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13. ABSTRACY

An analytical and experimental investigation was conducted to scquire
systematic model rotor performance and wake geometry data and to evaluate the accuracy
of various analytical methods in predicting the effects on performance of changes in
helicopter rotor design and cpersting perametera. Both classical hover performance

1 analyzes and analyticel methods recently developed at the United Aircraft Research

laboratories were evalusted. Of primary concern in the study was the assessment of
assumptions in the anslyses regarding the geometry of the rotor wake. It was found
that analyse:s based on & contracted wake geometry generally provided significantly
improved predicticns of performence for those rotor upersting conditions where the
more classical uncontr.acted vake analyces exhibited major shrortcomings. Attempts to
develop a theoretical method for predicting contracted wake geome‘riern were only
partially succeszful although the method yielded good qualitative results uf
particular interest was the prediction by the analysiz of an instability o" the tip
vortex helix at moderate distances from the rotor which appeared to be substantiated .
by svajlable experimental rezults. 1In lieu of an accurate theoretical wake method.
it wan recommended that the experimentul wake dats measured {n this study provide the
contractel waxe geometries needed in performance calculationn. Anmlyrir of the wake
data for that portion of the wake which was ntable (i.e., near Lhe rotor) indientel
thot the data could be exprenred in relntively simple reneralized equations which
Cacilitate the rapid extimation of contracted wake peometiren for a wide ranpee nf
rotor decigns and operatine conditionz., Finally, it was demsn:trated that rotor
performance i~ cenzitive tn mall chanres in the position of the tip verter relative
to the f»llowing blnde, and it wa~ recommended that additiona) full ~erle rorrelnticn
stutie: be male to provide further informntion on the adequacy «f the penepnlivet = v,

rotor wake ceome'r. charts provided herein,
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SUMMARY

An analytical and experimental investigation was conducted to acquire
systematic model rotor performance and wake geometry data and to evaluate
the accuracy of various analytical methods in predicting the effects on
performance of changes in helicopter rotor design and operating parameters.
Both classical hover performance analyses and analytical methods recently
developed at the United Aircraft Research Laboratories were evaluated.

Of primary concern in the study was the assessment of assumptions in the
analyses regarding the geometry of the rotor wake., It was found that
analyses based on a contracted wake geometry generally provided signifi-
cantly improved predictions of performance for those rotor operating
conditions where the more classical uncontracted wake analyses exhibited
major shortcomings. Attempts to develop a theoretical method for
predicting contracted wake geometries were only partially successful
although the method yielded good qualitative results. Of particular
interest was the prediction by the analysis of an instability of the tip
vortex helix at moderate distances from the rotor which appeared to be
substantiated by available experimental results. In lieu of an accurate
theoretical wake method, it was recommended that the experimental wake
data measured in this study prcvide the contracted wake geometries needed
in performance calculations. Analysis of the wake data for that portion of
the wake which was stable (i.e., near the rotor) indicated that the data
could be expressed in relatively simple generalized equations which
facilitate the rapid estimation of contracted wake geometries for a wide
range of rotor designs and operating conditions. Finally, it was
demonstrated that rotor performance is sensitive to small changes in the
position of the tip vortex relative to the following blade, and it was
recommended that additional full scale correlation studies be made to
provide further information on the adequacy of the generalized wake
geometry charts provided herein.
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FOREWORD

This investigation was sponsored by the U. S. Army Aviation Materiel
Laboratories (now the Eustis Directorate, U, S. Army Air Mobility
Research and Development Laboratory) under Contract DAAJ02-69-C-0056,
Task 1F162203A13903. Efforts under this contract were initiated in
April 1969 and completed in February 1971. The experimental program
reported herein was conducted during the period July to October 1969.

The guidance and assistance provided to this investigation by
Mr. Peter J. Arcidiacono, Chief, Aerodynamics (UARL), is gratefully
acknowledged. In addition to general management, Mr. Arcidiacono
provided invaluable assistance with (1) the evaluation of the Wake
Gecmetry Program and (2) preparation of the final report. Also acknowl-
edged is the assistance provided by Mr. M. C. Cheney, Supervisor,
Rotary Wing Technology (UARL), E. Dean Bellinger, Research Engineer, and
Charles B. Pike, Computer Anelyst. The Technical Representatives of the
Contracting Officer for this contract were John L. Shipley and
G. Thomas White.
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INTRODUCTION

The need for attaining peak lift system performance is greater with
rotary-wing VTOL aircraft than with conventional aircraft. This results
directly from the generally lower payload to gross weight ratio of such
aircraft which, in turn, increases the payload penalty associated with
any unexpected deficiencies in performence that might arise as a result of
shortcomings in the design analyses employed. For example, since the pay-
load is typically 25% of the gross weight, a performance deficiency of 1%
in 1ift capability can result in a 49 reduction in payload.

As described in Reference . - mmonly used theoretical methods
bec-me inaccurate as number of blades, blade solidity, blade loading, and
tip Mach number are increased. The discrepancies noted appear to stem
from simplifying assumptions made in the analyses regarding the geometric
characteristics of the rotor wake. 1In Reference 1, a method for
considering the effects of wake contraction on hover performance was
introduced. This computerized method, developed at the United Aircraft
Research laboratories (UARL) and termed the UARL Prescribed Wake Hover
Performance Method, requires a prior knowledge of the wake geometry.
However, at the time Reference 1 was written (1967), available wake
geometry data were extremely limited. Due to the expense involved,
systematic wake geometry data on full-scale rotors were almost nonexistent.
Available model results, on the other hand, were limited to rotors having
three blades or less and operating at low tip Mach numbers. Thus, two
methods of approach were initiated under this investigation to cbtain the
required wake geomeiry information. In the first an experimental
investigation, using model rotors, was conducted in which a systematie,
self-consistent set of data on rotor performance and =associated wake
geometry characteristics was obtained for a wide range of blade designs
and operating conditions. In the secornd, an available analytical method
for predicting rotor wake geometry in forward flight, describel in
Reference 2, was extended to the hover condition. Briefly, the method
developed involves the establishment of an initial wake model comprised
of finite vortex elements and the repeated application of the Biot-Savart
law to compute the velocity induced by each vortex element at the end
points of all other vortex elements in the wake. These velocities are
then integrated over a small increment of time to determine the new
positions of the wake elements, and the entire process is repeated until
a converged wake geometry is obtained.




The incorporation of the experimental and analytical wake geometry
in the Prescribed Wake Method results in two analyses (the Prescribed
Experimental Wake Analysis and the Prescribed Theoretical Wake Analysis)
for computing hover performance. The availability of model rotor data
permits the evaluation of these analyses by (1) providing experimental
vake data both for input to the Prescribed Experimental Wake Analysis and
for comparison with predicted wake geometry results of the Prescribed
Theoretical Wake Method, and (2) providing consistent experimental perfor-
mance data for comparison with predicted performance results. Thus, the
principal objectives of this investigation were to:

(a) Provide experimental information on the performance and wake
geometry characteristics of hovering model rotors as
influenced by number of blades, blade twist, blade aspect
ratio, rotor tip speed, and blade collective pitch setting

(b) Modify an existing forward-flight distorted wake program to
permit the prediction of the wake geometry characteristics
in hover

(¢) Evaluate the accuracy of various hover performance theories
having differing rotor wake gecmetry assumptions

Included in this report are: (1) a description of the model rotor

experimental program, (2) a discussion of the experimental rotor
performance and wake geometry results, (3) comparisons of the experi-
mental wake geometry results with other experimental) sources,
(4) descriptions of the theoretical wethods for predicting wake geometry
and hover performance, (5) a discussion of the results of the evaluation
of the wake gecmetry analysis, and (3) a discussion of the results of the
evaluation of the theoretical methods for predicting hover performance.




MODEL ROTOR HOVER TEST

TEST EQUIPMENT
Model Test Facility

The test program was conducted on a model rotor hover test facility
located at the United Aircraft Research Laboratories (UARL). The test
facility, shown in Figurs 1, consists of a large enclosed area approxi-
mately 45 by 55 feet with a ceiling height of 4O feet. The facility is
equipped with a rotor test rig, flow visualization equipment, and a
movable ground plane which was conuidered to be in an out-of-ground-effect
position when lowered to 3.5 rotor radii delow the rotor, A whirl-stand
model is also available for the simulation of conditions on the Sikorsky
Alircraft full-scale whirl stand. This facility is the same one used for
the model tests reported in Reference 1.

A photograph of the model rotor test rig is shown in Pigure 2, A
4O-horsepower, variable-speed electric motor was used as & power source.
The rotor was driven through a 3:1 speed reduction system to allow opera-
tion at a tip speed of 700 ft/sec at maximum availsble power. Average
rotor thrust and torque measurements were made by means of strain-gaged
load cells mounted above the rotor on & suppart frame. The motor-belance
assembly is shown schematically in FPigure 3. Additiomal instrumentation,
used to monitor operatian, included a solid-state counter for measuring
rpm, vidbration meters, and a model pover control comsole.

Flow visualization equipsent included the following:
1. Ammonium sulphite “smoke”,
2. Variadble-poaition smoks rakes.

3. Tvo high-intensity, short-duration light sources (microflash
units) for stop-action atill photagraphs.

b, High-intensity lights for high freme-speed movies.

S. An slectronic time-dalay control fur cameres and microflash
units to parmit systemmtic photogrephing of the cyclic time
history of the rotor weks.

