio of

v
—vl = 0.60645

(30)
Considering this relationship and that expressed by Equa-

tions (26) and (29), it can be shown that

1/22 - e'“’/R] - 0.60645
(31)

From which it follows that n = 1.19706.

Time Spacing of Vortex Rings

A method had to be devised whereby the spacing between
vortex rings could be adjusted so that the average inflow
velocity through the rotor disk, determined using the com-
puter simulation model, could be made to agree with that
predicted by the momentum theory for helicopter rotors
(i.e., v,=v_qc./2).

Once again, beginning with the continuity equation, it

is seen that

Mz[“f ]"'
']

—-be

(32)



Substituting Equation 26 for the radius ratio and squaring
gives
V(z) _ -nz/R
V*-[Z-e ]
1
(33)

Substituting the momentum theory for the induced velocity

at the rotor disk gives
' - _ .~hz/R
V(z) thft72 [2 e ]
(34)

Realizing that this represents velocity in the 2z direction,

i.e., dz/dt, it can be rearranged to the form

t 2
dt = 1 dz
" e

(35)
Integration of this equation yields the final form as
Kt = 1 [ ; + gn log[Z - e-nZ/R]l
VtJCt72
(36)

The constant, K, was introduced to provide the means for
time spacing adjustment of the vortex ring elements, as

stated earlier.

Analytic Download Analysis

~With all the components identified and accounted for,
the task of modeling the XV-15 propulsion system flow, for
the purpose of analytically approximating the aircraft

download, could be begun.
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Due to the dependence of the time equation (Equa-
tion 36) and the velocity equation (Equation 16) itself on
the rotor tip speed, a constant tip speed had to be estab-
lished. The actual aircraft hovers at 98% of the full
rotor speed of 601 RPM, or 588.98 RPM. This rotor speed
corresponds to a tip speed of 768.38 ft/sec and, since it
represents the actual hover condition, was the constant tip
speed chosen. At this speed each rotor blade completes one
revolution approximately every .1022 seconds. The vortex
system that is actually generated by the rotor resembles
three continuous shed vortices that together form a con-
tracting helicoil shape proceeding downstream from the
rotor disk. It was assumed, for this study, that the
actual vortex sjstem could be adequately modeled by
breaking the three concentric helical vortices into three
concentric vortex rihgs. In this scheme, three vortex
rings were considered shed for each rotor revolution, one
for each rotor blade. It was initially assumed that the
vortex rings would be equally spaced over the time it took
the rotor to complete one revolution (i.e., a vortex ring
was assumed to be shed from the rotor approximately every
.034 seconds). Because Equation 36 could not be solved
explicitly for downstream position of the vortex rings as a
‘function of time, another procedure was implemented.
Because the entire analysis was performed for three thrust
coefficients, Equation 36 was plotted using each thrust

coefficient and whole values of z, the downstream position
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of the vortex rings (Figure 13). Then, using five sets of
points from each resulting curve, a fifth order inter-
polating polynomial was formed for each thrust coefficient
dependent curve., This resulted in three fifth order
polynomials that were explicitly solvable for the vortex
ring downstream position as a function of ring time
spacing. Up to this point the time spacing factor, K, had
been held constant at unity and was retained in the inter-
polating polynomials. Then, beginning with the initial
time spacing of the vortex rings (.034 seconds between
rings), the downstream distance that each ring had been
displaced from the rotor disk could be calculated. With"
this distance known, the associated vortex ring radii could
be calculated (Equation 26) and the contribution of each

ring to the total axial velocity at the points of consid-

eration could be computed. The ring spacing factor K could.

then be adjusted and the computations performed again until

successive iterations arrived at the desired result.

Computer Program Calibration

The averége inflow velocity at the rotor disk dictated
by simple momentum theory is dependent on both tip speed
and thrust coefficient. Hence, the calibration of the
spacing factor K had to be performed for each of the three
different thrust coefficient cases.

The geometry of the calibration program was set up in
such a manner that the points at which the velocities were

calculated coincided with the- aircraft's rotor plane. The
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calculations were begun 2.5 feet outboard of the rotor tip
path and proceeded in one~foot increments through the rotor
plane to a point 2.5 feet outboard of the rotor tip path on
the opposite side. For each point the axial velocity
component due to each of the vortex rings was calculated.
These components were then summed to arrive at a total
axial velocity for each point. Because the aircraft rotors
are 25 feet in diameter, this scheme led to a total axial
velocity value for each of 31 points. The 25 veloc¢ity
values that occurred in the "rotor disk" were then averaged
to arrive at an average inflow velocity throﬁgh the rotor
disk. The vortex ring spacing factor K was then varied
until the "average inflow velocity through the rotor disk
agreed with that predicted by momentum theory.. Small K
values packed the rings more closely and fesulted in higher
average velocities, while large K values spaced the rings
out and resulted in lower average velocities. The range of
K was betﬁeen zero and one. The K values that resulted in
the correct average inflow velocities were then retained
and used later in the version of the program that computed
aircraft download. |

The number of vortex rings in the calibration program
ahalysis was limited to 72. This number of rings produced
adequate results evidenced by the fact that increasing the
number of rings included in the analysis to 100 increased
the average inflow velocity through the rotor disk by a

maximum of .39%.



Download Computer Program

With the proper predetermined spacing factor K, the
program version that calculated the analytic download could
be formulated.

The geometry of the analysis consisted of two systems
of vortex rings, each concentric, their centerlines sepa-
rated by approximately 32 feet. The axial velocities were
calculated at 71 points; beginning at a point approximately
6.5 feet outboard of one rotor tip path and progressing, in
one-foot increments, to a point approximately 6.5 feet
outboard of the other rotor tip path. The points at which
the velocities were calculated were 4.67 feet below the
rotor planes, coinciding with the position of the wing on
the aircraft itself,

Both IGE and OGE hover scenarios were investigated.
For the OGE scenarios (H/D = infinity), each rotor was
modeled by 72 concentric vortex rings for a total of 144
rings. For the IGE scenarios (H/D = 2.0, 1.0 and 0.5), the
number of vortex rings used was dictated by the H/D ratio.
For these cases the corresponding rotor heights were 50, 25
and 12.5 feet, respectively. The ground plane was modeled
by using a mirror image of the shed vortex system,
reflected about the "ground plane." This was accomplished
in the following manner. The H/D ratio to be investigatea
was a program-prompted input. If it was an IGE hover
condition, this input set the required distance that sepa-

rated the rotor plane from the ground plane. Then, while
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going through the program loop that calculated the vortex
rings' downstream positions, the positions were monitored
until a position was reached that corresponded to the
required distance between the rotor and ground plane. At
this point, the next vortex ring that was formed was iden-
tical to the one that occurred at the ground plane position
and in fact was superimposed on the ring that occurred at
the ground plané. The next ring that was formed was iden-
tical to the ring that preceded the ring that occurred
before the ground plane position. Each successive ring
that was formed for the reflected ring system was identical
to its corresponding ring in the shed vortex system

(Figure 14). The circulation strengths on the superimposed
mirror image system, however, were reversed. With all the
positions .and radii of the vortex rings determined, the
total axial velocity at each point of concern could be
computed.- The velocities from successive points were then
avefagéd and used to form én average dynamic pressure, g,
based on standard sea level conditions.

Values for the wing drag coefficients were taken from
wind tunnel tests of a representative, two-dimensional wing
section. The wing section was equipped with movable flaés
that permitted testing at deflections of 0°, 20°, 40°, 45°,
and 60°. The wing section was tested at angles of attack
near -90°. The results of these tests provided five differ-

ent drag coefficients corresponding to the five flap angle
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In Ground Effect Vortex Ring Representation

deflections. The flap deflection angle to be analyzed was
a program-prompted input,

With the averaged dynamic pressures and drag coeffi-
cients_determined, all that remained to be done, for
download or drag considerations, was to determine an appro-
priate surface Area. Due to the fact that the points used
to arrive at the averaged dynamic pressure were separated
by one foot, this one-foot length was multiplied by 5.25
feet, the aircraft wing chord. This 5.25-square-foot area
was used between the vortex system centerlines, as the
rotors are positioned on the wing tips of the aircraft.
Each averaged dynamic pressure was then multiplied by a
5.25~square-foot-area and the appropriate drag coefficient,

depending on the flap deflection angle, to arrive at a
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component of drag or download. The drag components across
the wing were then summed to arrive at a total value of
drag. The resulting total drag or download value was then
divided by the total rotor-produced thrust, determined by
-‘the thrust coefficient being investigated. This gave
results for download as a percentage of total aircraft
thrust. Listings of both the calibration and download
versions of the XV-15 program are included in Appendixes D

~and E.

Velocity Profiles

During the formulation of the propulsion system cdm—
puter simulation program, it was necessary to check each of
the velocity components against published values (Deckert
and Ferry, 1960) before the total velocities were computed.
This was done in order to check the accuracy of the values
from the computer program. The published values are
presented as numbers that are dependent on the rotor radius
to vortex ring radius (r/r') ratio and also on the distance
between the point at which the velocity is being calculated
and the vortex ring centerline to vortex ring radius (x/r')
ratio. The published numbers are then multiplied by two
pPi, thé vortex ring radius (r') and divided by the circula-
tion strength to arrive at the velocity value. Manually
calculating these two ratios and knowing the circulation
strength permiﬁted a spot check of éome of the number of
velocity components that resulted from the computer program

against the published values. When these values agreed, it
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was concluded that the program was functioning correctly
and the correct total velocity at each point would result.
An interesting intermediate result was obtained when
the program was next set up to calculate the total axial
velocity at each point along the line between the two rotor
centerlines. These results produced a two-dimensional
cross section of what was theoretically occurring to the
rotor airflow due to the proximity of the rotors and the
geometry of the installation. The resultant total axial
velocities were bilaterally symmetric and are presented for
each of the three thrust coefficients in Figures 15, 16,

and 17.
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CHAPTER 4

Model Test

After it was determined that the velocity values from
the computer program were accurate, it was desirable to
formulate a test for the download aspect of the program to
demonstrate its validity. This was accomplished by using a
model rotor system, a schematic of which is presented in

Figure 18,

Spring Scale
/ 2 8laded Rotor
Resovesble //
Flat Plate \\ l ]

ﬂésﬁ/

Electric Motor

Figure 18

Model Rotor Test Setup

The modei consisted of a 1.135-foot radius, fixed
collective pitch rotor. The rotor had no provisions for
cyclic pitch. The rotor was powered by a small DC motor
that was powered by an instrumented power source. Power

was transferred from the motor to the rotor by a shaft and
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gear system. The power that was input to the motor was
monitored through the use of volt and ampere meters on the
power source. The thrust output by the rotor was deter-
mined through the use of a spring scale mounted at the
opposite end of a statically balanced lever arm.

The model rotor system was operable both with and
without a flat plate "wing"™ section placed 1.5 inches below
the rotor disk. It was thought that by operating the model
system both with and without the wing installed, monitoring
the power source, spring balanée and rotor RPM, the down-
load on the flat plafe "wing® couid be deduced.

A computer program was formulated to simulate the
model performance. Both the calibration and do;nload
versions of the model program are included in Appendixes F
and G. These programs were constructed in exactly the same

manner as were the programs that modeled the XV-15.



CHAPTER 5

Results and Discussion

Experimental Download Analysis

Values of rotor/wing downloéd for the XV-15 Tilt Rotor
Research Aircraft were deduced by combining the results
from actual aircraft hover tests and wind tunnel tests of a
representative two-dimensional wing section.

The hover tests were conducted at NASA Ames Research
Center in 1983. The aircraft was modified to allow the
- flap and flaperon control surfaces to operate as one. This
provided the effect of a full span plain flap system. The
'aircréft‘gross Qeight was closely monitored and maintained
within.a 200-p6und'range. The rotor speed was held con-
stant during the hover test points.

The wind tunnel tests were also conducted at Ames
Research Center, but in the Army 7-foot by 10-foot wind
tﬁnnel. These tests resulted in drag coefficients for an
airfoil section that had a .25c operable flap and was

tested at angles of attack near -90°,

The values of the rotor/wing download that resulted
from combining the data of these two tests are tabulated in
Table 5 (page 24) and presented graphically in Figu;e 11
(page 27). The values determined for the download phenom-
enoh ranged from 13.2% of total aircraft thrust (DL/T) for

a 0° flap deflection to 8.5% (DL/T) for a 60° flap
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deflection, both at a power coefficient (Cp) equal to .001.
While these results appear reasonable, they are larger than
those previously predicted for the XV-15 download phenom-
enon. investigation of past studies that analyzed the
download phenomenon, however, revealed that the magnitude
of the resulting download values has increased. Thus the
larger values produced by this study agree with the trend.
However, there are some aspects of the experimental anal-
ysis that merit investigation.