6. Polarcid, 70 mm, end Festax movie cemeras.
3




The model rotor system consisted of a multidbladed rotor hub and
specially designed model blades. The rotor hub, shown in Figure 4, was
designed to accommodate any number of dblades up to amd including eight.
Flapping hinges were provided (but no lag hinges), and blade collective
pitch was varied manually.

Four sets of model rotor blades were used to conduct the test
program. The model blade design consisted of an aluminum spar and a
balsa trailing-edge section, as shown in Figure 5. The blades were
untapered and designed such that the elastic axis, section center of
gravity, and center of presture were coincident at the quarter-chord
position (within 1% of the chord). The mass and stiffness properties of
the model blades greatly exceeded those of model blades dynamically scaled
to typical full-scale blades. For example, the Lock number of the blades
with an aspect ratio of 18.2 operating at a tip speed of 700 fps was
spproximately 3.0 compared to a typical full-scale Lock number of 10.
Hence, model blade coning angles were lower than full-scale coning angles.
However, the use of such rotor blades permitted concentration on the
aerodynamic, rether than aeroelastic, aspects of rotor hover performance.
The blade pearameters are summarized in Teble I.

 mBtE . mr m mm mmns B ]
Blade m@m‘ | Destan (1) irmi (2) Dtsiln (3) Dui.m (h)
T;n;l\nt Ol(dgd 0 -8 -16 -8
Aspect Ratio, AR 18.2 18.2 18.2 13.6
| Radius, R (in.) 26.75 26.75 26.75 26.75
| thord, ¢ (in.) 1.7 1.L7 1.47 1.96
| atrfoil Jection (RACA) 0012 0012 0012 0012
| Root Cutout {fR) 14.8 16.8 .8 1.8
*lapping Minge Offset (4R) 6.8 6.8 6.8 6.8




The second set of blades listed in Table I (9, = -8 deg, AR = 18.2) vas
constructed and performance-tested by United Aircraft prior to this
investigation. At the time of this investigation, four of these blades
were available in their original form and eight were availabie in a
modified form. The modification consisted of the adaption of a plastic
tip section to the outer 12% of the blade. This tip section was nominally
identical in shape to the removed aluminum-balsa section. The plastic tip
blades were used in this investigation to obtain ground-effect and flow
visualization results for the six- and eight-blade configurations of this
particular bdlade design. Other performmnce results for this desigr are
included from the United Aireraft investigation mentioned above., The
blades corresponding to the three other bdlade designs were fabricated
specifically for this investigation.

EBach rotor blade design was tested with the following numbers of
blades and rotor solidity ratios:

Number of Blades, b
2 & 6 8

Rotor Solidity Ratio, o(Designs (1)-(3)) 0.035 0.070 0.105 0.1k0
Rotor Solidity Ratic, o (Design (4)) 0.0467 0.0933 0.1%0 0,1867

TEST FROCEDURES

Calibraticn

Prior to testing, the thrust and torque instrusentation vas
calibrated. The thrust load cell was calidbrated on the test rig dy
hanging weights from the rotor shaft. [he rig vas calibrated in tarque
by suspending weights through a known moment arm. The thrust and torque
calibtration derivatives vere determined directly in strein gage units
per pound (SGUS/1b) and strain gege units per foot-pound (SGUS/ft-1b),
respectively.

A dowel pin, mounted perpendicular to an arm extanding from the root
of the blade along the blade chord (see Figure b), vas used to menually
set collective pitch angle relative to a flat on the blade retention
fitting (attachod to the hub). For each blade, the distance from the pin
to the flat, measured by msans of & depth sicrcamter, vas calidbreted with
respect to the collactive pitch angls at the thres-quartsr radius. Blade
tracking was checked by ocbssrvetion of the blade tips through s transit,




with lighting supplied by a Strobotac triggered at a specified number of
flashes per rotor revolution. In this manner, several blades were
observed at once, and their tip positions were compared,

To calibrate the flow visualization photographs and to minimize
errors due to camera angle and lens distortion, & planar grid indicating
24, increments of the rotor redius (0.475 in.) was placed in the plane of
the smoke (reference plane) and photographed prior to the test. Fhoto-
graphs of this grid system (Figure 6) were used in the comstructiom of a
grid template overlay for the reductionu of the flow visualization photo-
¢graphs to radial and axial wake coordinates. The blade szimuth posivion
vas calibrated for each rpm by calculating the dslay time butween the
passage of a reference dlade through the reference plane and the passage
of a single gear tooth mounted on the rotor sLaft.

Test Parameters

Systematic data were obtained to measure the effect of the following
parameters on rotor hover perfarmance and associated wake geometry
characteristics.

Nominal Test Values

ry Test Parameter

1. Woaber of Klades, b 2,4,6, 8

2. Blade linear twist, 9, 0, -8, -16 deg
3. Blade aspect ratio, AR 13.6 and 18.2

b. Rotor tip speed, fIR $25, 600, 700 fps
$. Collactive piteh, 075 0 to sax*

“Deternined Dy operating stall limita

Varistions in three of the above primary test paremsters were squivalent
to independent variations in three relsted parsmeters. That is, varie-
tions in number of blades were equivalent to veriations in rotor solidity,
as specified previously. Yaristions in rotor tip speed of 523, 600, and
700 fps vere equivalent to varistions in tip Mach number of 0.86, 0.525,
and 0.61, respectively. Finally, varistions in collective pitch were

used to produce varistions in rotor thrust level. BHominal collective
pitch settings of 0, 6, 8, 10, and 12 deg wers used vhenaver possidls.
Mditionsl valuss vere testad to provide wmore extensive data for some tast
ronfiguretions, particularly ia the stall region whers the saximum
collective pitch vas limitad at the highar tip speeds by an spparent stall
flutter,




Data regarding the effect of the parameters listed above were
obtained with rotors operating substantially out of grcund effect
{height above the ground plane equal to 3.5 rotor radii). 1In addition to
the out-of-ground-effect (OGE) conditions, a number of data points were
taken in ground effuct (IGE) and with a model whirl stand simulating the
Sikorsky Aircraft full-scale rotor whirl stand shown in Figure 7.

Test Configurations

The test parameter combinations (test configurations) that were
investigated are given in Table II. ’

TABIE II. TEST PARAMETER COMBINATIONS

Linear Rotor No. of [No. of
Twist  Aspect Rotor Height/ Mo. of Tip Collective
(deg) Ratio Condition Radius Blades Speeds Pitch Values

0 18.2 0GR 3.5 2,4,6,8 3 bl
*n
-8 18.2 oGz 3.5 2,868 3 5#
-16 18.2 o 35 2,4,6,8 3 5
!a 13.6 m 3.5 2,’3.6,8 3 5’
-8 18.2 168 1.67 2,4,6,8 3 1
-8 18.2 b (¢ 3 0.67, 6,8 3 2
1.0,1.33,
l l67 .2 ‘o
-8 18.2 whirl 1.67 2,4,6,8 3 1
Stand

fininun number .
*Ryrforsance results odtained from previous investigation.




Data Acquisition

The procedure for data acquisition fundamentally consisted of setting
the test configuration (collective pitch, ground plane position, and
number of blades) and then recording performance and waks geomstry data
at the required tip speeds. The ambient temperature and pressure in the
enclosed area vwere monitored and recorded during the test. The rotor
thrust and torque duta were obtained by manually recording the cuiputs of
the thrust and torque load cells on self-balancing potentiometers in
strain gage units (SAUS). Oscillations of the potentiomster readings as
high as 310 SGUS (20.03 1b) for thrust and 330 SGUS (20.2 ft-1b) were
observed for some test conditions. To obtain representative steady-state
values, average readings were recorded. Bach test condition was repeated
twice within a test run (a test run consisted of data recorded between the
starting and stopping of the rotor rotation), and the results were
averaged. In saddition, most test conditions were repeated in two
consecutive runs. Many of the test conditions wvere alio repsated on
diffeorent dates to check the repeatadility of the data.

For zost rotor canfigurations, the maximum collective piteh at vhich
operation vas possible was limited by the occurrence of & rapid increase
in rotar noise as tip speed was increased bayond a certain level. A
strain gage to measura torsionnl response vaz placed at the root of the
blude and substantial increases in blade %orsional response were noted
under these conditions, and it vas inferred that a stall flutter boundary
s being peoetratad. Collective pitch (thrust level) at a given tip
spaed vas then limited by what will be descridbed as a stall flutter
boundary in tha discussion of results.

To obtain flow visualization data, smoks vas injected into the flow
by sovable saoks rekss located adbove and to doth sides of the rotar
(Figure 2). Ammonium sulphits smoke va: generated by aiting ssmonium gas
and sulphur diaxide gas from separats ports on sach smoks no2tle mounted
on the smoke rakei. Tha smoke rekss vers positioned by remots control %o
insure a clearly defined tip vortex. The vake patterns wers recorded on
fils vith resotely operated cameres. Illumination weasx provided for still
photographs by two wicroflazh units (time duration 0.9 microsecomd for
stop action) snd for high freme-speed movies by sixteen 350-watt flocd-
lights., & time-delay systam ve: used to trigger the cammre: amd micro-
flach ynits vhen the rotor waz et a desired azimuth postition. The delay
systen used & one/rev signel froe the rotor chaft as & reference, and the
delay tine (wsnuaily sdjusted) vas seesured on an elccironic counter.

For sach %est condition, TOwn photogrephs were Laken at preaselected
szinuth position: of e reference blade vith respect tc the plane of the
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smoke, For example, for a two-bladed rotor, photographs were generally
taken at azimuth angics of O, 15, 30, 60, 90, 120, and 150 deg. For a
six-bladed rotor, asimuth angles were generally 0, 15, 30, and 45 deg.
Normally, two or three photographs were taken at each azimuth position.
Tvo cameras were used to obtain photographs of both the complete rotor-
wake system and close-up views of the right half of the rotor-wake system.
To supplemsnt these still photographs, high frame-spsed movies

(2000 frames/sec) were taken at selected conditions.

DATA_REDUCTION

Performance Data

Thrust and torque measurements (in SGUB) were conve:led to thrust (1b)
and torque (ft-1b), thrust ccefficient (Cy) and torque coefficient (Cq),
end thrust coefficient-solidity ratio (Cy/c) and torque coefficient-
solidity ratio (Cq/0) values for all test conditions., The air density (P)
used in nondimensionalizing the data was calculated for each test condi-
tion, based on the recorded temperature and pressure readings.

Tiov Visualisation Date

To introduce the procedures used in reducing the flow visuslisation
data, & drief discussion of the fundamental charscteristics of the hover-
ing rotor wake avd the interpretation of these charecteristics from smoke
photographs is presented. A schematic of th: waka from one blade,
reproduced directly from Gray's intsrpretation in Reference 3, is showm in
Figure 8. ‘be wake containi two primary components. The first, and sost
prominenc, is the strong tip vortex wvhich arises fram the repid rolling
up of the portion of the vartex sheet shed from the tip region of the
blade. The mcond feature iz the vortex sheet shed from the inboard
section of the blade. This sheet doas not roll up dut gemerelly remmins
in the fore of distriduted vorticity. The wertical or axial trsnsport
velocity near the ocuter end of the inboard vartex sheet is much greater
than that of the tip vortax. The vertical wvelocity of the indoard sheet
also increases vith radiel positiom, resulting in a substantially linear
cross section of (e iaboard sheet at eny specific azimuth position as
shown in Figures 9 and 10. These cherssteristics result directly from
the velocities induced by the strong tip vortax. Although the redial
extent of the vortax sheet is depicted in Figure B as enling edruptly, it
prodebly retaing some conpactiocn vith the tip vortex. The exact smture
of this connection, hovever, has been $ifficult to distinguish ia flow
viswalization studies. In eddition to the wake structuie shown in
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Figure 8 for one blade, similar wake structures for other blades also
exist, with the aggregate forming the complete wake representation.

The schematic in Figure 8 is representative of the three-dimensional
wake pattern which would be observed if smoke were emitted from the blade
(i.e., in *he rotating system). To take advantage of the cymmetrical
nature of the wake of a hovering rotor as well as to facilitate the
acquisition of quantitative data, the wake for this investigation was
observed by emitting smoke externally from the blades (i.e., in the
nonrotating system). Smoke was emitted from smoke rakes in a single plane
and the flow patterns were photographed, as shown for the two-bladed rotor
in Figure 9. In this manner, a two-dimensional cross section of the wake
was recorded. The cross sections of the tip vortices appear as circles
in which the central regions are clear of smoke due to the local centrif-
ugal field which forces the smoke particles radially outward. The center
of the circular cross sections are interpreted as the centers of the
vortex core. The vortex sheet cross sections are indicated by the
discontinuities present in the smoke filaments passing through the inner
region of the rotor wake.

The photographic wake data were analyzed for selected test conditioms
to determine the principal wake geometry characteristics. The conditions
were selected so as to permit assessment of the effects of the primary
test parameters. Radial and axial wake coordinates were determined from
the photographs as functions of the wake azimuth angle (¥,), which is
equivalent to the blade azimuth travel ( ¥ =Qt) from the time it
generates the vortex cross secticn. For example, on the right side of
Figure 9, the uppermost tip vortex and vortex sheet cross section were
shed by blade 2, which has travelled 180 deg from the time it passed
through the plane of smoke on the right side (reference side). The
following tip vortex and vortex sheet cross section were shed by blade 1
the previous time it passed through the reference side of the smoke plane,
and thus the wake azimuth angle for these cross sections is 360 deg.
Likewise, the azimuth angle of the third cross section, shed by blade 2,
is 540 deg. It should be noted that the cross sections in the visible
wake near the rotor remain approximately in the same plane (rotor wake
tangential velocities are small). The azimuth angle, ¢&, was used as the
third coordinate in the wake geometry analysis. In Figure 10, a schematic
of the wake of Figure 9 and the wake coordinate system is presented. For
a stable, hovering rotor wake, the radial and axial coordinates at a
given azimuth angle are equivalent for each blade due to symmetry. Thus
the complete coordinate system of the wake for a given test condition was
determined by the following procedure.

10



A transparent grid template was constructed from the photograph of
the reference grid shown in Figure 6. With the grid template as an over-
lay, the radial and axial coordinates of the wake from several blades in
a single photograph were determined along with the corresponding wake
azimuth coordinates. This was repeated for a sequence of photographs
taken with the rotor at a series of prescribed rotational positions. A
sample sequence is presented in Figure 11, in which the rotor rotational
positions are designated by the azimuth position,‘h, of the blade which
most recently passed through the reference plane containing the smoke.
Considering the known azimuth positions of the reference blade and
relating each vortex cross section to the appropriate blade, the radial
and axial coordinates were obtained from the photographs in Figure 11 for
the following wake azimuth angles:

Reference Blade Wake Azimuth,
Azimuth, ¥, deg Yy , deg
0 0,180,360,540
15 15,195,375,555
30 30,210,390,570
60 60,240,420,600
90 90,270,450,630
120 120,300,480,660
150 150,330,510

The coordinate results from the series of photographs were then plotted
as functions of ‘I’w as shcwn in Figures 12 and 13. To facilitate the
comparison of wake geometries from varying rotors and test conditions, the
radial and axial coordinates were nondimensionalized by the rotor radius,
and differences in axial coordinates due to blade coning were eliminated
by using the blade tip as the reference (Zp instead of Z). The range of
wake azimuth angles for which data could be acquired was limited by the
visibility of the smoke. TFor example, for two- and four-bladed rotors,
generally only 1 to 2 tip vortex revolutions per blade, were visible.

For six- and eight-~bladed rotors, less than one revolution from each blade
was visible. However, it will be shown that rotor performence is mainly
sensitive to this near wake geometry and insensitive to reasonable extra-
polations of this geometry made to define the far wake. Thus, knowledge
of the exact positioning of the far wake elements is not essential to the
objJectives of the rotor performance portion of this study.
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Since the cross sections of the vortex sheet from each blade are
essentially lines rather than discrete points, ac is the case for the tip
vortex cross sections, the following procedure for transforming the
photographic data for the vortex sheets to coordinate form was found to
be convenient. Assuming the vortex sheet cross sections to be linear,
the axial position of a vortex sheet at a given azimuth can be defined by
two points. For simplicity, the two points selected were the imaginary
extensions of the cross section to T = O at one end and to ¥ = 1.0 at the
other end, as shown in Figures 10 and 13. These two points establish the
intercept at the axis of rotation and the slope of the vortex sheet.
Using this procedure, it is unnecessary to reduce, for each smoke filament,
the coordinates of their intercepts with the vortex sheet cross sections
if the following assumption is made. It was assumed that the radial
position of such intercepts (e.g., point A of Figure 10) is linearly
proportional to the radial coordinate of the intersection of the vortex
sheet with the vortex sheet boundary (point B). With the exception of
the immediate vicinity of the blade (¥, <2m/b), the vortex sheet boundary
was assumed to be equivalent to the boundary formed by the locus centers
of the tip vortex cross sections (equivalently, tip vortex streamline),
For ¢w less than the blade spacing, 2m/b, the boundary was faired from
the point of maximum circulation on the blade (point D of Figure 10) to
the tip vortex boundary. The constant of proportionality was assumed to
be the ratio of the radial position of the origination of the smoke
filament streamline at the blade (point C) to the radial position of the
vortex sheet boundary at the blade (point D). That is,

% - (%)’B (1)

It was found that this was a reasonable spproximation for use in the
theoretical wake model for rotor performance calculations to be presented
in a later section.

TEST DATA ACCURACY

Static data repeatability for thrust and torque was determined from
repeated calibrations of the strain gages macde while determining the
calibration derivatives discussed in the Test Procedures section. 'The
repeatability values, represented by two standard derivations, are
listed below:




Thrust, 1b Torque, ft-1b

Static Repeatability: $0.0087 10,1130

The dynamic date repeatability was established by considering the range

of Crp/o and CQ/a' measurements observed from consecutive test points at

a given tip speed for each test configuration., Normelly, four test

points were available from two consecutive runs between which the rotor was
stopped and restarted. The mean range was established and related to the
standard deviation using the procedures outlined by Hoel (Reference k4,

p. 241). The results obtained are given below.

b=2, p=8
Average QR=525 fps {IR=T00 fps

Dynsmic Date Repeatability, Cp/or  =0.0002%  20.000Mk4 20.00015
cQ/a £0,000022  #0.000045 $0.000012

By choosing consecutive test points in the above analysis, variations due
to differences incollective pitch setting were eliminated. These
differences were significant, as will be shown in the presentation of the

performance data. However, they did not significantly influence the rotor
thrust - torque relationship.

The estimated accuracies with which the parameters determining a
given test condition could be set are as follows:

Parameter Accuracy
Collective Pitch, 675 ¥0.2 deg
Tip Speed, (IR 11 fps
Rotor Height, Zu/R Z0.03 R

The estimated accuracy and repeatability of the tip vortex
coordinates are listed below.