The XV-15 was not flown in its regular configqration
for the .hover tests used for this study. A special modifi-
cation was made to the flap/flaperon system so they could
belaeflected as one control surface. Thus, the data taken
for thié study reflect an XV-15 aircraft with a full span
plain flap instead of the actual flap/flaperon system.
While some data exist that reflect the actual flap/flaperon
system, the limited number of teét points and data scatter
prévent a comparison to the full span plain flap data.
Hence, as a result of this study, it can be deduced that
the actual downlocad for the XV-15, in the nominal hover
configuration (40° flap/25°flaperon) lies between the 25° full
span plain flap value of 11.5% DL/T and the 40° full span
plain flap value of 10.4% DL/T. Hence, more OGE hover
tests of thé XV-15 with the "as-built" flap/flaperon sys-
tem, at various angles of deflection, are required to
narrow this download range and better define the XV-15

download.
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The wind tunnel tests of the two-dimensional wing
section, while providing valid results for the "as tested"”
configuration, did not adequately model the actual flow
field in the vicinity of the aircraft. Since the tests
have been completed, more understanding has been developed
about the flow field that exits about the XVv-15. A region
exists, midway between the rotor centerlines, where there
actually is an "upwash." This is caused by the radial
components of the rotor wakes that travel along the wing
span ang intersect in the vicinity of the aircraft center-
line, turﬁing upward. This flow phenomenon was validated
in the subsequent computer4simu1ation model of the XV-15
done_fq: this study. The existence of this upwash is
doéuﬁentéd in the veloéity profile plots (Figures 15, 16,
énd 17). Due to this fact, and another more obvious limi-
tation, the extension of the two-dimensional drag data to
~adequately represent the aircraft wing drag is question-
able. The more obvious limitation is encountered in the
brocess of transforming two-dimensional airfoil section
data to reflect three-dimensional characteristics. While
the transformation of sectional data to reflect wings of
finite aspect ratio is, in general, easily accomplished, it
is not so in this case. A better representation of the
airflow about the wing of the XV-15 must be established in
order to obtain more closely fepreéentative drag data. It
is believed that tests must be performed with a wing,

instrumented to obtain force and moment data, placed
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downstream and in between two contra-rotating prop-rotors.
Whether this test is run with scale-model or actual-size
hardware, it would further the understanding of the wing
drag characteristics as they apply to the Xv-15 configura-
tion.

The assumption that the download-to-thrust (DL/T)
ratio was a constant for a given flap angle deflection was
found to be accurate when applied to a constant Cp anal-
ysis. The download-to-thrust ratio was found to actually
. increase slightly with increasing power coefficient, but
this incre;se amounted to only 2% over a range of Cp
from .0006 to .0015.

A method that more accurately predicts the engine
exhaust jet thrust must be developed. The method used for
this study relied on the assumption that the average inflow
velocity, as predicted by simple momentum theory, ade-
quately represented the velocity in the vicinity of the
engine inlet. To better understand the engine inflow
velocity, pressure surveys of that area should be per-
formed. The magnitude of the exhaust thrust, however, was
small enough ﬁhat its contribution to the analysis was
minor.

The correction of the power polar (Cp vs. Ct3/2)

algorithm to reflect the nonlinear aerodynamic effects at

high Cp values also deserves more study and validation.
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Model Test Analysis

The model test and subsequent computer simulation of
the model did not supply results with the desired preci-
sion. The results that were produced, however, compare
favorably. The model test resulted in a download-to-thrust
(DL/T) ratio of 11.2% of rotor thrust at a thrust coeffi-
cient of .0075 and an H/D ratio of infinity. The computer
simulation of the model, however, produced a DL/T ratio of
approximately 9.7% for the same conditions. The difference
(approximately 13%) between the two values could be attrib-
utable to a few factors.

First is the validity of taking two-dimensional drag
data and applying it to a three-dimensional test. The drag
coefficient for the computer simulation was taken to be
1.98 based on.the literature reviewed (McVeigh, 1985).

This represented a flat plate oriented perpendicular to the
flow (i.e., an angle of attack of -90°), tested at Reynold's
numbers between 10,000 and 1,000,000, Since there were no
provisions on the model setup to measure the velocities
that occurred at the wing surface, a determination of the
test Reynold's number was not possible. It is also thought
that a better understanding of the drag characteristics
should be obtained. This would allow the computer program
to model more precisely the actual test conditions. A
model system should be built and tested that incorporates a
wing, instrumented to provide force and moment data, sepa-

rate from the rotor force system. This would allow direct



56
measurements and correlation of the download force on the
wing and the rotor-produced thrust.

While some of the aspects of the model test could
benefit from further refinement, the test provided an
interesting result. The comparison between the model test
and computer simulation did show, in this case, that the
computer simulation provided a lower estimate of the down-
load than did the model test. This provided the valuable
information that the computer simulation predicts lower
download values than those which actually occur. Extended
to the aircraft simulation program, this means that the
magnitude of the actual download is at least as large as

the analytically determined download.

Analytic Download Analysis

This aspect of the study was developed with contribu-
tions from a number of sources. The maiﬁ component of the.
study was the theory involved in modéling an aircraft rotor
system's airflow through the use of vortex ring theory.

Formulas were developed that modeled the rotor wake
contraction downstream of the rotor disk (Equation 26) and
also allowed for adjustment of the time spacing of the
vortex rings in the wake (Equation 36). A formula was also
obtained that allowed determination of the needed vortex
ring circulation strength (Equation 25). Then, beginning
with the Biot-Savart law, a formula was developed that
permitted calculation of the axial velocity component due

to each of the vortex rings (Equation 36). The velocity



components were then summed and used in conjunction with
the aforementioned wind tunnel drag coefficients to arrive
at download values. This analysis was performed for three
different thrust coefficients and four H/D ratios for each
thrust coefficient. These download values are tabulated in
Table 6. Figure 19 is presented to show the effect that
different H/D ratios had at a constant thrust coefficient
of .0094 on the theoretical download values. The effects
that different thrust coefficients had on the download
results were too small to allow an adequate graphic com-

parison. The range of download values for this method of

analysis varied from 14.44% DL/T for a 0° flép deflection to

9.233% DL/T for a 60° flap deflection, both at H/D.equal to
infinity and Ct equal to .0105. Changing the H/D ratios
from infinity to 0.5 had the effect of reducing the DL/T
ratio by from 5% to 7%. There are, however, a few aspects
of this method of analysis that warrant further investiga-
tion.

The method by which the circulation strength of the
vortex rings was determined requires further investigation
and refinement. The velocity components that were computed
using this method are directly proportional to the circula-
tiénAstrength, hence the circulation strength is an
important parameter. While the method presented seems
rational, it is thought that other factors that were not
investigated could affect the circulation strength. One

such aspect is the assumption that the circulation strength
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Table 6

Analytic Download

0

ce no F® e 3w
Sf- 6f=20 8f=40
00 14.429 12,919 11. 241
.0094 2.0 13.848 12.403 10.797
1.0 11.919 10.691 9.325
0.5 7.368 6.632 5.814
00 14.424 12.914 11.236
.01 2.0 13.807 12.366 10.765
1.0 11.717 10.511 9.170
0.5 7.567 6.811 5.970

0 14.440 12.928 11.248
.0 13.784 12.345 10.747
.0 11.794 10.579 9.229
5

0
.0105 2
1
0 6.625 5.967 5.236
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remains constant in the vortex ring as it translates down
the rotor wake, while it is believed that a decay of circu-
lation strength actually occurs. In order to better
resolve this issue, rotor tests that address the circula-
tion strength phenomenon should be performed.

The formula (Equation 26) that models the rotor's wake
contraction as a function of downstream distance from the
rotor disk also requires more investigation. Analytical
methods have been produced since Equation 26 was developed
in 1982 that more closely model the actual behavior of the
wake downstream of the rotor disk. These methods should be
incorporated into this type of computer simulation analysis
to reflect the increased knowledge of rotor wake |
contraction. The constant, n, in Equation 26 should be
investigated further to determine its control of the final
wake shape and overall characteristics. It is thought that
a better method of solving for this constant could be
devised and implemented in the analysis.

The fact that this computer simulation concerned
itself with only the airflow due to the two aircraft rotors
and not any of the contributions due to the body effects of
the aircraft itself sheds some doubt on the precision of
the final answers. While the resulting values of download
are reasonable, the inclusion of the aircraft body into the
analysis would no doubt have an effect on the final
results. For further study, the results of this analysis

could be used in conjunction with a method that included
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the physical body of the aircraft to better understand the
wake/body characteristics that contribute to the download
phenomenon. This could also be extended to gain a better
understanding of the sensitivity of the download to basic
configuration changes of the aircraft body shape.

Whilé extension of the wind tunnel data to reflect the
actual aircraft conditions is suspect, in the case of the
computer simulation it is thought that the wind tunnel
results adequately represent the situation that exists in
the computer simulation. The computer simulation concerned
itself with only the determination of the axial components
of the velocity that exist on the upper wing surface. |
Since the wind tunnel tests essentially reflected only
axial and not radial velocities, i.e., spanwise flow, it is
thought that the results from the wind tunnel tests and
computer simulation were compatible. Hence, the results
from both tests, when combined, were thought to form a
valid analysis procedufe. Further tests should be per-
formed to either validate this assumption or develop a more
nearly correct means of representation of the flow charac-
teristics.

The intermediate results of the velocity profiles
demonstrated the validity of the upwash phenomenon that
occurs between the rotors along the aircraft centerline.
This upwash has since been further validated through the
use of flow visualization techniques applied to both the

aircraft itself and model tests. The inclusion of this



phenomenon in the download picture presents another factor

to be considered.
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CHAPTER 6

Conclusion

Analysis of the download phenomenon, which occurs when
the XV-15 Tilt Rotor Research Aircraft is flying in the
hover/helicopter configuration, was pursued utilizing two
different methods. The download is a result of the a;r—
craft's wing being in close proximity (approximately S
feet) and parallel to the two rotor disks. The download
" force has the direct effect of reducing the aircraft's
useful hover load and hence ié an important parameier'when
‘considering tilt rotor aircraft.

The first analysis method utilized results from actual
aircraft hover tests and wind tunnel tests of an XV-15
representative wing section. The download results for this
method ranged from 13.2% DL/T for a 0° flap defleétion to
8.5% DL/T for a 60° flap deflection, both at an H/D of
infinity and a Cp of .001.

The second analysis method relied on an analytical
model of the aircraft's two prop-rotors and their asso-
ciated airflow. The model was then used to determine the
axial velocities that occur at the position which the
aircraft wing occupies. By then applying the drag coeffi-
cients from the aforementioned wind tunnel tests, download
values resulted. A computer program was utilized for this

analysis method. The results for this analysis method
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ranged from 14.44% DL/T for a 0° flap deflection to 9.233%
DL/T for a 60° flap deflection, both at an H/D of infinity
and a Ce equal to .0105. The analytical analysis was
performed for each of three thrust coefficients (.0094,
.01, .0105) and also included the investigation of four
H/D (infinity, 2.0, 1.0, 0.5) ratios for each thrust
coefficient. The effect that the different H/D ratios had
on the download results was quite apparent. Reducing the
H/D ratio from infinity to 0.5 had the effect of reducing
the DL/T ratio by from 5% to 7%. However, the effect that
the different thrust coefficients had was not pronounced
enough to allow anf conclusion to be drawn.

A model rotor system was tested and analytiéally
modeled in an attempt to validate the computer analysis.
While the results did not agree with the desired precision,
reflecting a 13% difference, the download results of the
computef analysis were lower than those of the model test.
This implied that the computer program predictions were
within the lower bounds of the actual aircraft download
values.