Wake Coordinate Accuracy Repeatability

Azimuth, ¥, 33 deg --

Radial, ¥ %0.005 ~%0.01

Axial, Z %0.005 ~ ¥0.01
13




The accuracy of the radial and axial coordinate represents the degree
of accuracy to which coordinates of a wake voint could be measured from
the grid system used. The repeatability represents the normal repeat-
ability of a wake point in a series of photographs taken during a single
test condition (e.g., see Figure 12), This repeatability pertains only
to the tip vortex in the near wake region of the rotor (to be discussed
later'., TFigure 14 shows the repeatability of the tip vortex coordinates
for a test condition as repeated on three different dates.

DISCUSSION OF EXPERIMENTAL ROTOR PERFORMANCE RESULTS

The rotor performance test data were transformed to graphical form
for the various combinations of number of blades (solidity), blade twist,
aspect ratio, tip speed, and simulated ground height. The resultiing
graphs were analyzed to assess the sepsrate influence of each of these
parameters on model rotor hover performance. The performance character-
istics of the model rotors are presented in nondimensional form in
Figures 15 through 18 for each combination of blade twist and aspect
ratio tested, This series of graphs, which contains data for out-of-
ground-effect operation (Zg/R = 3.5), also includes results for various
tip speeds.

Thrust (Collective Pitch) Limits

As noted previously, maximum thrust (collective pitch) was limited,
for each rotor configuration, by the rapid increase in noise level when
a specific tip speed was exceeded. Oscillograph records, displaying =
signal produced by torsional strain gages mounted at the root end of a
blade, were analyzed to determine the frequency of the blade torsional
response. The frequency (w = approximately 12 cycles per rotor revolu-
tion) was found to agree with both the measured acoustic frequency and an
estimate of the first natural frequency of thz blade in torsion when
nondimensionalized by (. Thus, it was concluded that the performance
boundary had the characteristics of incipient stall flutter. revious
stall flutter investigations (e.g., Reference 5) have shown that the
thrust boundary (hereafter referred to as the stall flutter boundary)
is lowered with an increase in the following parameter which is the
inverse of the reduced frequency parameter:

QR

STALL FLUTTER PARAMETER = o
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The test results indicated that the stall flutter boundaries were lowered
with increased tip speed, ()R, and decreased chord, ¢, indicating apparent
agreement with the above relation. The stall flutter boundaries were
also lowered with decreasing blade twist due to the earlier stall of the
blade tip section.

Effect of Collective Pitch

The results of Figures 15 to 18 are presented in terms of rotor
thrust versus rotor torque to minimize scatter introduced by the accuracy
with which collective piteh, 075, could be set. Nominal values of
constant collective pitech are, however, indicated by the dashed lines in
each figure. In addition, representative variations of Cp/o and CQ/O'with

07 are presented in Figure 19 corresponding to the faired data presented
in Figure 17. As anticipated, rotor torque increases rapidly at the
higher collective pitch levels due to divergence of the airfoil drag
characteristics. However, no corresponding fall«off in thrust, an
indication of 1lift stall, is evident for the range of pitch values tested.

Effect of Solidity and Number of Blades

Rotor solidity was changed, for each blade design, by varying the
number of blades from 2 to 8 as indicated in Figures 15 through 18, Since
each of these figures represents rotors with fixed blade chord, radius,
and tip speed, Ct/o and Cq/a'are directly representative of thrust and
torque per blade (blade thrust and torque loading). Comparison of the
results for varying numbers of blades within each figure demonstrates the
improved blade efficiency (thrust/blade (Cp/o) per torque/blade (CQ/o?)
with decreasing solidity. The improved blade efficiency occurs for two
reasons. First, and most important, at a given blade loading, the fewer
the number of blades (or the smaller the solidity), the lower will be the
total thrust and disc loading of the rotor., As a result, the average
downwash (which is a measure of energy expended) induced by the rotor
wake will be lower and hence the blade induced drag will be less. A
secnnd smaller effect arises from the reduced local interference caused
by the tip vortex shed ty one blade on the loading of the following blade.
This will be discussed further in a later section of this report.

Although lower solidity at constant aspect ratio implies greater
blade efficiency, there is a limit to which it also implies greater rotor
efficiency. This is shown in Figure 20, in which the total rotor perfor-
mance coefficients (Cp and Cq) are presented for the blade design and tip
speed corresponding to Figure 16(a). Since the blade radius and tip speed
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are fixed in Figure 20, Cp and CQ are representative of total rotor thrust
and torque. Figure 20 shows that the rotor efficiency (rotor thrust per
rotor torque) is improved with lower solidity only up to a point which is
determined by blade stall considerations,

Effect of Aspect Ratio at Constant Solidity

Of particular interest to the rotor designer is the trade-off in
performance between chord and number of blades while maintaining ccratant
rotor solidity (total blade area and disc area held constant). The
experimental results comparing the hover performance for eight 18.2-
aspect-ratio blades (¢ = 1,47 in.) and six 13.6-aspect-ratio blades
(e = 1.96 in.) at a constant solidity of 0.140 are presented in Figure 21,
Over the thrust range tested (i.e., up to the stall flutter boundary),
the results are essentially equivalent for the two configurations. The
existence of the stall flutter boundary prohibited the investigation of
the trade-off of number of blades and chord at conditions associated with
deep penetration into stall. The eight narrow chord-blades exhibited
stall flutter at lower performance levels than the six wide-chord blades.
This implies that the aeroelastic, rather than the aerodynamic, character-
istics of the blades may ultimately be the determining factor in selecting
blade aspect ratio.

Effect of Blade Twist

The effect of blade linear twist rate on experimental model rotor
performance is shown in Figure 22 for two- and six-bladed rotors operating
at a tip speed of 700 fps. For clarity, only the faired curves through
the experimental data from Figures 15 to 17 are presented. An improvement
in performance is noted at the higher thrust levels as blade twist is
increased, For the six-bladed rotor most of the improvement is due to
the initial 8 degrees of twist. For the two-bladed, -16-degree-twist
rotor blades, the higher profile drag at low thrust and the improved
performance in the stall region result in & crossover in blade efficiency
relative to the blades of lower twist.

Effect of Tip Speed

The effect of variations in tip speed (from 525 to TOO fps) ot rotor
performance is shown in Figures 23 and 24. As in Figure 22, only the
faired experimental curves are presented. Performance results are pre-
sented for two- and six-bladed rotors with O and -16-degree-twist blades.
The influence of compressibility, which results in decreasing performance
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with increasing tip speed, is evident for all rotors. The influence is
less for the -l6-degree-twist blades because the high-Mach-number tip
sections are operating at lower angles of attack relative to the tip
sections of the zero-twist blades.

Ground Effect

The relative position of the rotor with respect to the ground was
varied by raising or lowering the ground plane. The rotor configuration
and collective pitch setting were held fixed during a series of simulated
rotor height variations. The effect of rotor height above ground (ground
effect) on rotor performance coefficients is shown in Figure 25 for six-
and eight-bladed rotors with a -8-degree twist and an aspect ratio of
18.2. Data are presented for variations in rotor height from 3.5 R, which
is essentially out of ground effect (OGE), to 0.67 R, which is well in
ground effect (IGE). The OGE data differs slightly from that presented
previously because the plastic tip blades were used for this series of
data; however, this should have no effect on the relative performance
between the IGE and OGE conditions. It is shown in Figure 25 that the
variation of thrust with torque is essentially linear as rotor height is
varied. Thrust augmentation, which is defined as the increase in rotor
thrust at cor.stant torque for IGE operation over that for OGE operation,
was obtained using the following relation:

Tice _ [(CT/ O)ree

o
ok (CT/°q°°£]cousannt co/o

The thrust augmentation results are presented in Figure 26, where it is
shown that the effect of rotor height is virtually independent of both
variations in solidity corresponding to six and eight blades and
variations in OGE thrust level. The thrust at the minimum rotor height
tested was increased by approximetely 18% over the thrust for OGE opera-
tion. It should be noted that the results presented are for -8-degree
linear twist blades. The detailed investigation of ground effect was not
8 primary objective of this study and thus was not investigated for all
rotar configurations. Results of recent tests at UARL and Sikorsky
Aircraft indicate a varistion in thrust augmentation with blade twist.

In addition to the variation in rotor height discusced above, the -8-
degree-twist blades (AR = 18.2) were tested IGE in a manner to simulate
typical full-scale whirl-stand operation. For these conditions, the rotor
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was 1,67 R above the ground plane and was tested with and without the
presence of a model whirl stand (IGE and IGE/WS). The following tabula-
tion consists of representative averages of the thrust augmentation
results,

Thrust Augmentation Ratio, Tygp/Toge
Tip Speed No. of

(fps) Blades IGE IGE /WS
700 2, 6, 8 1,03 1.035
525 2, 6, 8 1.02 1.025

Although the scatter in the individual TIGE/TOGE results used in determin-
ing the above averages was approximately #1%, taken in aggregate, the

data indicated a slight increase in thrust augmentation due to the
presence of the whirl stand.

DISCUSSION OF EXPERIMENTAL ROTOR WAKE GECOMETRY RESULTS

Sample Photographs

In addition to the sequence of photographs previously presecated in
Figure 11 for a two-tladed rotor, similar sequences for four. six, and
eight blades are presented in Figures 27 through 29. These photographs,
for the zero twist rotor operating at a tip speed of 700 fus and a
collective pitech setting of 8 degrees, show the time histcry of the wake
as the reference blade rotates to various azimuth positions. The tip
vortex cross sections in the "near wake" (portion of wake within one or
two wake revolutions beneath the rotor) are clearly evident, as are the
discontinuities in the inboard smoke filaments which identify the inboard
vortex sheet locations. Also evident are the rapid contraction of the
wake and the decreased axial wake spacing with increasing number of
blades.