This study does not represent the definitive download
analysis. At the time that this report was written, there
were at least two other separate studies being conducted in
attempts to better define the XV-15 download issue. One
study is utilizing a powered model of the XV-15 aircraft
with wing surfaces instrumented to obtain force and moment

data. An additional objective of this test is to
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investigate flow control, i.e., suction and blowing, and
its ability to lessen the model download forces. Another
study, utilizing the XV-15 aircraft, is attempting to
establish a relationship between rotor thrust and hub
spindle beam bending moments to resolve the download issue.
It is thought that if this relationship can be established
from data taken with the aircraft on the tie-down stand at
NASA Ames Research Center, it can be applied to data
recorded in free hover flight and download values will be
determinable.

The download phenomenon is an extremely important
performance parameter for the tilt rotor family of air-
craft. When viewed in a useful load context, the download
can be responsible for large reductions in the aircraft
hover weight capabilities. With the V-22 aircraft coming
into production for military and even possibly civil appli-
cations, more effort must be made to better understand and
define the download phenomenon. It is only when a problem
is fully understood and defined that intelligent attempts

to deal with it are possible.
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Appendix A

Transformation from Equation 6 to Equation 7
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Appendix B

Empirical Adjustment to Power Polar to
Reflect Nonlinear Aerodynamics Region
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C. = .00417
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I'near € study value plus +he Cp dependent
AC,, ~
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relationship. From Figure 5, at Cp=.001 ~
AC,, =.00015
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Appendix C
Development of the Biot-Savart Equation

to Determine the Axial Velocity
Component Due to a Vortex Ring

73



74

Beainnihs wii—\—\ equation 15 -

- J ety
Hx +r 4+ 1-2rcos (¢-¢'3:,

_______rsszﬁstqb)i dg

41“— ‘\Jx+r+1.-2r<os(¢ @) [x +ri+ L-2rcos(¢- ¢'\]

_____(_w_cu) -1) d¢’
41rr' Jx +r+2r+l- lr‘[cos(p—w)o [:( +ri-2r+l +2r[1 -cos(é-¢’ )]]

. am

z-pJ (rcos(d-8)-1) dp'
4 x’+<r+n‘-2r[cos(¢-q6')+1] ["‘+(t‘-1\"+2*”[1"°’("’¢')]]

(t‘cos<¢ -¢)-1) dg’

4\1’!’ J C+lreaY ix +(r- J-\"I , Qr[Cos(E-Z hlj ‘Q 2r[1-cos(e-¢- l]
+lre ) X2 (r-1)"

aTm

. (reos(e-g)-1) d¢' .
Letring T, j‘\ﬁ_ Frlcosta-gy 1] [U 2r[1-cos(s- 44}

° X (res\ XPelr-1)"

then

= I
Ar( ) 4'(Tr m[xi»(r 1.\ x



75

Now the expression for I is developed -
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X* (r-21\* X+ -y
_ a4 20r+1)
= A}'K(k\"'[ 1 )(2'{-(1'"3-\1J E6k>z

=A§K(k\—[l+ 20+ 1) ] ECk)?

X+ (r-1\*"

So +he ‘Fv\q\ ‘Foﬁv\ of +he axial \Jdoc.l.-f-y C?U&'HOV\
to be solved 4ukes the form -

A% () = ! { K( k)-[ 1+ —&lz]m}

2ree' x B (r4a)* X*+(r-1)
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THIS PROCRAM 1S DESIGNED TO SINULATE THE XV-13 ROTOR SYSTINIPIRFORMARCE

THROUCE THE USE OF A VORTEX RINC ANALYSIS. THIS PROGRAM {SiBASED ON

A CONSTANT ROTOR TIP SPEED OF1768.38 FT/SEC AND CAN PERFORM'THE

ANALYSIS FOR THREE DIFFERENT THRUST COEFFICIENTS (.0094,.01:.0103).

TBIS PARTICULAR PROCRAM VERSION WAS DESICNED TO CALIBRATE THE VORTEX

RINC SPACING FACTOR!(K) AND BENCE MODELS ORLY ONE ROTOR OF THE SIDE

BY SIDE ROTOR SYSTEM. THE VALUE FOR K IS AR INPUT PARAMETER IN THIS

PROGRAM AKND IS VARIED UNTIL AN AVERACE INFLOV VELOCITY. THAT  ACREES

‘:;TH TBAT PREDICTED BY SINPLE ROMENTUM TREORY, l.e., V*VitlpiCtr2.)9%.8,
OBTAINED. . .

DUE TO THE FACT THAT THE AVERAGE INFLOW:VELOCITY AT THE ROTOR DISK

IS WHAT'S DESIRED. THE POINTS:AT WVHICH THE VELOCITIES ARE CALCULATED

LIE ALORC A LINE VHICH 1S COINCIDENTAL WITH TEE ROTOR PLANE.

TOANAOOOOSO0O00OOOAOOOOOANAONNOAOOOONONOOOONNQG

oanoaanaoonnaan:

LIST OF VARIABLES:

+ee00.VORTEX RINC SPACING FACTOR
«..ROTOR  SPEED '(SEC/REV) .
...TIME BETVEERN VORTEX RINCS (SEC)
(BASED ON THREE RINGS -PER REVOLUTION)
«..CORRECTED TIME BETWEEN VORTEX RINCS (SEC)|
(K3F(1))
.............. THE POSITION OF EACH VORTEX RINC. DOWNSTREAM
OF THE ROTOR DISK. AS--A FUNCTION OF CORRECTED

TIME (FT)

RA(I) . ............ VORTEX RINC RADIUS (FT)
(A FUNCTION -OF RQTOR CEOMETRY AND DOWNSTREAM
POSITION) )

TR, ....oeevnennn .THE TOTAL NUMBER OF VORTEX RINGS CONSIDERED -

IN THE ANALYSIS
Aciieieraennas .TOE VORTEX RINC CIRCULATION (FT»x2/SEC)
CT...... .THRUST COEFFICIENT (THRUST/(RHOXAREAZVt{pxx2.))
THE DISTANCE BETWEEN THE ROTOR AXIS AND THE
POINT WHERE  TDE AXIAL VELOCITIES ARE BEINRC
CALCULATED (FT)

T TOE ABSOLUTE VALUE OF POINRT (FT)

D F THE RATIO OF VORTEX RINGC DOWNSTREAM POSITION
TO RIRC RADIUS (Z(I)/RR(1))

4 B THE RATIO OF J TO THE: RINC RADIUS
(RAD/RR(1))

S.T.U.E.B.C,CIRC..CONMPONENTS OF THE EQUATION USED TO DETERMINE
THE AXIAL VELOCITY DUE TO EACH RINC (FROA:
'A?leDYRMICS OF PROPULSION® . KUCHEMANN 8 WEBER.
1933)

P.D...... faaaas ... INTERMEDIATE STORAGE VARIABLES

L A8 79 . B T THE COMPONENT OF THE AXIAL VELOCITY AT POINT
M DUE TO RIRC N (FT/SEC)

L25° 258 B I TBE TOTAL AXIAL VELOCITY AT EACH OF 31 POINTS

DUE TO SUMMINRC THE COMPONENTS FROM EACH VORTEX
RIRC (FT/SEC)
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c VAVG..............TEE SUM OF THE AXIAL VELOCITIES!ALONC THE ROTOR
c DISK (FY/SEC)
c VDISK.euienrnnann .THE AVERACE:.INFLOW VELOCITY ALONC THE ROTOR DISK
c (FT/SEC)
c
[
L&
c
c
INTECER TNR
c REAL K.KT(72) ,ARR(72),2(72) ,F(72) ,VTOT(31).V(31,72)
c
Cx =
C
c
c THE VALUE TO BE USED FOR THE VORTEX RIRC SPACING FACTOR (K) IS
c FIRST READ IN AND THE USER IS .PROMPTED FOR THE DESIRED THRUST
c COEFFICIENT (CT).
c
C
C:
C
c
WRITE(6.4)
4 FORMAT (" WHAT K VALUE WILL BE USED?')
READ(3.3)K
s FORMAT(C12.5)
WRITE(6.9) \
9 FORMAT(® WHAT TORUST COEFFICIERT (CT) WILL DE USED?')
WRITE(6.11)
1 FORMAT(® (.0094,.01..0103)7")
READ(S3,10)CT
10 FORMAT(G12.93)
c
[
Cx x t $ 3 TER ERXX ® XEXY
¢ .
[
[ NEXT, BASED ON A ROTOR SPEED OF 768.38 FT/SEC (.1022 SEC/REV), THE
c TIME SPACING OF TUE!VORTEX RINGS IS CALCULATED USING TBE INPUT RINC
c SPACING FACTOR (K).
[
c
Cs rexssEERRE rxeexan =
C
c

<®

H=2.,1022

DO 20 1=1.72
F(1)=1aH/3.0
KT(1)=K2F(])

CONT{NUE

aoanOnntonn

DEPERDINC ON WHICR THRUST COEFFICIENT WAS SELECTED. AN IF/TBEN
STATEMENT SETS THE PROPER VALUE OF VORTEX RINC CIRCULATION AND
TRANSFERS CONTROL TO TBE APPROPRIATE INTERPOLATING POLYNOMIAL.
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c
c
c
IF(CT.EQ..0094) THEN
A*189.08
CO TO 23
ENDIF
IF(CT.EQ..01) THEN
A=201.16
G0 TO 30
ENDIF
{F(CT.EQ..0105) THEN
A=211.22
€0 TO 33
ENDIF
c
c
A
c
c
c DEPENDING ON VHICH THRUST COEFFICIENT WAS SELECTED. ONE OF THREE
C INTERPOLATING POLYNOMIALS 1S USED TO CALCULATE TUE DOWNSTREAM
c POS1TION OF EACH VORTEX RING AS A FUACTION OF TINE. EACR VORTEX
c RINC'S RADIUS IS ALSO CALCULATED AS A FUNCTION OF RINC DOWNSTREAM
c POSITION. : :
C
c
C .
c
‘23 DO 48 1+1.72
Z(1)2-63.853%KT(1)%23,+208.424*KT(1)%%4.-242.5992KT{1)223.
+ +120.798%KT( | )532,+75.9122KT(1)
RR([)=8.83732SQRT(1./(.5%42.~EXP(~.093122Z(1))}))
4@  CONTINUE
GO TO 24
c
c
c
30. DO 45 I=1,72
2(1)2-68.152%KT(1)%83,+221.77sKT (1 )2%4.-256.836xKT( 1) %23,
+  +126.628KT(1)%22.+78.083sKT(1)
RR([)=8.8373#5ART (1./(.52(2.~EXP(-.095125Z(1)))))
43 CORTINUE
CO TO 24
c .
c
c
3s DO 6o Is1.72 .
Z(1)2-64.7463KT(1)%25.+211.7362KT (] )#x4.-247.2193KT([)2x3.
+  +123.687=KT(1)sx2.+81.3982KT (1)
RR(1}=8.8373%SQRT(1./(.52(2.-EXP (-.095123Z(1)))))
s CONTINUE
c
c
>
c
c
c TNE TOTAL NUMBER OF RINCS TO BE USED FOR TIE ANALYSIS (TNR) AND
c THE POSITION OF THEIFIRST POINT, AT WHICH THE AX!AL VELOCITIES ARE
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g TO BE CALCULATED. WITE RESPECT TO THE ROTOR AX1S ARE READ IN.
c
U
Cc
[
24 TNRs?72
L=~13
c
[
C zz2
g
Cc TWO DO LOOPS ARE USED TO CALCULATE EACH VORTEX RING'S AXJAL.
c VELOCITY COMPONENT AT EACH POINT OF INTEREST. THE INNER LOOP
c CALCULATES TRE VELOCITIES FROM EACH OF THE RINCS AXD TNE OUTER LOOP
Cc INCREMENTS THE POINT AT VHICH:THE VELOCITIES ARE CALCULATED.
Cc . R
c
L%
[of
Cc
DO 63 M=1,31
c - .
DO 76 N=i,TNR
IFC(L.LT.®)J=-L
IF(L.CE.0)J=L
X=-Z(N)/7RA(N)
RzJ/RR(N)
82 (4.2R)/(Xxx2.+(A+l . )222,)
TsALOC(4./7(1.-S)xx.5).
UsTe+((T=1.)/74.)%(1 .=8)+(9,./64.)5(T=(7.76.))x(].-S)=xx2,
Ex].+( . 8%(T-.5)2(1.-5))+(3./16.)%(T-(13.7/12.))%(1,-5)%*2,
Bzl./(Xe22 . +(A+]. )22 )2x_ 3
Ca=(1.+((2.2(R~1.)) /(X222 _+(N-1.)%%2.)))
D=U+CsE
P=B=D
CIRC=A/(2.*3.14139%RR(N))
VM, N)=CIRCxP
70 CONTINUE
c
L=L+1
c .
63 CONTINUE
c
c
< = = BEXXXTAREERLERER
c .
c .
c THE VELOCITY COMPONENTS DUE TO EACH OF THE VORTEX RINCS ARE ROV
c SUMNED TO ARRIVE AT A TOTAL AXIAL VELOCITY AT EACH POLXT OF..
c I NTEREST
c
C
c »
c
c
DO 73 J=1.31
DO 76 1=1.TIR
VTOT(J)=VTOT(J)+V(J, 1)
76 CONTINUE
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3 CORTINUE
c
[~
L=
c
C
c THE TOTAL AXIAL VELOCITY AT EACH POINT OF INTEREST IS ROV PRINTED
c OUT ALONG WITH THE ASSOCIATED VALUE OF VORTEX RING SPACINGC FACTOR
Cc (X), THRUST COEFFICIENT (CT),.AND THE NUMBER OF VORTEX RINCS USED.
c
c
c =z =
c
C
WRITE(6.83)K,.CT.TNR
as FORMAT(1X.* FOR K=* F?.6.°. CT=' ,FS.4,
+* AND’ ,1X.12,° VORTEX RINCS')
WRITE(6,90)
99 FORMAT(1X,* TOE TOTAL AXIAL VELOCITY AT EACH POINT ALONC A LINE®)
WRITE(6.93)

93 FORMAT(1X.* COINCIDENTAL WITR THE PLANE OF TOE ROTOR 1S:°)

DO 97 J=1.31
WRITE(6,96)J.VTOT(J)

96 FORMAT(~ ,2X,3EVTOT(,12,20)=.C12.5)

9?7 CONTINVE .