A characteristic of all the photographs taken during this investiga-
tion is the absence of the tip vortex cross sections beyond those
corresponding to approximately three to four blade passages. That is, no
more than four vortex cross sections normally appear clearly on any
given photograph. Thus, the limitiug szimuth for visuslization of the tip
vortex varied with number of blades according to the following:
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Azimuth Spacing Approximate Azimuth Limit

Between Blades (Azimuth Spacing x &4)
No. of Blades (iteg) (deg)
2 180 720
4 90 360
) 60 2Lko
8 45 180

At first it was believed that the tip vortex cross sections became
indistinguishable due to diffusion of the smoke by turbulent wdxing as
mentioned by Gilmore in Reference 6. However, close scrutiny of the
photographs and high-frame-speed movies 1esulted in the conclusion that
the far-wake region of a hovering rotor is unzatable or, at bvest, neutrally
stuble, Whether the tip vortex undergoes a form of viscous dissipation
(decay) or vortex breakdown (bursting) as characterized by certain fixed
wing tip vortices (Reference 7) is conjecture at this time. However, the
results of this investigation indicate a definite departure from the
classical concept of a smoothly contracting wake below the rotor.
Evidence of this is shown in Figure 11, in which the fourth vortex cross
section proceeds to travel radially outward (note particularly the
photographs for ¥ = 90 and 120 deg) until it is no longer visible at

¥ = 150 deg. Perhaps a w-re dramatic example of the instability is
presented in the series of Figu.2 30, in which the fourth vortex cross
section moves radially cut and eventually to the side of the third.
Although it is recognized that a small perturbation such as a small
amount of ambient wind or a slight blade-out-of-track may be necessary to
precipitate the instadility, this is believed to be an academic consider-
ation since full-scale rotor operation is certainly subject to greater
disturbances than those present under the laboratory conditions of this
investigation. More photographic examples and a more complete discussion
of the unstadble nature of the far wake will be presented in a later
section of this report.

Sample enlarged photographs for combinations of rotor configurations
and test conditions representative of varistions of the
primary test parameters are presented in Pigures 31 through L0. Three
photographs for IGE and whirl-stand conditions are also included. Single
photographs for sach configuration and condition are shown with the
reference blade at the zero atimuth position. MNote that the top tip
vortex cross section in each photograph corresponds to the tip vortex ahed
from the previous dlade. A time exposure (Figure 32) of the weke is
included to show the streamline pattarns of the smoke filaments. Note that
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this photograph is for the same condition as one of the previous stop-
action photographs yresented in Figure 31, Sample photographs for the
rotor in a simulated whirl-stand enviromment and IGE are presented in
Figures 38 through 40. The radial expansior of the wake as it approaches
the ground plane is evident in these latter photographs. One of the
obgservations made during review of these and other photographic data was
that the tip vortex never passed above the blades.* Photographic
evidence of the location of the tip vortex of a full-scale rotor above the
plane of rotation was shown in Reference 1, where it was attributed to a
small amount of wind. The absence of this phenomenon in the model tests
is ascribed to the controlled laboratory conditiims. The wake character-
istics observed in the flow vigualization photographs are discussed in
more detail in the following section.

Tip Vortex Coordinates

3ample results obtained from the reduction of the flow visuslization
photographs to coordiinate form, are presented in Figures L1 through 52
for the tip voartex. Note that in order to pmesent the axial and radial
coordinates on the same scale, and since the experimental tip vartices
were always located belovw the rotor tip path plane, the negative of the
axial coordinate vitn respect to the blade tip (-Ip) vas plotted. The
symbols at a specific azimuth represent an average of all the data
reduced from multiple photographs for a given rotor operating condition.
The repeatability of the radial and axial coordinates was generslly
within 70.01 R in the stable near-vake region. The flight conditions far
vhich dats are presented vere selected from over 70 analyzed conditions
to provide typical results indicating the effect of independent variation:
of the primary test parameters. Since the data in Pigures Ul through 52
correspond to specific teszt points, it is suggested that they de used
only to exemplify trends dut not for final wvake generalizaticn purposes.
Gensralized plots based on data from all reduced te~i comditicns will de
presented in a later section.

*In some of the photograph: showing the time history of the wake {e.g.,
Figures 27 and 28), a tip vortax cross section appears %o be above the
blada. This is attriduted to the vieving sngle Of the camre which was
placed densath the rotor plane. Since the blades in these photogrephs
wove out of the plane of the smoke, their position is distorted relative
to the waks crods ssctioas in that piaoe.
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General Wake Features

Several general features of the tip vortex gecmetry are evident in
Figures 41 through 52. When an element of the tip vortex is shed from a
blade, its rate of axial displacement is very low until it passes beneath
the following blade (at ¥, = 360 deg/b). At that point, the tip vortex
ziement lies radially inboard of the tip vortex of the following blade
and thus experiences a large downward induced velocity from that vortex.
The axial transport velocities before and after the passage of the
following blade are fairly constant in the near wake, as can be seen from
the substantially linear variations of the axial displacement, Zp, with
wske azimuth angle in these regions. The radial displacement, ¥, of the
tip vortex decays in an apparently exponential manner as the wake azimuth
is increased. The fairings of the data in the figures are based on these
general wake characteristics.

Effect of Thrust Level (Collective Pitch) for Fixed Number of Biades

The tip vortex coordinates for a two-bladed rotor operating at three
thrust levels corresponding to three collective pitch values are shown in
Figure 41. - Figure L2 shows the coordinates for a six-bladed rotor for a
similar variation. The axial displacement and radial contraction of the
tip vortex is shown to increase with increasing thrust level. It should
be noted that this result differs from the generalized wake model
assumed by Rorke and Wells (Reference 8), which was based on limited
experimental data.

Effect of Number of Blades at Constant Blade lLoading

The effect on tip vortex geometry of varying the number of blades
while holding the blade loading (or Cp/o-) constant is shown in Figure 43
for the zero-degree-twist rotor. The rates of axial displacement for
the two~ and six-bladed rotors are equal up to the azimuth position
corresponding to that of the following blade. Beyond this point the tip
vortex of the six-bladed rotor, which has a greater total thrust, travels
downward at a faster rate. The radial contraction for the six-bladed
rotor is also greater than that of the two-bladed rotor. Similar results
are shown in Figure L4 for a -8-degree-twist rotor.
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Effect of Number of Blades at Constant Dicc Loading

The effect on tip vortex geometry of varying the number of blades
while holding the rotor disc loading (or Cp) constant is shown in Figure
45. The rate of axial displacement is greater for the two-bladed rotor,
which has the greater blade loading, up to the azimuth position corre-
sponding to the following blade. Beyond this point the displacement rates
are equivalent. Also, the radial coordinates are equivalent at constant
disc loading.

Effect of Blade Twist

decreases with increasing twist rate -- particularly between -8%and -16
degrees. Similar results are shown in Figure U7 for a six-bladed rotor.

Effect of Aspect Ratio at Consiant Solidity

The =ffect of espect ratio on tip vortex geometry is shown in
Figure 48, in which the data “or six wide-chord blades are compared at a
constant thrust level with the data for eight narrow-chord blades having
the same solidity ratio. The radial coordinates and the axial displace~
ment rates are approximetely equivalent. The axial displacement after
the following blade passes is greater for the high-aspect-ratio rotor
due t~ the lesser blade spacing of the eight-bladed rotor.

Effec. .. Tip Speed

Tip vortex geometry is shown in Figures 49 and 50 to be independent
of tip speed. Data for two- and six-bladed rotors are presented for tip
speeds of 525, 600, and 7CO fps, which, as previously mentioned,
correspond to the tip Mach number range of 0.46 to 0.61.

Effect of Ground and Whirl Stand

Tre effect of the simulated ground and whirl stand on tip vortex
geometry is shown in Figures 51 and 52 for two- and six-bladed rotors.
For each rotor, the collective pitch setting was held constant, and the
ground plane position was changed from the OGE to the IGE position and
the whirl-stand model inserted. As shown in these figures, the axial
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displacement of the tip vortex is not sensitive to the whirl stand and
corresponding ground plane position (2g/R = 1.67). Conflicting results
were obtained for the radial coordinates of the two- and six-blade tip
vortices. For the two-bladed rotor, the presence of the ground or ground
and whirl stand resulted in an expansion of the tip vortex boundary
(Figure 51). However, no difference was evident for the six-bladed rotor
(Figure 52). It is noted that these IGE results are based on a limited
amount of data, and further investigation is recommended. Also, the rotor
height above ground for the simulated whirl-stand condition does not
correspond to what would be considered a severe ground effect condition
(see .Figure 26). Investigation of the effect of ground height on wake
geometry was beyond the scope of this program.

o
Genera¥®ed Tip Vortex Geometry Results

-~

It h&s been shown in the preceding section that the tip vortex flow
visualization data can be well represented by a series of straight lines
for the axial coordinate and by an exponential function for the radial
coordinate. The parameters defining these curves were determined for all
conditions that were reduced and cross plotted in an attempt to generalize
the tip vortex geometry in terms of fundamental rotor parameters. The
procedures followed and results obtained are described below. It is
recognized that some of the conclusions reached in interpreting these data
depend on the manner in which the data are faired. The fairings used
represent our interpretation of the data and are believed to be consistent
and reasonable, taking into consideration, as they do, all of the data
.ilabe for the different blade designs.