C

C

.G =
[

C X .

Cc SINCE FOR CALIBRATION PURPOSES THE AVERACE VELOCITY ALONGC TUE ROTOR

Cc DISK 1S WHAT'S OF PRIME IMPORTANCE, THAT VALUE IS NOW CALCULATED

C AND OUTPUT.

Cc

Cc

Cex % xR E 32233222322 2233022223 222232222 s s
Cc

Cc

DO 69 124,28
VAVG3VAVG+VTOT (1)
69 CONTINUE
VDISK=VAVGC/23 .0
WRITE(6.71)VDISK
T FORMAT(~/,° THE AVERACE INFLOW VELOCITY IS’ .1X.F3.2," FT/SEC™)
STOP
END
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OO0 ONAANNCONMO0NANOONCONNOCAANNDNNO0AAANAAAOAAAAAAANNAAANNTMN

THIS PROCRAM 1S DESICNED TO SIMULATE THE PROPULSION SYSTEM OF THE
XV-13 AIRCRAFT. THROUCH THE USE OF A VORTEX RINC ANALYSIS. FOR TNE
PURPOSE OF DETERNINING THE ROTOR CENERATED WINGC DOWNLOAD TTAT

IN TBE HOVER CONF|CURATION. THE PROCRAM 19 BASED ON A CONSTANT ROTOR
TIP SPEED OF 768.38 FT/SEC AND UTILIZES: THE PREDETERMINED VORTEX RINC
SPACING FACTOR K. THE PROGRAN COMPUTES:THE AXIAL VELOCITY COMPONENTS
DUE TO EACH VORTEX RINC AT A POSITION WHERE THE AIRCRAFT WING WOULD
BE. 4.67 DOWNSTREAr FROM THE ROTOR DISKS.. THE COMPUTATION IS BECUN
33 FEET FROM THE A!RCRAFT LONCITUD!NAL CENTERLINE AND PROCEEDS IN

1 FOOT INRCREMENTS UNTIL A POSITION 33 FEET ON THE OPPOSITE SIDE OF
THE AIRCRAFT CENTERLINE IS REACHED, THE AXIAL -VELOCITY CONPONENTS.
FROM EACH VORTEX RINC BEINGC CALCULATED AT EACH OF THE IFCREMENTAL
STEPS. THE TOTAL VELOCITY. THE SUMMATION OF ALL THE AXIAL COMPONENTS
1S THEN AVERAGED BETWEEN EACH:TWO SUCCESSIVE POINTS AND THIS AVERACED
VELOCITY 1S THEN USED TO CALCULATE A FORCE (DOWNLOAD) COMPONENT.

THE FORMULA USED IS:Fe.SsRHOsVBAR»s2, 3SxCd. THE SURFACE

ARFA (S) IN THE FORNULA 1S TAKEN TO BE A | FOOT CHORD SECTION
NULTIPLIED BY THE AIRCRAFT WING CHORD, 3.23 FEET. THE DOWNLOAD
CONPUTATION IS ONLY PERFORNED USINC TUE CONMPUTED VELOCITIES: THAT

L1E BETVEEN THE ROTOR CENTERLINES, THIS!BEINC THE ONLY AREA THAT IS
ACTUALLY AIRCRAFT WING. THE DOWNLOAD IS THEN SUMMED AND DIVIDED BY
THE TOTAL ROTOR PRODUCED THRUST TO ARRIVE AT DOWNLOAD AS A PERCENT OF
ROTOR THRUST. THE PROCNAM {S-DESICNED TO SIMULATE A NUMBER! OF HOVER
CONFICURATIONS. ANY OF THIREEZ- THRUST COEFFICIENTS- (.0094..01,.0105)
CAN BE -USED AS ANY OF FOUR ROTOR HEICHT ABOVE CROUND TO ROTOR DIAMETER
(H/D) RATIOS (A/D=INFINITY (OUT OF CROURD EFTECT. OCE). il/D=2.6 (IN CROUND
EFFECYT, IGE), H/D=1.Q ICE. AND [i/Ds0.3 ICE). THE PROCRAN ALSO MAKES
USE OF DRAC COEFFICIENTS DETERMINED FROM WIND TUNNEL TESTS [N WHICH

A WINGC. REPRESENTATIVE OF THE'XV-13 WINC, WAS ALICNED WITH {TS CRORD
PERPENDICULAR TO THE FREE STREAM VELOCITY. THE WING WAS EQUIPPED
WITH FLAPS. ALSO REPRESENTATIVE OF THE XV-13, AND TESTED S0 AS TO
DETEANINE DRAC COEFFICIENTS CORRESPONDING TO DIFFERINGC DECREES OF FLAP
DEFLECTION. THE DRAC COEFFICIENTS ARE UTILIZED HERE AND HENCE CIVE
TBE PROGRAM THE CAPABILITY OF ANALYZING ANY OF FIVE FLAP DEFLECTION
CONFICURATIONS (9,20.40.43 8 60 DECREES).

EREPXTITRRXS IXEREEERR XA AR AR R EERTREEREEENERTERARRER TERXRIK

EREXX T X XXX XX XXX EIXR AT A RSB R EE XX AR R IR IR R R R AL X EE AR AR XXX R LA B XX B XS B AT IR X BRI FEFRAER

LIST OF VARIABLES:

................ THRUST COEFFICIENT (T/(RRO2AZVIX=2,)})
............... ROTOR REICOT ABOVE CHOUND PLANE TO ROTOR
DIANMETER RATIO

........... THE DECREES OF WINC FLAP DEFLECTION (DEC)
................ DRAC COEFFICIENT
................ .YORTEX RINC CINCULATION (FT=22./SEC)
................. VORTEX RING SPACINC FACTOR
................. ROTOR SPEED (SEC/REV)
. ..TIME DETVEEN ROTOR BLADE PASSAGES (SEC/REV)
............. CORRECTED TIME DETWEEN VORTEX RINC SUEDDIKC
(K=F (1)) (SEC/NEV)
.............. THE POSITION OF EACH VORTEX RINC., DOWNSTREAM OF
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c THE ROTOR DISK, AS A FUNCTION OF CORRECTED TIME
c (FT)
[ RRC(1).............VORTEX RINC RADIUS (FT) (A FUNRCTION OF ROTOR
c CEOMETRY AND VOHTEX RINC DOWNSTREAM POSITION
[ COORD(I)..........THE DOWNSTREAM POSITION OF TIIE VORTEX RINCS VWITH
C RESPECT TO THE XV-13 WING POSITION (FT)
[ HBOVERD............TNE RATIO OF ROTOR HEICHT ABOVE CROUND PLANE
[ TO ROTOR DIAMETER (H-/D)
C NUMRINC. .. ...... ..THE NUMBER OF VORTEX RINCS, FOR AN [N CROUND
[ EFFECT (ICE) HOVER CONDITION. TIIAT ARE NEEDED TO
[ SATISFY TNE PRESCRIBED ROTOR REICNT TO DIAMETER
[ RATIO POSITIONING OF TRE CROUND:PLANE.
[ b 1,1 IR ...TBE TOTAL NUMDER OF VORTEX RINCS USED IN TUE
[ ANALYSIS (DICTATED DY THE HOVER CONDITION)
[ TWICEMR. ....... ...THE NUMBER OF THE VORTEX RING TNAT CORRESPONDS .
C TO THE MIRROR IMACE OF THE FIRST VORTEX RING
[ FRONM THE RICHT ROTOR (1GE 1IOVER)
[ THREENR. ........ ..THE WUMBER OF THE FIRST VORTEX RINC FROM TNE LFFT
[ : ROTOR (1GE HOVER)
c RS........ e ..THE TOTAL NUMBER OF VORTEX RINCS ON THE RIGUT SIDE
[ (1GE HOVER)
[ LS..... e TOE NUMBER OF TNE FINST VORTEX RINC ON THE LEFT SIDE
[ (1CE HOVER)
[od | S ereve.....TBE DISTANCE FROM THE AIRCRAFT LONGITUDINAL CENTER-
C LINE TO THE POINT AT WHICH THE AXIAL VELOCITIES ARE
[ CALCULATED (FT)
C RAD....... . . .TUE DISTANCE FROM THE AIRCRAFT LONGITUDIRAL CENTER-
[ LINE TO THE ROTOR CENTERLINES (FT)
[ S +.%....TBE RATIO OF VORTEX RINC DOWNSTREAM POSILION TO RING
[ RADIUS (Z(1)/RR(1))
[ ; D .THE RATIO OF TUE DISTANCE. FROM THE POINT AT WHICH
. C THE VELOCITIES ARE TO'DE CALCULATED TO THE ROTOR
[ CENTERLINES. TO TUE RINGC'S RADI1
[ $.T.U.E.B.C.CIRC..COMPONENTS OF THE EQUATION USED TO DETERMINE THE
[ AX1AL VELOCITY COMPONENTS DUE TO EACH RING (FROM
[ "AERODYNAMICS OF PROPULSION®., KUCHEMANN 8 WEBER, 1953)
C | % ) SN INTERMEDIATE STORACE VARIADLES
[ VINN) o e TOE COMPONENT OF THE AXIAL VELOCITY AT PONT M DUE TO
[ RINC N (FT/SEC)
C VIOT(J)........ ...THE TOTAL AXIAL VELOCITY AT FACN OF 71 POINTS DUE TO
C i SUMMING THE COMPONENTS FROM EACH VORTEX NINC (FT/SEC)
[ VBAR.......... .TOE VELOCITY OBTAINED BY AVEAACING THE TOTAL AXIAL
C VELOCITIES AT TWO SUCCESSIVE POINTS (FT/SEC)
- C 1111 '3 .THE FORCE (DOWNLOAD) OBTAINED DY USINC VBAR AND A
o 5.23 SQ. FOOT WING SECTIONAL AREA (LD)
C (DWNLDI = . SxTOsVBAR==2 x5, 25%CD)
[ DWNLD2. .. ..., ..., THE SUM OF TUE INDIVIDUAL DOWNLOAD COMPONEN(S (LB)
C PRCANDLI .. .ovvvnnn THE PERCENTAGE OF TOTAL NOTOR THHUST THAT IS DOWN-
C LOAD ¢ (DWNLD2/THRUST)=*180.) (THRUST={(CT))
[
c
Ctm’lIlltl“l“llll'l,l’utlllttltll'll!tltlll‘,lx’llllxlxllatl!t’lx!x!llitl
c
[

INTECER TWICENR.TOREENR.TNR.Y.NUMRINC . ARS.LS .FLAPSET

REAL K.KT(72).ZAC.LAC

DINENSION Z(144).COORD(144),F(?2) . RR(144) VTOT(71).V(71.144)
Cc
c .
e P P I P T e R eI PP PR SR R S 22222 2t 2 2

[



C
] “TEE USER IS PIRST PROMPTED FOR THE DESIRED THRUST COEFFICIENT (CT),
[ ROTOR HEICHT ABOVE CROUND PLANE TO:- ROTOR DIANETER RATIO (H/D), AND
(c‘; FLAP SETTING (FLAPSET)
C
(>
C
c
WRITE(6.9)
9 FORMAT(* WHAT THRUST COEFFICIERT (CT) WILL BE USED?')
WRITE(6.11)
11 FORMAT(* (.0094,.05,.01085)7*)
READ(3,10)CT
1e FORMAT(G12.3)
WRITE(6,16)
16 FORMAT(* WHAT B/D RATIO WILL BE USED?*)
WRITE(6,14)
ise FORMAT(* (©.5,1.0,2.6, OR OCE.HOVERD')
WRITE(6,17)
17 FORMAT(®' (ENTER ©.€:-FOR OCE HOVER)')
READ(S5.18)HOVERD
18 FORMAT(C12.3)
WRITE(6,19)
19 FORMAT(* WHAT FLAP SETTINC WILL BE USED?')
WRITE(6,13)
13 FORMAT(' (©,20,.40.45,60 DEC.)')
READ(3,8)FLAPSET
[:] FORRAT(I2)
[
c
C E 3 33 t 3 f3 23322233 TITTTILLLL S x XX ERE
¢
g FROM THE SELECTED FLAP SETTING. THE PROPER DRAC COEFFICIENT IS SET
[
c‘""‘u:'l‘l‘.l'l!3!!"."‘!!.""",lllxxllll.l!,l""lulll,,“"I'l'nl’,’t
c
C

C
C

[ 8 - s 22 2 e Rt e P I e PR et 282 83333 3233233332 -33F823233 3333732333 333322233234

C
C
[

1F(FLAPSET .EQ.©) THEN
CD=1.70

ENDIF
LF(FLAPSET.EQ.20) THER
CD=1.32

ENDIF
IF(FLAPSET.DQ.40) THEN
CD=1 .32

ENDIF .
IF(FLAPSET.EQ.453) THEN
CD=1.26

ERDIF
IF(FLAPSET.EQ.68) THEN
CD=1.08

ENDIF

THE VALUES FOR VORTEX RINC CIRCULATION (A) ARD VORTEX RINC SPACINC
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FACTOR (K) ARE ROV SET CORRESPONDINC TO! THE SELECTED THRUST) COEFFICIENT

[
[
Cc
L%
c
c
IF(CT.EQ..8094) THEN
A=389.68
K= .446
ERDIF
IF(CT.EQ..81) THBEN
As201.16
K= .446
ENDIF
IF(CT.EQ..0103) TBEN
Ar211.22
Ks . 442
ENDIF
[of
Cc
C= £ 2°23
g
Cc SINCE THHE ARICRAFT HAS A THREE BLADED ROTOR, TINEE VORTEX RIRCS ARE
C CONTINUQUSLY SHED FROM THE ROTOR IN A HELICAL SHAPE. AN APPROXIMATION
C IS MADE HERE THAT TRANSFORMS THE THREE CONTINUOUS HELICAL VORTICES
< INTG THREEL ROUND VORTEX RINCS. EVENLY SPACED {X TINE ANO SPACE. GVER
c ONE ROTOR REVOLUTION. THE VORTEX RINGS® POSITION IN TIME IS THEN
[ ALTERED BY THE APPROPRIATE VORTEX RINC SPACING FACTOR (X) THAT WAS
[ PREDETERMIRED USINCITHE CALIBRATION PROGCRAM VERS|ON
c
[
[0 2232222222323 333 22222 st 23233 2220222333332 2232 22232 2823333283332 3 233 2222
C
Cc

B=.1022

DO 20 121,72
F(l)={xB/3.0
KT(1)=K2F (1)

CONTINUE

T ﬂf’g

XXX REXEFXX LT TXEARAR R XX SIEX AL X I XXX ERETE"

DEPENDINC ON WHICH THRUST COEFFICIENT WAS SELECTED. CONTROL IS NOW
TRANSFERRED TO AN APPROPRIATE FIFTH ORDER INTERPOLATINRC POLYNOMIAL.
THE POLYROMIALS ARE.USED TO SET THE DOWNSTREAM POSITION OF EACR VORTEX
RING AS A FUNCTION OF TEEIR RESPECTIVE CORRECTED TIME SPACING. THE
RADIT OF EACH VORTEX RINGC IS ALSO CALCULATED, THESE BEINC A FUNCTION
OF THE RING'S DOWNSTREAM POSITION AS WELL AS THE ROTOR'S DIAMETER.
THE POSITION OF EACH RINC WITH RESPECT TO THE AIRCRAFT WINC IS ALSO
DETERMINED.

1F ONE OF TOE ICE BOVER CONDITIONS IS DEIRC ARALYZED, CONTROL IS
TRANSFERRED TO ANOTHER SECTION OF TOE PROCRAM WIIEN TBE DOWNSTREAM
POSITION OF A VORTEX RING CLOSELY, {F NOT EXACTLY, SATISFIES THE
PRESCRIBED H/D RATIO.

PR32 ¢ P2 R R 2 e i s a2 Rt et e i b s s s i s i s iR bbb i s el t)
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IF(CT.EQ..01) GO TO 30
IF(CT.EQ..0103) CO TO 33

DO 40 1=1.36
Z(1)=-63.833%KT(1)2x3,+208.4242KT(1)x34.-242.5992KT([)*2J.
A4 +120.7903KT (11222 +73.912sKT( 1)
RR([)=8,8373%8QRT(1./(.3%(2, -EXP(-.09512*Z(1)))))
COORD(1)=Z(1)-4.67
IF((AOVERD .EQ.0.3) . AND.(Z(1).CE.12.5).0R.
+ (AOVERD.EQ.1.0).AND. (Z(1).CE.23.).0R.
+ (ROVERD.EQ.2.8).AND.(Z(1).CE.50.)) THEN
NUMRINC=1
ZAG=Z(1)
GO TO 26
ENDIF
CONTINUE
CO TO 24

DO 43 1=1.36
Z(1)2-68.1523KT(1)#23,+22] , 773KT(1)224.-236.0363KT( 11233,

* +126.622KT(1)222,.+478.083=KT(])
RRC13)=8,83752SQRT(1./(.5(2, -EXP(-.093122Z(1))) )
COORD(1)2Z(1)-4.67
IF((HOVERD.FQ.9.3) .AND.(Z(1).CE.12.5).0R.

+ (HOVERD.EQ.1.0).AND.(Z(1).CE.23.).0R.

+* (HOVERD.EQ.2.0) .AND. (Z(1).CE.S0.)) THEN

NUMRING= |
ZAG=ZC 1)
GO TO 26
ENDIF
CONT | NUE
GO TO 2¢

DO 5S¢ 121.36
Z(1)*-64.7463KT(1)%23 . +211.7562KT(])x%4 ~247 .2192KT(1)**]3,
- +123.687xKT(1)x22, +81.398:KT (1)
-RR(1)=8.83752SART(1./(.5%(2.~EXP(~.095123Z(1))})))
COORDC1)»Z(])~4.67
IFC(CAOVERD . EQ.0.3) .AND.(Z(1).CE.12.5).0R.
(HOVERD.EQ.1.0).ANP.(Z(1).CE.25.).0R.
+ (HOVERD.EQ.2.0).AND.(Z(1).CGE.50.)) THEN
NUMR{NG> (
ZAG=Z(1)
GO TO 26
ENDIF
CONTINUE

+

[xEeXxNzNsNzisinizl’]

ARE XX ARXNMEFEEEZEZXXEREREREBERXZREXRXERRITERRES

IF AN OGE HOVER CONDITION IS BEINC ANALYZED, THIS SECTION PRODUCES
THE VORTEX RINC SYSTEM FOR THE LEFT RUTOR. THIS LFFT ROTOR VORTEX
AINC SYSTEM 19 IDENTICAL TO THE NICHT EXCEPT FOR TUE FACT THAT TS
CENTERLINE COINCIDES WITH THAT OF THE LEFT ROTUR. CONTROL IS TUEN
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C TRANSFERRED TO STATEMINT LABEL 60.
c
[
C: =
C
[
24 DO 41 I=t.36
Z(36+1)2Z( 1)
RR(36+1)=RR(I)
COORD(36+1)=COORD(I)
41 CORTINUE .
TNR=72
CO TO 6@
c
C
C RRBRX 2EER
C
C
C IF AN ICE AOVER CONDITION IS BEINC ANALYZED, CONTROL IS TRANSFERRED
C TO THIS SECTION FROM THE INTERPOLATING POLYNOMIALS. THIS SECTION
C PRODUCES THE MIRROA: IMACE OF THE VORTEX RING SYSTEM ON THE RICHT
c SIDE, REFLECTED ABOUT THE CROUND PLANE DICTATED BY TNE R/D RATIO.
c ONCE TRIS IS ACCOMPLISHED, ANI IDENTICAL VORTEX RINRC SYSTEM IS PR
[of DUCED FOR TUF. LEFT SIDE. :
C THE FIRST SECTION SUPERINPOSES A VORTEX RINGC, IDENTICAL IN RADIUS
€ AND POSITION, ONTO THE LAST RINC THAT WAS PRESCRIUDED FROM TRE INTER-
g POLATING POLYNONIAL, t.e., THE RING THAT SATISFIES THE B/D RATIO.
[
C REXZRRBRR L % 4
C
c
26 Y:NUMRING+1
Z(Y)=Z(NUMRING)
RR(Y)=RR(NUMRINC)
COORAD(Y )} = COORD ( NUMRINGC)
[
C .
[R3 2233223833322 3333333333333 83333 8380223733332 3 2333322832223 -22333 723222222284
C
C
[ TEIS DO LOOP PRODUCES THE REMAININC 'MIRRORED' VORTEX RINC SYSTENM--
C BECINNINC AFTER THE TWO SUPERIMPOSED VORTEX RIRGS. THE FIRST RINC
C PRODUCED BY THIS SECTION 1S IDENTICAL IN RADIUS AND POSITION. WITH
C. RESPECT TO TBE SUPERIMPOSED RINCS, AS THE RINC THAT OCCURRS PRIOR
[of TO THE SUPERIMPOSED- RINCS. HENCE, THIS - SECTION PRODUCES A SET OF
C VORTEX RINCS THAT ARE IDENTICAL IN RADIUS AND POSITION WITH:RESPECT
C TO TBE SUPERIMPOSED RINGS. 1.eo.. CROUND PLANE.
[
Cc
C XXRBRLBXETXRER
c
c
DO 27 1:=z2 . NUMRINC
LOPE=* 1 +NUMRINC
LIPsY-1
ZILOPEI3ZUY)+{Z1Y)~-Z(LIP))
RR(LOPE)=RR(LIP)
COORD(LOPE)=Z(LOPE)~4.67
27 CONTINUE
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THIS SECTION PRODUCES A VORTEX RINC SYSTEM FOR THE LEFT SIDE THAT
18 IDENTICAL TO THAT PREVIOUSLY PRODUCED FOR TEE RICHT SIDE.

aoannonangn

TWICENRe 2= NUMRINC
THREENRz3=NUMRINC
TNR=4xNUMRINC
DO 28 [=1,TWICENR
ZOI+TWICENR)=2Z(])
- RROTSTWICENR)=RR( )
COORD(I+TWICENR)=COORD (1)
CONTINUE

XIXXRRERR = E2ERERTER 2%

TNIS SECTIOR SETS UP A CUTOFF' POINT REFERRIRC TO TUHE NUMBER OF
VORTEX RINCS THAT OCCUN ON THE RICHT AND LEFT SIDE OF THE SYSTEM.
TOESE CUTOFF POINTS ARE LATER USED TO DETERMINE TIE DISTANCES
BETWEEN POINTS AT WVHICB THE AX{AL VELOCITIES ARE CALCULATED AND
THE APPROPRIATE VORTEX SYSTEM CENTERLINE.