Tip Vortex Axial Coordinate

All axial coordinate data, including those of Figures 41 through 52,
have been approximated by the following relations:
ky yw for O< ‘ow 257—7.
z (2)
(1)o7 + Kz (b= ET) for ww2 BT
W:p b W= b

Ny
—
)

The constants k; and kp are defined as follows:
Az, i vV, - 1g
Ay, QR Npw

for k : Ay = S

for kp: Ay = Yy~ “blr'
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k, applies prior to the azimuth position of the following blade (27/b) and
k, applies thereafter. It is shown in the above equation that k; and k,
alsorepresent (1) the axial transport velocity of the tip vortex, v,,
nondimensionalized by the rotor tip speed and (2) the tangent of the local
pitch angle of the contracted helix () of the tip vortex. k; and ko
values were determined by linear fairings through the axial coordinate
data as previously shown in Figurec 41 through 52.

It was indicated in Figures 42 and 43 that for a given blade design,
k) may be uniquely determined by blade loading (or more precisely, CTﬁv).
Thus, the variation cf k] with the parameter CT/O'was plotted and is
presented in Figure 53. Data for all numbers of blades and tip speeds of
the test are included for each of the four blade designs (twist, aspect
ratio combinaticns). The feirings of the data which eliminate differences
due to number of blades and tip speed are believed to be justified in
light of the experimental accuracy of the flow visualization data. If
the repeatability ofHAzT in the k; region and for a given test condition
is 20.015 (see Figure 14), the following accuracy of k) results from
Equation (2) for rotors of varying numbers of blades:

No. of Blades Accuracy of kj

%0.005
$0.010
¥0.014
¥0.019

O ONF N

Essentially all of the data points in Figure 53 lie within the accuracy
range of the faired lines. It is possible that the consistency of the
separation of the data for six and eight blades, -8-degree twist, and
an aspect ratio of 18.2 from the faired line may be attributable to the
use of the plastic tip blades for these rotor configurations. Based on
the faired lines, the following is concluded regarding the k; wake
parameters for the tip vortex:

1. kj increases linearly with blade loading {or Cp/0).
2. At a given CT/og ky is independent of tip speed.

3. At a given Cp/o, k; is independent of number of blades - at
least within the range of experimental accuracy of this
investigation,
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The rate of k, with respect to CT/o-is independent of blade
twist and aspect ratio (slopes of ky vs CT/a are essentially
constant in Figure 53).

5. At e given Cp/o, k) increases with blade twist rate.

6. At a given Cp/o, k is independent of aspect ratio.

It is noted that conclusions 5 and 6 are qualified by the fact that the
variations of the fairings are within the experimental accuracy.

It was indicated in Figure 44 that for a given blade design, k, may
be uniquely determined by rotor thrust coefficient. Thus, the variation
of ko with the parameter Cp was determined, and the results are presented
in Figures 5S4 through 57. Data for all numbers of bladec and tip speeds
of the test are included. C(onsidering the experimental accuracy, it was
again possible, for each blade design, to determine a single fairing
which eliminates differences due to number of blades and tip speed. I%
vas found that the ko data could be faired in direct proportion to the
\/CT/2. This enables the axial displacement velocity of the tip vortex
in the ko region to be directly related tc the momentum inflow velocity
as follows:

kZ =C CT/?.
vz = R ka =R C CT/2 = CVZMOM

The proportionality constant, C, varied from -1.41 to -1.19 with increas-

ing twist (O to -16 deg), and was not affected by variations in aspect
ratio., Based on the faired curves, the following is concluded regarding

the ko wake parameter for the tip vortex in the stable wake region:

l. ko is linearly proportional to-\j CT/2. This implies that the
exial displacement velocity of the tip vertex is linearly
proportional to the momentum inflow velocity.

2. For a fixed Cp (cr disc loading), ko is independent of tip
speed and number of blades.

3. The constant of porportionality between ko and thewJE;72 (or
between v, and v, .,) decreases with increasing blade twist
but is independengogf blade aspect ratio, being given by the
expression C = -1.41 - 0.0141 4, (deg).
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Tip Vortex Radial Coordinate

It was indicated in Figure Lk that the tip vortex radial coordinate,
¥, may be uniquely determined by rotor thrust coefficient. Thus the
variation of the radial coordinates with Cp at selected azimuth positions
was determined, and the results are presented in Figures 58 through 61.
The data symbols in these figures represent the mean of all available data
points reduced at a given azimuth for a specific rotor configuration and
test condition. Data for all numbers of blades and tip speeds are
included, and, again, it was possible to represent the data with faired
lines which eliminate differences due to number of blades and tip speed.
The faired lines shown for a given azimuth are identical for each blade
design, indicating that the radial coordinates are also insensitive to
twist and aspect ratio variations at a constant Cr. For a given azimuth,
the radial coordinate decreases linearly with increasing Cp. Further
analysis of the faired lines shown in Figures 58 through 61 indicated that
they could be accurately represented by the following equation:

F=a+(i-A)e Ww (3)

provided that the constant A was selected as 0.78 and that the constant A
was determined from the function of rotor thrust coefficient given in
Figure 62, The values of A and A were selected to fit the near wake
radial coordinates.

In summary, then, the following is concluded regarding the radial
coordinates of the tip vortex in the stable wake region:

1. PFor a given azimuth, the radial coordinates are linearly
proportional to disc loading (or CT) and decrease with
increasing disc loading.

2. TFor a fixed disc loading (or C7), the radial coordinates are
independent of tip speed, number of blades, blade twist, and
aspect ratio.

3. The radial coordinates (near wake) are accurately represented

by the equation _ "
r =078 + 022e "W

where A is a function of Cp alone and is given in Figure 62.
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Vortex Sheet Axial Coordinates

As discussed in the subsection entitled Flow Visualiation Data, it
was convenient to approximate the cross sections of the vortex sheet shed
by the inboard portions of the blades as varying linearly with T. These
linear approximations are extended (as in Figure 10) at both ends until
they intercept the axis of rotation (¥ = 0) or an imaginary cylinder of
radius ¥ = 1. The axial coordinates of the intercepts were found to
be approximated well by the following equations:

X (K|F=|)‘4’w for o<y, < _?.b_'rr

Erky = H(4)

N (5)
(K2i=o)(‘l’w' I%) for y,2 &

The fairings through the data shown in Figure 13 are based on these
equations. Although better fits to the data for r = O could be obtained
for individual conditions, the parameters used in Equation (5) above
appeared to give the best overall fit to the ¥ = O data for the conditions
aralyzed. Further refinements were not considered valid in view of the
scatter present.

ZT=0

\

An atteapt was made to express the constants appearing in Equations
() and (5) in terms of more fundamental rotor parameters, as was done
for the tip vortex coordinates. Analysis of the results indicated that
reasonable correlation of the data with rotor thrust coefficient existed,

- as shown in Figures 63 through 65. There appeared *o be little measurable

effect of twist, aspect ratio, tip speed, or numbers of blades or the
outboard axial coordinate parameters, Kj- _, , and Kpo _ (Figures 63
and 64). However, some effect of twist was noted on the inboard axial
coordinate parameter, Ko _ or 88 shown in Figure 65. Although scatter

is present, the data of Figure 65 show a reasonably consistent trend of
increasing Koz _ o with increacing twist. This means that the axial
velocities of the air through the inner portion of the rotor increase
with twist. This appears to be reagonable since twist is used to increase
the loading and, hence, the circulation of the inboard blade sections.




With the axial locations of the inboard sheet cross sections
established (from Figures 63 through 65) together with the radial
coordinates of the tip vortex (from Figures 58 through 62 or Equation
(3)), the radial coordinates of the inboard vortex filaments can be
computed using Equation (1). This equation essentially assumes that the
contraction of the inboard vortex filaments (as measured along the sheet
cross section) is determined by the degree of contraction of the tip
vortex at the axial location where the inboard sheet extension intersects
the tip vortex trajectory.

Generalized Wake Equations

The generalized wake equations (applicable in the stable wake region)
are summarized below.

1. Tip Vortex Axial Coordinates: »
T
k, ¢y for o< Yys 5

it
; _2m 2m
(ZT)‘Vw‘ %7_,. + k, (‘»"w b ) Tor g, 2 b

ki = -025 (Cr/o + 0,001 614eq)

kg - (141 + 00141 e,deg) /2

~=(1+ 00l /
( e'deq) Cr
2. Tip Vortex Radial Coordinates:
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K27.0 = —l-zd:—g (0.45 e,deg + IB) /Cy/2

4, Vortex Sheet Radial Coordinates:
(see Equation (1))

It is recognized that some of the above equations and constants for the
wake parameters depend on the manner in which the data is faired. The
feirings used represent our interpretation of the data and are believed
to be consistent and reasonable, taking into consideration, as they do,
all of the data available for the different blade designs. However, it
will be shown that the analytical rotor performance results are very
sensitive to wake geometry. In view of this sensitivity, small systematic
refinements to the fairings and thus the above wake constants may be
required if consistently accurate performance predictions are to be
achieved,

COMPARISONS OF TIP VORTEX GEOMETRY WITH OTHER SQURCES

The model rotor tip vortex geometry was compared with available data
from other sources to investigate the consistency between data obtained
on different rotors, on different test stands, and by different personnel.
The available data was found to be quite limited in that no one had
previously conducted a test program such as the cne described herein, in
which wake geometry was obtained from systematic variations of the blade
design and operating parameters.