RRREEEREER T AR LA L E I KRR X R IR EEEE I AR A AR R AR E R ERX LIS RE LA LIRS ER R AR XL XXX ERXRXER

eNnNONOAOOONOO0O0ON

®

IF(TNR.EQ.36) THEN
RS=18

LS=19

ENDIF

IF(TNR.EQ.40) TOEXN
RS=260 ’ .
1S=2)

ENDIF

IF(TNR.EQ.68) THEN
RS=J4

LS=35

ENDIF

IF(TNR.EQ.72) TBER
RS=36

LS=37

ENDIF
IF(TNR.EQ.128) THER
RS:064

LSz263

ENDIF
IF(TNR.EQ.132) THEN.
RS:66

LS=67

ENDIF
IF(TFR.EQ.136) THEN
RS:=68

LS=69
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Zir

THIS- SECTION 1S THAT IN VHICHITHE ACTUAL AXIAL VELOCITY COMPONENTS
ARE CALCULATED. THE SECTION CONSISTS OF A SERIES.OF IF/THEN STATE-
MENTS AND.TWO NESTED DO LOOPS'
TRE PURPOSE OF THE IF/THEN STATEMENTS IS TO SET THE CORRECT RELATION-
glﬂjll_:s RB(SIARDING THE' DISTANCES THAT ARE NEEDED FOR:.THE VELOCITY CAL-
TIONS. .
THE CALCULATION BEGINS AT A POINT 35 FEET FROM THE AIRCRAFT LONGITUDINAL
CENTERLINE ARD ERPS AT A POINT 33 FEET ON THE OPPOSITE SIDE OF THE
CENTERLINE. THE {F/THEN STATEMENTS SET THE PROPER DISTANRCES BETWEEN
EACB SUCCESSIVE POINT, WHERE THE VELOCITIES ARE TO BE CALCULATED, AND
THE CENTERLINES OF THE TVO RESPECTIVE VORTEX SYSTEM CENTERLINES
(+/-16.0833 FT). THE DISTANCES ARE ALSO DEPENDENT ON WHICH SET OF
VORTEX RINCS ARE BEING CONSIDERED RELATIVE TO THE LOCATION OF THE
POINT AT WHICE THE VELOCITIES ARE BEINC CALCULATED.
WITH THE PROPER RELATIVE DISTANCES ESTABLISHED. THE RATIOS X (RINC
DOWNSTREAM POSITION TO RINGC RADIUS) AND R (DISTANCE. FROM THE POINT TO
THE CURRENT VORTEX RINC SYSTEM CENTERLIRE. TO RINC RADIUS) ARE DETER-
MINED AND THE VELOCITY CALCULATION (S CARRIED OUT.
IF AN ICE HOVER CONDITION 1S BEINC ANALYZED., AN IF/THEN STATEMENT
CHANCES THE CIRCULATION SO AS TO MAKE IT NECATIVE IN THE REFLECTED
VORTEX SYSTEM.
FINAL VELOCITY RESULTS ARE STORED IN THE DOUBLEY SUBSCRIPTED ARRAY
V(M,N), ACCONMODATING VELOCITIES FROM 71 POINTS AND TNR.VORTEX RINCS.

OOOAOOOOOONNONNNNANNNNNONNNMONNJNN

o

xx XER R IE R R R R L XX R XX R R TTE R AR E XXX B XX R L RRE

Le-33
DO 63 M=1,71

00 7@ N=i ,TNR

RAD=16.0833
IFC(L.LT.®).AND.(N.LE.RS)) THEN
Js-=L

RAD=16.6833

ERDIF :
IF((L.LE.~-17).ARD.(N.CE.LS)) TH
Je-L

RAD2~16.06833

ENDIF
{F((L.CE.-16).AND.(L.LT.0).AND.(N.CE.LS)) THERN
J=L

RAD*16.0833

ENDIF
1F((L.CT.0).AND.(N.CE.LS)) THEN
J=L

RAD=16.06833

ENDIF

IF((L.LE.16) .AND.(L.CT.8).AND.(N.LE.RS)) THEN
Jea-b

RAD*16.6833

ENDIF

IF((L.CE.17).ARD.(N.LE.RS)) THEN
J=L
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RAD2-16.€833
ENDIF
1F(L.EQ.Q0) THEN
JsL
RAD=16.0833
ENDIF
X*-COORD(N)/RR(N)
Rz (RAD+J)/RR(N)
Sz¢4.xR)/(Xxx2,+(R+1.)222,)
T*ALOG(4./() . -S)%xx_ 3)
UzT+((T=1.)74.)%() . =-S)+(9 . /64 . 12(T-(T7./6.))%(],-S)=zx2
E21.+(.3%(T-.50%(1 . ~-5))¢(3./16.)x(T-(13.712.))%(1.-9)%22,
B:1./(X*xx2 +(Re|.)xx2, )xx 5
C=2=(1.+((2,2(R=-1.)) /(X222 +(R~1.)%xx2.)))
D=U+CsE
P=B2D
A=ABS(A)
IF((UOVERD.NE.©.0) .AND. (N.CT.NUMRINC) .AND. (N.LE.TWICENR)
.on.
* (IIOVERD.NE.©.0) ,AND. (N.CT.TIHREENR) .AND. (N.LE.TNR)) TUEN
A=-A .
ENDIF
CINC=AZ (2,23, 14139%TUL(N))
V(M ,N)=CIRC=*P

L d

79 CONTINUE
[o
L=L+1
63 CONTINUE
[
Cc
[ =X ZXXTARTEXXRBTFXXAXSRNL
(M
[+
C THE NEXT NESTED DO LOOPS PENFORNM THE TASK OF SIMMING TIIE VELOCITIES
[ AT EACHH POINT DUE TO EACH OF THE NINGS. IENCL. FROM IIENE. THE TOTAL
C VELOCITIES AT EACHL OF 71 POINTS ARE OBTAINED AND STORED IN THE ANRAY
C VTOT(J) .
[
c .
CE2Z XX XXX R R R R R S R R R R RN X X X R R K I X E AR R X ¥ E X Z X XX P XXX RS R R F XXX IZRFIAFIAREREEZN
[
c

76

o8
73
C
[of

DO 75 J=1.,71
DO 76 1=1 ., TN
VTOT(J)=VTOT(J)+VCI 1)
CONTINUE
WRITE(x.88)J.VTOT(J)
FORMAT(~/ ,2X,3HVTOT(.I12.2H)=.F6.2.3X.60FT/SEC)
CONTINUE

[t e 22 222222 232220232233 223 22333323 23222333 32823323 22222232 222383222254

OO a0On

TRIS SECTION QUTPUTS THE CHOSEN THRUST COEFFICIENT (CT). ROTON REICHT
ABOVE CROUND TO HUTOR DIAMETER RATIO (/D). THE ASSIGNED VALUE OF THE
VORTEX RINC SPACING FACTOR (K) AND THE RESULTING NUMBER OF VORTEX RINCS
(TNR) .

2222 2 2R 22223233222 22222t s R 2RSS 222 T 2R R 2222222 2 22 2
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[

LAC:23.

HACTRD=ZAG/LAG

WRITE(6.33)CT.HACTRD
N FORMAT(/7.* FOR CT=' .F6.3.° ,A TRUE H/De° F4.2)

IF(BOVERD .EQ.0.0) THEN

WRITE(6.34)
34 FORMAT(' (H-/D*0.0€ SICNIFIES AN OCE HOVER CONDITION!®)

ENDIF

WRITE(6.83)K.TNR
83 FORMAT(® K=" .F4.3.°' AND'.1X.13.° VORTEX RINCS')
[
C
(332 2323223223 2322232222233 xx ZXZEXXXTEXER =z
C
Cc
Cc THE FOLLOWIRGC DO LOOP PERFORMS A SERIES OF TASKS. FIRST. ONLY TIE
[ COMPUTED VELOCITIES THWAT LIE BETWEEN THE ROTOR CENTERLINES ARE CONDIDERED.
C TNIS BEINGC WHERE THE ACTUAL AIRCRAAFT WINC IS. STARTING ON THE LEFT
Cc BAND SIDE. EACHH TWO SUCCESSIVE VELOCITIES ARE AVERAGED. TUE AVERACED
C VELOCITIES THEN DEINC USED TO -COMPUTE. A DOWNLOAD. IF THE ANEAS WHERE
C THE VELOCITIES OCCUR ARE IN THE VICINITY OF THF WINCS AND NOT THE
C FUSELACE. THE PREDETERMINED DRAC COEFFICIENT IS USED. [F THE AREAS
C WHERE THE VELOCITIES OCCUR ARE IN THE VICINITY OF THE FUSELACE. TUE
C DRAAC COEFFICIENT 1S.-ASSUMED TO BE 1, FOR WANT OF A BETTER VALUE.
Cc TWO IF/TREN STATEMENTS TAKE CARE OF THIS DISTINCTION. THE DOWNLOAD
C COMPONENTS ARE TUEN SUMMED TO ARRIVE AT A TOTAL DOWNLOAD. TIIS FINAL
[ VALUE (IN POUNDS) IS THEN OUTPUT ALONC WITH TUE CUHOSEN FLAP SETTINC.
Cc
Cc
CFR R RS N AR N R X RN R R R RN R R R I SRR AR N R R RN R X ARSI AR E AR R R AR IR E AR DX R R E TS
C
[

©99
399

889

DO 699 120,52
VBAR= (VTOT(I)¢VIOT([+11))/2.0
IF((1.CE.33).AND. (! .LE.39)) THEN
DWRLD1=.35%.002370xVBAR*»22,.0x5.23
ENDIF
1IF((].LT.33).0R.(}.CT.39)) THEN
DWNLD1=,5x.0023782VBAR®22,0*5.252CD.
ENDIF
DWNLD2+=DWNLD2+DWRLD)
CORTINUE
WRITE(6.399)DWNLD2
FORMAT (' THE XV-13 ROTOR DOWNLOAD 1S =’ ,F3.3,' LD.*)
WRITE(6.3589)FLAPSET.CD
FORMAT(' FOR A FLAP SETTINGC OF' ,1X,13.' DECREES (Ca='.F4.2.').")

nnr‘.nnnnnnnan

ERABEEEZX L 2 R IR B ERE R IR N R R RN EE R XA R R XA RS

TRE LAST SECTION CORSISTS OF TIMEF IF/TAFN STATEMENTS AND NANDLES
TUE TASK OF CALCULATINC AND OUTPUTTING TUE FINAL TOTAL DOWNLOADL AS

A PERCENTACE OF TOTAL ROTOR TORUST. SINCE THE TOTAL ROTOR TIHRUST
PRODUCED IS A FUNCTION OF TRE:THRUST COEFFICIENT. THE PRENEQUISITE
FOR THE IF/TNEN STATEMENTS IS TUE THRUST COEFFICIENT. EACH. IF/THEN
STATEMENT DIVIDES THE TOTAL DOWNLOAD BY TUE APPROPRIATE TOTAL THRUST
AND OUTPUTS THIS PERCENTACE VALUE.
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C

< xwx

A

Cc
IF(CT.EQ. .9A94) THEN
PRCNDL 1= (DWNLD2/12956.621%1080:
WRITE(6.400)

409 FORMAT(* BASED ON A THRUST COEFFICIENT OF .0094°)
WRITE(6,401)PRCNDLI

401 FORMAT(® TUIS REPRESENTS',!X.F6.3,° = OF TOTAL NOTOR TORUST)
ENDIF

c
IF(CT.EQ..01) THER
PRCNDL 1= (DWNLD2/13783.641%100.
WRITE(6,403)

403 FORMAT(® BASED ON A THRUST COEFFICIENT OF .01°)
WRITE(6,404)PRCNDLY

404 FORMAT(® THIS REPRESENTS®,1X.F6.3.' = OF TOTAL ROTOR TURUST !
ENDIF

c
IF(CT.EQ..0105) TOEN
PRCNDL1=¢(DWNLD2/14472.821>100.
WRITE(6,406)

406 FORMAT(® BASFD OFN A THRUST COELFFICIENT OF .0103')
WRITE(6.407)PRCNDL1 )

407 FORMAT(* TOIS REPRESENTS® ,1X.F6.3.' Z OF TOTAL ROTOR TUORUST!)
ENDIF

[
STOP

END



appendix F

Calibration Version of Model Rotor
Computer Program
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THIS PROCRAM IS DESICKED TO SINULATE THE MODEL ROTOR SYSTEM TEST
PERFORMANCE THROUCH THE USE OF A VORTEX RINC ANALYSIS. THE PROCRANM
18 BASED OK A ROTOR THRUST COEFFICIENT OF .0073 AND TI!P SPEED OF
83.25 FT/SEC. THIS PARTICULAR PROCRAM'VERSION WAS -DESICNED TO :
CALIBRATE THE VORTEX RINC SPACING FACTOR (K). THE VALUE FOR X IS
AN INPUT PARAMETER IN THIS PROCRAM ARND:1{8 VARIED UNTIL AN AVERACE
INFLOV VELOCITY THROUCH THE ROTOR DISK THAT ACREES WITH THAT
PREDICTED BY MOMENTUM THBEORY! 1S OBTAINED. THE POINTS AT WHICH TBE
VELOCITIES ARE CALCULATED LIE ALONG A LINE WHICH: IS COINCIDENTAL
WITH THE ROTOR PLANE.