One of the most important considerations concerning model rotor wake
geocmetry is whether it agrees with that of full-scale rotors. Tip vortex
gecmetry obtained from the model rotor tert was compared with limited
fullscale CH-53A data measured on the Sikorsky whirl stand as presented
by Clark and Leiper in Reference 9. A comparison of the model and full-
scale tip vortex coordinates is shown in Figure 66. The model coordinates
were obtained by extrapolating the genaralized model rotor wake to a
thrust coefficient of 0.0l. These coordinates are in good sgreemsnt with
the full-scale tip vortex coordinates. If this correletion is represen-
tative, it may De concluded that the generalized vake determined from
model testing is applicable to full-scale rotors. However, since it ¥ill
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THEORETICAL METHODS FOR PREDICTING HOVER PERFCRMANCE

A principal objective of this investigation was to evaluate the
accuracy of certain theoretical methods, including several developed at
UARL, for predicting rotor hover performance -- particularly as affected
by assumptions made regarding rotor wake geometry. The methods considered
in this study are listed below.

l. Blade Element - Momentum Analysis

2. Goldstein~Lock Analysis ,
3. Prescribed Classical Wake Analysis

4. Prescribed Experimental Wake inalysis
5. Prescribed Theoretical Wake Analysis

Each method is described below with emphesis placed on the last three,

inasmuch as the first two methods have been in widespread use for many
years.

BLADE ELEMENT - MOMENTUM ANALYSIS

As described briefly in Reference 1, this analysis is based on the
assumption that the lift acting on an annulus of the rotor disc is equal
to the change in momentum of the air passing through that annulus. Each
annulus or, equivalently, each blade section is assumed to operate
independently of all other sections. The relations developed can be shown
(Heyson, Reference 15) to be equivalent to those obtained using vortex
theory in which the rotor is modeled by an infinite number of blades and
the vorticity deposited in the wake of the rotor forms a continuous
cylindrical vortex sheet having a diameter equal to the rotor diameter.
The equations relating local blade thrust and local induced velocity at
the disc are solved iteratively on a digital computer using appropriate
two-dimensinnal airfoil data to account for any stall or compressibility
effects that may be present. Losses due to flow around the tips of the
blades are accounted for by specifying a "tip loss factor", which assumes
complete loss of 1lift over a small, arbitrary percentage of the blade tip
region. As used herein, the parameters specified as input to the analysis
were rotor radius, solidity, tip speed, blade twist, collective pitch,
blade coning angle, air density, speed of sound, airfoil ¢, and cq date,
and tip loss factor (0.97).

31



THEORETICAL METHODS FOR PREDICTING HOVER PERFORMANCE

A principal objective of this investigation was to evaluate the
accuracy of certain theoretical methods, including several developed at
UARL, for predicting rotor hover performance -- particularly as affected
by assumptions made regarding rotor wake geometry. The methods consicdered
in this study are listed below.

1. Blade Element - Momentum Analysis

2. Goldstein-Lock Analysis

3. Prescribed Classical Wake Analysis

L, Prescribed Experimental Wake Analysie
5. Prescribed Theoretical Wake Analysis

Each method is described below with emphasis placed on the last three,

inasmuch as the first two methods have been in widespread use for many
years,

BLADE ELEMENT - MOMENTUM ANALYSIS

As described briefly in Reference 1, this analysis is based on the
assumption that the lift acting on an annulus of the rotor disc is equal
to the change in momentum of the air passing through that annulus. Bach
annulus or, equivalently, each blade section is assumed to operate
independently of all other sections. The relations developed can be shown
(Heyson, keference 15) to be egnuivalent to those obtained using vortex
theory in which the rotor is modeled by an infinite nuzber of blades and
the vorticity deposited in the wake of the rotor forms a continuous
cylindrical vortex sheet having s Jdiameter equal to the rotor diamster.
The equations relating locz) blade thrust and local induced velocity at
the disc are solved iteratively on a digital computer using appropriste
tvo-dimensional airfoil data to account for any stall or compressidility
effects that may de present. Losazes due to flow around the tips of the
blades are accounted for by specifying a "tip loss fuctor”, which assumes
complete loas of 1ift over a smsll, arditrary percentage of the dlade tip
region. As used herein, the parematers zpecified us input to the anslysis
vere rotor radius, solidity, tip speed, blade twist, collective pitch,
blade coning angle, air density, speed of sound, afrfoil ¢; emd cq data,
and tip loss fector (0.97).
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In summary, the Blade Element ~ Momentum Analysis neglects efiects
due to the finite number of blades as well as those related to wake
contraction.

GOLDSTEIN-LOCK ANALYSIS

This analysis is effectively the rctary-wing equivalent of the
classical lifting-line analysis used successfully for fixed wings. The
analysis is based principally on the work of Goldstein (Reference 16),
who obtained a solution for the velocity potenti.l for the flow about an
axially transleting, doubly-infinite, rigid helicoidal surface. This
surface was shown by Betz (Reference 17) to represent the minimum energy
wake of a propeller (or rotor) having a finite number of blades. By
satisfying the flow bcundary conditions on the helical surfaces
representing the wake, the optimum (or Goldstein) distribution of
circulation in the wake was obtained. (oldstein's results were applied by
Lock (Reference 18), who showed how the results could be used to design
a propeller, This was accomplished by assuming the propeller to be lightly
loaded so that the wake was essentially uncontracted, in which case the
circulation distribution in the wake can be related directly to the
circulation distribution on the blade. Through this assumption and the
use of the Goldstein velocity potential to define the induced velocities
at the plane of the propeller, the blade twist and chord distridutions ﬂ
necessary tc produce the Goldstein (optimum) circulation can be determined.

Lock also postulated techniques for handling the inverse problem, wherein
the blade geometry is defined and the circulation distribution and the '
associated propeller performance are required. Tnis situation arises,

for example, when one designs an optimum propeller for operation at a
specified design condition and then w'shes to know the performance of this
propeller at off-design operating conditions. In his approach, lock
assumed that the circulation at each blade section was part of a Goldstein
optimum circulation distribution but allowed the optimum distribution
associated with each section to be different. This implies a different
wake pitch angle variation with radius than would be the case for a blade
whose local circulation values formed part of the same optimum distribu-
tion. The resulting wake structure is, therefore, techunically inconsis-
tent with the optimum wake assumptious made by Goldstein; however,
reasonable answers are expected for conditions where large departures

from the Goldstein optimum circulation distribution are not involved.
Numerical implementation of the Goldstein-Lock methcd, which involves an
iteration at each blade section betwzen the local circulation and local
wake pitch angle, was accomplished using an existing computer program
provided by the Sikorsky Division.




In summary, the Goldstein-I.ock Analysis accounts for the finite
number of blades on a rotor (thereby eliminating the need for fictitious
tip loss factors) but still retains the assumptions that the blades are
lifting lines and that the wake is uncontracted (light loading).

UARL PRESCRIBED WAKE HOVER PERFORMANCE PROGRAM

The next three snalyses to be discussed all employ the UARL
Prescridbed Wake Hover Performance Program {or briefly, the Prescribed Wake
Program) for the solution of the blade circulation and inflow distribution
and the corresponding integrated rotor performance. C(omplete generality
(within the framework of the assumptions to be mentioned) regarding the
specification of the geometry of the wake was maintained in the computer 1
program. This generality permits the evaluation of a wide variety of wake
geometries such as a classical uncontracted wake geometry (hereafter
referred to as the classical wake), a realistin model of the experimental
wake, and a theoretically defined wake. The incorporation of these three
wake models in the Prescribed Wake Program results in the analyses 11 .ted
below:

1. Prescribed Classical Wake Analysis
2. Prescribed Experimental Wake Analysis
3. Prescribed Thecreticali Wake Analysis

These analyses are identical except for the representation of the wake.

A description of the wake model used in each will be presented in the
following sections. Other than assumptions regarding wake shape. the
following are the major assumptions that currently exist in the Prescribed
wake Program:

1. Each blade is represented by a lifting line (bound vortex)
divided into a finite number of segments (blade segments), each
having a different circulation strength. The aerodynamic
characteristics determined at the centers of each segment are
assumed to be representative of the entire segment.

2. The wake is represented by a firite number of vortex filaments
trailing from the blade segment boundaries. Each filament is
divided into straight segments, the lenzths of which are
determined by a specified wake azimuth interval, AW . The
circulation strength of each trailing voritex filament iz
constant alcrng its length and is equivalent to the lifference
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between the circulation values of its adjacent bound vortex
segmenrts in accordance with Helmholtz laws of conservation of
vorticity.

3. The blade and wake characteristics are assumed to be independent
of ezimuth position.

. The airflow at the blades is assumed to be two-dimensional
(radial induced velocity components are neglected). For the
rotor performance calculations, tabulated two~dimensional air-
foil data (c‘, cq, ) are provided which include compressibility
effects (Mach number variations). For the circulation calcula-
tions, a set of 1ift curve slopes and stall anglei’Pf attack
are provided which vary wlth Mach number.

5. Tangential induced velocity components are neglected.

O. Small-angle assumption. are .ncluded for the inflow angles in
the circulation solution.

7. ®ollowing the blade circulaticn and i.uflow solution, convention-
al strip theory is assumed applicable to compute the rotor
performance characteristics.