KEREZERE

Oa00aDOOONNNO0NANAAAANANACAAAOHNOONROONNONGO0 ﬂnnnnnnnnnnnnnng

. LIST OF VARIABLES::

Kiceitooioneannna .VORTEX RIRNC SPACINC FACTOR

H..... Cresenenn ++..ROTOR SPEED (SEC/REV)

| LS R R, TIME BETWEEN VORTEX RINCS -(SEC)

| 4 A% b I OORI;WED TINE nmm VORTEX RINGS -(SEC)
(KaF(1))

F AR B R .THE POSITION OF EACE VORTEX RINC. DOWN- .

STREAM OF THE ROTOR DISK, AS A FURCTION OF
CORRECTED TIME (FT)

BRR(I)............. VORTEX RINC RADIUS (FT)
(A FUNCTION OF ROTOR- GEOMETRY AHD RIRG
DOWRSTREAM' POSITION)

THR. .o iiiiiiaanas THE TOTAL NUMBER OF VORTEX RINCS CONSIDERED
IN THE AMNALYSIS

F I T S TBE VORTEXIRINC CIRCULATION (FT#22/SEC)

CT. ettt THRUST COEFFICIENT (THRUST/(RHO*AREASV(|p*x2))}

POINT............. THE DISTARCE BETWEEN THE ROTOR AXIS AND THE

POINT WHERE THE AXIAL VELOCITIES ARE BEIRC
CALCULATED (FT)

BAD.............. -THE ABSOLUTE VALUE OF POINT (FT)

D S seesese..THE RATIO OF VORTEX RINC DOWRSTREAM
POSITION TO RING RADIUS (-Z(1)/RR(1))

Rociirenininnnen ..THE RATIO OF POINT TO THE RINGC RADIUS
(RAD/BR(1))

8,T,U,E.B,C,CIRC. .COMPONENTS: OF THE EQUATION USED TO
DETERMINE TBE AXIAL VELOCITY DUE TO EACH
RING (FROM:«*AERODYNAMICS OF PROPULSION®
CTUCHEMANN 8 WEBER, 1953

| 29 T INTERNEDIATE STORACE! VARIABLES

U213 .3 PO THE COMPONENT OF THE AXIAL VELOCITY. AT
_ POINT % DUE TO RINC N (FT/SEC)

VIOT(1) .. ...... . .THE TOTAL AXIAL VELOCITY AT EACH OF 23

POINTS DUEI TO SUMMINC THE COMPONENTE FRON
EACH VORTEX RINC (FT/SEC)

VAVG. .. .ivihenee .THE SUM OFITHE AXIAL VELOCITIES ALONC THE
ROTOR DISK (FT/SEC)
VDISK.........cc. THE AVERAGE INFLOW VELOC!TY ALONC THE ROTOR

DISK (FT/SEC)
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C
[
C
c
REAL K.KT(72)
INTECER TNR
DIMENSION Z(144).F(36) ,RR(144) . VIOT(71).V(71.144)
[
c
CER R RN R R R R RN R SRR N EF T E XSS RSN F T RS I TR X T R AR ER R R RRAEXRERRRRE

THE VALUE TO BE USED FOR THE: VORTEX RINC SPACINC .FACTOR (K) IS -
FIRST READ 1IN

WVRITE(6.4)

FORMAT(* WHAT K VALUE V¥JLL BE USED?')
READ(5,3)K

FORMAT(FB.7)

NEXT. BASED ON A ROTOR SPEED OF 70@ RPN, THE TIME SPACINGC OF
THE VORTEX RINCS 1S CALCULATED USING THE RINC SPACING FACTOR (K).

KRR R RAE IR LR E X IR AR I AR R XX R XA XL R AR R E XXX TL LR XX XX XXX XXX R EENEXFF R

aOOOONN0ANOO0a & OO0ANOOO

H=.0857
DO 20 1=t.72
Fdl)=1»H,/2.0
KT(I)=KxF(l)
20 CONTINUE
[
Cc
C: = - K
Cc
C
C A FIFTH ORDER INTERPOLATING POLYNOMIAL. IS USED TO DETERMINE THE
Cc DOWNSTREAM POSITION OF EACH VORTEX RINC AS A FUNCTION OF TIMNE.
c EACH VORTEX RING'8:.RADIUS 18 ALSO CALCULATED AS A FURCTION' OF
[ RINC DOWNSTREAM POSITION. '
C
c
Czx ZXEREEEXRZZEARTEEREIETARAZXRR XX EXXREEFT X
C
c
23 DO 40 121,72
Z(1)23.54212KT(1)=u=5.+153.52693KT(])*24.-24.81072KT(])
+ =¥3.+12.82992KT(1)522.+7.24303KT(})
RR(1)=.88274%SQRT(]./(.32(2 . -EXP(-1.04762x2(1)))))
40 CONTINVUE
TNR=72.
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c
c
[
C THEE VALUES OF THRUST COEFF{CIENT (CT),.RINC: CIRCULATION (A) AND THE !
[+ POSITION OF THE FIRST POINT. VITH RESPECT TO THE, ROTOR AXI1S, (POINT)L
Cc ARE ROV ENTERED.
[
[
c
[
Cc
24 CT=.0073
A=2.226
POINT=-1.8
[
[+
C
C
(o
[ TWO DO LOOPS ARE ROV USED TO CALCULATE FACH VORTEX RINC'S AXIAL
C VELOCITY COMPONTENT AT EACHE POINT OF INTEREST. THE INNER LOOP
[ - CALCULATES THE. VELOCITIES FROM EACH OF THE RINGS AND THE OUTER
g LOOP INCREMENTS THE POINT AT:WHICH THE VELOCITIES ARE' CALCULATED.
c
c
[
DO 63 M=1.23
[+
c

DO 7@ N=i ,TNR
IF(POINT.LT.6.) RAD«~POINT
IF(POINT.CT.0.) RAD=POINT
X=-Z(N)/RA(R)
R=RAD/RR(N)
S*(4.3R)/7(Xx32. . +(R+} . )322.)
T*ALOC(4./SQRT(1.-S))
UsT+((T-1.)74.)%(1 .-S)+(9./64.)1%(T~(T7./76.))%(1.-S)=xx2.
E=1.+(.52(T=-.3)%(1.-8))+(3./716.)%(T=-(13./12.))%(1.~8)*x2
B=1./SQRT(Xx%2.+(R+l:)232,)
C==(1.+((2.2(R-1.))/(X322 . +(R~]1.)822.)))
D*U+CeE
P=BxD
CIRC=A/(2.23.14186%xRR(N))
V(M,N)=CIRC=sr
CONTINUE

POIRTaPOINT+. 125
CONTINUE

THE VELOCITY COMPORTWTS DUE TO EACH OFI THE VORTEX RINCS ARE NOV
SUMNMED TO ARIVE AT.A TOTAL AXIAL VELOCITY AT EACH OF THE 23 POINTS
OF INTEREST.

nnnnnnrlnno 0on
:



C
[+
c
DO 73 Jx) .25
Cc
[
DO 86 I1=1,TMR
VTOT(I)I=VTOT(I)+V(J3 . 1)
8e CONTINUE
C
[
73 CONT1 XUE
[~
C
C BEERRFAREEREREXRERETRT XL R R REEE L
C
[+
C TRE TOTAL AXIAL VELOCITY AT EACH POINT OF INTEREST IS NOW PRINTED
C OUT ALONC WITH TRE ASSOCIATED VALUES OF THRUST COEFFICIENT (CT),
C VORTEX RINC SPACINC FACTOR AND THE TOTAL NUMBER OF VORTEX RINCS
(é : USED IN TUE VELOCITY CALCULATIONS.
C
[ 23214 = TEXBXTXFTATEAXTXXRERERR TREE
C
[+
WRITE(6,33)CT
33 FORMAT(®' FOR A THRUST OEFFICIENT OF .CT='.F6.53)
WRITE(6.835)K. TN
83 FORMATC(1X.* K=°,F8.7.' AND',I1X.I2,' VORTEX RINCS')
WRITE(6.90)
90 FORMAT(IX.* THE TOTAL AXIAL VELOCITY AT EACH POINT ALONC A.LINE')
WRITE(6,95)
93 FORMAT(1X,* COINCIDENTAL VWITH TUE PLANE OF TOE ROTOR 1S:')
Cc
C
DO 97 J=1.25
WRITE(6.96) J.VTOT(J)
96 FORMAT (7 ,2X,3HVTOT(,12,28)* G12.5.6BFT/SEC)
97 COXTINUE
c
C
C: =z ZEEXBETREIXXA LR XXX L EX XXX X RIXLRER KRR XXX
C
C
[ SINCE FOR CALIBRATION PURPOSES TOE AVERACE VELOCITY ALONC THE
C ROTOR DISK 1S WHAT'S OF PRIME IMPORTANCE. THAT VALUE IS NOW
C CALCULATED ARD OUTPUT. .
[+
c
Cexzx: = R SEEEEYET SRR RTAREENEXZ AT TR R R X XERTTELE R XXX
Cc
c
DO 100 1=4.13
VAVGeVAVC+VTOT (1)
180 CORTIRUE
Cc
VDISK:VAVC/10.0
WRITE(6,118)VDISK
150 FORMAT(/,° TBE AVEBACE JNFLO¥ VELOCITY 1S8',IX.FD.5,' FT/SEC*)

104
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Appendix G

Download Version of Model Rotor
Computer Program
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TH18 PROCRAM 19 DESICNED TO SINULATE THE MODEL ROTOR SYSTEM TEST
PERFORMANCE THROUCH THE USE OF A VORTEX RIRC ARALYSIS. THE PROCRAN
18 BASED OF A ROTOR TBRUST COEFFICIENT OF .0073 AND TIP SPEED OF
83.23 FT/SEC. UTILIZING THE' PREDETERMINED VORTEX RINC SPACING
FACTOR K. THIS PROGRAM COMPUTES A DOWNLOAD BASED!ON THE MODEL WING
(CBORD = 4.7 IN.. SPAN = 16.81 IN.) AT A POSITION 1.5 IN. DOWN-
STREAM OF THE ROTOR PLANE. THE COMPUTED AXIAL VELOCITIES ARE USED
TO DETERMINRE A VALUE OF DYNAMIC PRESSURE (q). WBICH WHEN MULTIPLIED
BY A SECTIONAL BURFACE AREA CIVES A DOWNLOAD COMPONENT.
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2EER t 3

LIST OF VARIABLES:
| VORTEX RINC SPACING FACTOR
P ROTOR SPEED (SEC/REV)
| 2L 19 2 TINE BETWEEN ROTOR BLADE PASSACES (SEC/REV)
KT e -CORRECTED TIME BETWEEN VORTEX RINC SHEDDING

(KxF(1)) (SEC/REV)
18 § TP ..TBE POSITION OF EACH VORTEX RING, DOWN-

STREAM OF THE ROTOR DISK, AS A FUNCTION OF
CORRECTED TIME (FT)

COORD(I).......... THE DOWNSTREAM POSITION OF TTHE:VORTEX RINCS
WITHE RESPECT TO A LINE THAT 1S COINCIDENTAL
WITH THE MODEL ROTOR'S WINC (FT)

RR(1). ... .. oot VORTEX RINC RADIUS (FT)
(A FUNRCTION OF ROTOR. CEOMETRY AND VORTEX RINC
DOWNSTREAM' POSITION)

NUMRIRC........... THE NUMBER1OF VORTEX RINCS. FOR AN 1CE ROVER
CONDITION, TUHAT.SATISFIES TBE PRESCRIBED ROTOR EEICET
ABOVE CROUND- PLANE TO ROTOR DIAMETER RATIO

TR, . iiieaiaviaen THE TOTAL NUMBER OF VORTEX RINCS CONSIDERED

IN THE ANALYS!S
At TOE VORTEX:1RING CIRCULATION (FTx22/SEC)
CT....coieenonn .. . THRUST COEFFICIENT (THRUST/(RHO2AREAxVtipx22))
POINT............n TOE DISTANCE BETWEEN THE ROTOR AXIS AND THE

POINT WHERE TUE AXIAL VELOCITIES ARE BEINC
CALCULATED (FT)
.....THE ABSOLUTE VALUE OF POINT (FT)
................. THE RATIO OF VORTEX RING DOWNSTREAM
POSITION TO RINC RADIUS (Z(I)/RR(1))
£ S THE RATIO OF POINT TO TBE RING. RADIUS
(RAD/RR(1))
8,T,.0.E.B,.C,CIRC..CONPORENTS: OF TNNIE EQUAT1ON USED TO
DETERMINE TEE AXIAL VELOCITY DUE TO EACB
RINC (FRONM::*AERODYNAMICS OF PROPULSION®,
KUCHEMANN 8 WEBER, 1933)

| INTERMEDIATE STORACE I VARIABLES

VIR N oo e TBE COMFONENT OF TIE AXIAL VELOCITY AT
POINT M DUE TO RINC K (FT/SEC)

VIOT(I)......... THE TOTAL AX1AL VELOCITY AT EACR OF 23

POINTS DUE: TO SUMMINC TBE COMPONENTS FROM
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[ EACH VORTEX RIRC (FT/SEC)
[+ VBAR........co....THE AVERACE INFLOW VELOCITY BETVEEN TWO
C SUCCESSIVE POINTS AT WHICH THE AXIAL
Cc VELOCITIES: WERE CALCULATED (FT/SEC)
[ DVALDt............THE DOWNLOAD COMPONENT FOR THE. AREA BETWEEN
C TWO SUCCESSIVE POINTS AT WHICO THE AXIAL
C VELOCITIES' VERE CALCULATED (LB)
C DVNLD2............ THE SUM OF:THE INDIVIDUAL DOWRLOAD
[ COMPONENTS'. t.e., THE TOTAL DOWNLOAD (LB)
g PRCNTDL......... ..THE PERCENT OF ROTOR:THRUST THAT IS DOWNLOAD
(o]
Y, =
C
C
REAL K.KT(72)
INTECER Y.TNR
c DIMERSION Z(144) .COORD(144) ,F(36) . RR(144) ,VTOT(71) ,V(71,144)
[
g
C DUE TO THE FACT THAT THREE DIFFERENT ROTOR BEICHT TO ROTOR:
C DIANETER RATIOS WERE RUN WITH TIIE MODEL SYSTEM, THREE B/D
[ BATIOS CAN BE ANALYZED VWITH THIS PROGRAM. TWO ARE [N CROUND
C EFFECT (IGE) CONDITIONS, H/D=6.5 8 1.0, AND ONE 1S AN OUT
[+ OF CROUND EFFECT (OCE) CONDITION, H/DsINFINITY. THE SELECTION
g FOR THE CROUND EFFECT CONDITION TO BE ANALYZED IS MADE HERE.
c
c - e 224
C
[
WRITE(6,16) )
16 FORMAT(' WHAT B/D RATIO WILL. BE USED?')
WRITE(6.14)
14 FORMAT(* (©0.3,.1.0, OR OCE HOVER)?')
WRITE(6,17)
1?7 FORMAT(* (ENTER @ FOR OCE HOVER)')
READ(3, 18)BOVERD
18 FORMAT(G12.3)
[
C
C % EXXZEIXTEXETRTI AT TXEEIAR EXER FX LR XX EREREES -
c
Cc
c REXT. BASED ON A ROTOR SPEED  OF 1000 RPM, THE TIME SPACING OF
(o] THE VORTEX RINGS 1S CALCULATED USIKC THE RINGC SPACINC FACTOR (K).
c
c
c % 3 AXTEREXER AER
[
[
K= .41946
B=.0837
DO 26 1=1.72
F(l)=21%B/2.0
KT(1)=KsF (1)
20 CONTINUE
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C
.Cx
[
c
[ A FIFTH ORDER INTERPOLATINC POLYNOMIAL: IS USED TO DETYRMINE THE
C DOWNSTREAN POSITION OF EACH VORTEX RINC AS A FUNCTION 'OF TIME.
C IF ONE OF THE ICE BOVER CONDITIONS IS BEINC ARALYZED THE CALCULATIOR
c 1S TERMINATED AT THE RING THAT COIRCIDES WITE THE CROUND PLANE AND
C CONTROL 1S TRANSFERRED TO STATEMENT 26: EACH VORTEX RINC'S RADIUS
g {8 ALSO CALCULATED:AS A FUNCTION OF DOVWNSTREAM POSITION.
[
C = AR
(5
Cc
23 DO 490 I+1,72 -
Z(1)=3,34213KT(1)%33,+18:{32692KT( | )xx4q, -24.8107*KT( 1)
223.412.82993KT(1)%82,+7.2430=KT (1)
ARC] )= . BO274%8QRT(1./(.32(2 . -EXP(~1.04762Z(1)}))) ]
COORD(1)=Z¢1)-.125
1¥((HOVERD.EQ.9.53).AND. (Z(1).CE.1.135).0R.
(BOVERD.EQ.1.6).ARD.(Z(1).CE.2.27))TOEN
RUMRINC=}
GO TO 26
ENDIY
40 CORTINUE
TNR=72.
GO TO 2¢
C
[
C % =%
[
c .
[~ IN THE EVENT THAT ONE OF THE ICE HOVER CONDITIONS IS BEING ANALYZED
Cc THIS SECTION FORMS THBE MIRROR IMAGE OF THE PREDETERMINED VORTEX
c RINGC SYSTEM. IF THE OCE BOVER CONDITION [S BEINC ANALYZED TEIS
Cc SECTION |9 BYPASSED AND CONTROL (S TRANSFERRED TO STATEMENT 24.
o}
c .
[o} RREEFEEEETER LRI RIEAREX XL L LRI RXEEXB LR RAL XXX KT XX
C
Cc
26 Y=NUMRIRC+1
Z(Y)=Z(NUNRIRC)
AR(Y)«RA(NUMRINC)
COOARD(Y ) =COORD(NUMRINC)
Cc
C
DO 27 1=2,NUMRING
LOPE= | +NUMRING-
LIP»Y-1
Z(LOPE) sZ(Y)+(Z(Y)-Z(LIP))
RR(LOPE)=RR(LIP)
COORD(LOPE)*Z(LOPE)-.1979
27 CONTINUE
C
C
C = REB X XERE EEEXT TN TETERRE IR X X2
c
C
c THE VALUL OF THE TOTAL NUMBER OF RIRCS. (TNR) FOR |CE BOVERS. THRUST °



ORIGINAL PAGE-
is
-OF POOR quaLiTy

Cc COEFFICIERT (CT). RINC CIRCULATION (A)'AND THE POSITION OF THE FIRST
[~ POINT, VITH RESPECT TO THE ROTOR AXIS.. (POINT), ARE NOW ENTERED. .
C
C
C:
c
c
TNR=2.sNUMRIKC
24 CT=.0073
At2.226
POINT=-1.5
c
c
Cexnsussrensss = -
Cc
Cc
[ TWO DO LOOPS ARE ROV USED TO CALCULATE EACH VORTEX RINC'S AXIAL
C VELOCITY COMPONTENT AT EACB POINT OF INTEREST. THE INNER LOOP
[ CALCULATES THE VELOCITIES FROM EACH OF THE RINCS AND THE OUTER
g LOOP INCREMENTS THE POINT AT WHICH THE VELOCITIES ARE CALCULAIED.
C
Cx t 2 = 3
C
c
DO 63 M=} .23
c
c

DO 76 N=1,TNR

®

IF(POINT.LT.0.) RAD=z-POILINT

IF(POINT.CT.0.) RAD=POINT

X=~COORD(N)/RR(N)

R=RAD/RR(IN)

S=(4.%xR) /(X222 +(R+|.)r2x2,)

T*ALOGC(4./SQRT(1.-8))

UsT+((T=1.)74.)%(1 .-S)+(9./64.)¥{T-(7./6.))1%(1.-5)=>2,

E=xp.+(.35(T-.5)%(1.-8))+(3./16.)x(T-(13./12,))%().-5)%22.

Bat ./SQRT(X%x22 . +(R+f . )xx%x2 )
Ce=(1.,+((2.2(R-1.))/ (X222, +(R-1.)2%2.)))
D=U+CxE

P»BxD

A=ABS(A)
IF((BOVERDINE.@.088) .AND. (N.CE.Y)) THEN
As~A

ENDIF

CIAC=2A/1(2.23.141356%RR(N )

V(M.N)sCIRCsP

CORTINVE

POINT*POINT+.123

(2]

CONTINUE

THE VELOCITY COMPONTNTS DUE TO EACH OF'THE VORTEX RINCS ARE NOW

SUMMED TO ARIVE AT.A TOTAL AXIAL VELOCITY AT EACH OF THE 23 POINTS

OF INTEREST.

oo nne OO0
»
"
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Cc
Cc
c
DO 73 J=1.,23
c
Cc
00 80 (=1, TMR
VTOT(J)sVTOT(J)+V(J, 1)
8e CORTI NUE
Cc
Cc
73 CONRTINVE
Cc
C
C BRERERBR RS XXERRET X 2EEER
c
C
-C THE TOTAL AXIAL VELOCITY AT EACH POINT OF IRTEREST [S NOW PRINTED
c OUT ALONC WITH THE ASSOCIATED VALUES OF ROTOR NEICET TO ROTOR
c DIAMETER RATIO, THRUST COEFFICIENT, VORTEX RINC SPACINC FACTOR AND
Cc THE TOTAL NUMBER OF VORTEX RINCS USED IN THE VELOCITY CALCULATIONS.
C
C
Cx freven — =
C
c
WRITE(6,33)CT .BOVERD
33 FORMAT(* CTs®.F6.3,' B/D=’' F4.2)
IF (HOVERD.EQ.©) THEN
WRITE(6,34)
34 FORMAT(® (H/D=0.60 SICNIFIES AN OCE HOVER CONDITION)')
ENDIF
WRITE(6,83)K,TRR
83 FORMAT(1X,' FOR K=' ,F8.7,' AND' ,1X,12,' VORTEX RINCS')
WRITE(6,90)
90 FORMAT(1X.' THE TOTAL AXIAL VELOCITY AT EACH POINT ALONC A. LINE")
WVRITE(6,95)
95 FORMAT(1X,' COINC!DENTAL VITH THE PLANE OF TUE WINC 1S:')
[
c
DO 97 J=1.23
WRITE(6,96) J.VTOT(J) .
96 FORMAT(/,2X.SHVTOT(.12.2H)2,C12.3,6HFT/SEC)
97 CONTINUE
[
DOWNLOAD COMPONENTS ARE NOW COMPUTED BASED ON THE AVERAGE AXIAL
VELOCITY BETWEEN TWO POINTS OF CONSIDERATION. ‘THE TOTAL DOWN-
LOAD 1S THEN COMPUTED AS THE:SUM OF TBE COMPORENTS.
= zxx ZRREERER =2x

nnhnnnnnnnnn

DO 699 1=1,12
VBAR=z (VTOT(1)+VTOT(1+1))/2.0
DOWNLD1= .52 .002378sVBAR222 02, 0489621 .98
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DWNLD2+DVNLD2 +DWNLD1
“’c CORTINUE
[~
C
C
[ THE FINAL RESULT FOR THE MODEL ROTOR SYSTEXN: THEORETICAL DOWNLOAD 18
g ROV OUTPUT.
[
Coxx: .
[ o]
[
WRITE(6,390)DVNLD2::
39%e FORMAT(/,° THE MODEL ROTOR DOWNLOAD IS =',Ci2.3,° LB.")
PRCNTDL= (DVNLD2/9 .3)%2100
WRITE(6,393)
398 PORMAT(' BASED ON A THRUST COEFFICIENT OF .6075 °)
VRITE(6.400)PRCNTDL
cm FORMAT(* THIS REPRESENTS',1X.F$.3.' % OF ROTOR THRUST )
C

8TOP
END