The method differs from that developed by Rorke and Wells (Reference 8)
in that the blade inflow distribution is determinel completely by the
induced effects of the wake (by application of the Biot-Savart law) as
opposed tn introducing approximate momentum considerations. A flow
diagram showing the reauired input, sequence of major operations, and out-
put of the program is presented in Figure 71. As indicated in this
figure, the program is divided into three independent parts. The first
transforms the wake geometry input tc wake coordinates. The second
contains the computation of the wake influence coefficients at the blade,
az Jefined by the Biot-Javart law, and the numerical procedures for
s0lving the circulation matrix and associated induced velocity distribu-
tion. In the third part, performance characteristics are computed. A
provision for automatic plotting of the wake filaments is included.
“ample computer plcts are shown in Figure 72 for a typical experimental
wake and a classical wake model. In the Prescribed Theoretical W'ke
Analy:zis, the tleoretical wake geomely is determined from a separate
program (Wake jeometry Program) and is used as input to the Prescribed
wake Irogram. The computer time required by the Prescrilbied Wake Program
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normally varies from approximately 15 seconds to 2 minutes (UNYVAC 1108
computer ) depending on the number of blades, number of wake elements, and
number of internal iterations required.

For all applications reported herein, the blade-wake model in the
Prescribed Wake Program was represented as follows:

Number of blade cegments 15
Number of wake filaments per blade 16
Number of wake revolutions 11
Wake azimuth increment 30 deg

The 15 blade segments were distributed such that 10 were spaced at 0.02 R
intervals over the outer 20% of the blade span. Wake revolutions beyond
the eleventh were found to have a negligible effect on rotor performance.

PRESCRIBED CLASSICAL WAKE ANALYSIS

This analysis is, in many respects, similar to the Goldstein-Lock
Analysis described above in that a finite number of blades is assumed,
each blade is represented by a lifting line, and an uncontracted wake
geometry is prescribed. The primary differences in the analyses are as
follows:

1. The helical sheets of vorticity representing the blade wakes are
approximated by a firite number of discrete trailing vortex
filaments to facilitete numerical solution (on a computer) of
basically the same equations which, for the optimum case,
Goldstein solved analytically. The availability of a unumerical
solution also permits a more direct solution of ths inverse
prcblem wherein the gecmetry of the rotor is specified as
opposed to the circulation distribution.

2. The wake geometry assumed in this version of the analysis
differs from that for the Goldstein optimum wake in that the
axial transport velocity ol each vcrtex element in the wake is
constant with radius and is equal to the momentum value.
Tangential transport velocities are assumed to be zero. For the
low helical wake pitch angles associated with helicopter rotor
disc loadings, the outer portion of the wake used approximates
the Goldstein wake,

A sample plot of the classical wake trajectory was presented in Figur~ T7?7.
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The operating conditions for which rotor performance was computed

using the Preccribed Classical Wake Analysis are listed in Table IIl.

. TASLE TIL. FRECCRIBED CLASSICAL WAKE CUIDITIONS Bl
Collective
Twist Aspect No. of Tip Speed Pitch
__Botor  (deg)  Ratlo  Blades (fps) (deg)
Model -8 18.2 2 700 6,810
Model -8 13.2 I 700 6,6,10
Model -8 18.2 6 700 6,8,10
Model -8 18.2 8 700 8,10
. Model -8 13.2 2 525 6,3,10
!
Model -8 18.2 6 525 6,8,10
| Model 0 18.2 2 700 6,8,10
Model 0 13.2 L 70C 6,8,10
Model 0 18.2 6 700 6,8,10,11
Mcdel 0 18.2 8 700 8,10
Model -10 18.2 2 700 6,8,10
! Model -16 13, ) 700 6,8,10
; Molel -3 13.7 2 700 »,8,10
| Morle ! -4 13.0 G 700 6,8,10
-1 -1 17. 0 713 7,9,11
o CHemiA - 1ol " ~a8 5,10,12 '
S - - By = == s et
A1 cndlition: iavestigated correszponl o CE operation.
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PRESCRIBED EXPERIMENTAL WAKE ANALYSIS

This anelysis differs from the previcus analyses in that a more
realistic, contracted wake geometry baced on experimental flow visualiza-
tion data is used as input to the Prescribed Wake Program. Rather than
input coordinates for each vortex element in the wake, Equations (1)
through (5) are used to define the wake and the ind!{vidual coordinates
are computed in the program. 1In this manner it is only neces-ary to input
the following wake constants and certain wake azimuth angles:

A,A, kl' k29 K]_i;_oy K2f=o’ Klf=l‘ K?I_'=l

The required wake azimuth angles are simply the junction angles that
bound the k] and kp regions. Use of the wake equations and the above
constants greatly simplifies the input recuirements while retaining
sufficient accuracy for the computation of induced velocities at the
rotcr blades.

Figure 72 indicates how the computer transform: the input wake
constants to coordinate fcrm and plots the resulting wake pattern. On
tne 1. ™ side of this figure are the top and side views of the computer
representation of a typical experimental wake. For clarity. only the
wakes from 1 blade and 12 vortex filaments are shown. For this test
condition, 5 cf the 16 vortex filaments over the outer 8% of the blade
were used to represent the tip vortex. The spanwise division between the
vortex sheet and tip vortex regiors is determined by tie requirement that
the vortex filament. grouped in the tip vortex have the same circulation
sense and one which is consistent with a negative derivative of the final
computed bound circulation distribution (-dI/d¥) over the tip region of
the blsde. This results in the radial location of the peak bound
circulation as the dividing point between the inboard sheet and tip vortex
portions of the wake, An iteration is built into the computer program Lo
insure this consistency. A progren refinement, included under this
contract, was a'. improvement of the wake geometry reprecentation through
incorporation of a provision for approximating the rolli-up of the tip
vortex filaments into a single filament. This was accomplished by
truncating the inner tip vortex filaments at an input azimuth (30 degrees
was used in this investigation) and assigning the experimental tip vortex
geometry and the combined circulaticn strength to the remaining filament
(Figure 7°). In addition, an improved representation of the vortex zheet




was included which allows the vortex sheet to extend to the tip vortex
boundary. Finally, a provision was included for irputting tip vortex
coordinates rather than using “he curve fit equations. if such a mode of
operation is desired. The far wake model was assumed to be & smoothly
contracting extension of the near wake as shown in Figure 72. The inclu-
sion of provisions accounting for the instability of the f'ar wake observed
in this investigation was beyond the scope of this 3tudy. The exact

natu.e of this instabilit -, and whether the unstable region is sufficiently
removed from the rotor so as not to affect rotor performence remains to be
investigated,

The operating conditions for which rotor performance was computed
using the Prescribed Experimental wWake Analysis are listed below.

TABIE IV. PRESCRIBED EXPERIMENTAL WAKE CONDITIONS
- Collective
Twist Aspect No. of Tip Speed Pitch
Rotor (deg) Racio Blades {fps) (deg)
Model -8 18.2 2 700 6,8,10
Model -8 18.2 6 700 6,8,10
Model -8 18.2 2 525 6,8,10
Model -8 18.2 6 525 6,8,10
Model 0 18.2 2 700 8,10
Model 0 18.2 6 700 8,10
Model -8 13.6 2 7CO 8,10
| HU-1A -1z 17.3 2 713 7.9,11
CH-53A -6 16.7 6 698 8,10,12

All conditions investigated correspond to QGE operation.
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PRESCRIBED THEORETICATL WAKE ANALYSIS

General Approsch

The final performance wethod evaluated was the so-called Prescribed
Theoretical Wake Analysis. In this method the wake is again prescribed as
input to the Prescribed Weke Program in order to compn:te the blade and wake
circulation distributions and the associated integrated rotor performance.
In this instarce, however, the input wake geometry is determined princi-
pelly from thecreticel considerations rather than from experiment.
Conceptually, the computation of the theoretical wake geometry can be
accompliched by the following steps:

1. Estimate the vorticity (circulation strength) in the wuke from
a previous solution of the bound circulation distribution on
the blade.

2. Specify an initial wake geometry.

2. Apply the classical Biot-Savari relation to compute the
velocities induced in the wake by the wake vorticity.

b, Integrate these velocities over a small increment in time to
define a new wake geometry.

5. Repeat Steps 3 and L, slternately, until a converged wake
geometry corresponding to the initial estimate of tlade bound
circulation is obtained.

6. Compute a new estimate of the blade bound circulation
distribution using the Prescribed Wake Progzram and the wake
geometry from Step 5.

7. Repeat Steps 2 through 6, iterating until a compatible geometry-
circulation solution is obtained.

The process just described is illustrated schematically in Figure 73. In
the top half of this figure, the fundamenta]l iteration between the blade
circulation and vake geometry is indicated, while the lower half of the
figure indicates the second iteration required to ob*tain a geometry
consistent with the current estimate of the blade circulations. A coamputer
progran terwed the Wake Geametry Program has been developed to perform
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tuis second iteration. Iterations of the type described are necessary
because the complexity of the rotor wake geometry precludes a closed-form
solution to the problem.

Althougi the process described above is conceptually straightforward,
its actual numerical implementation represents a formidable task, even
with modern computers, because of the great number of vortex elements that
conceivably could be usad to represent the wake. Approximations are,
therefore, rnecessary to limit computing time requirements. The following
sections describe the procedures and approximations employed in this
study.

Berore proceeding to th: detailed discussion of the procedures and
approximations used, a few general remarks are in order regarding the
computer program developed. The core program available for this study
was basically one which was capable of computing wake geometries for
forward flight conditions (see Reference 2). As a result, the program is
not optimized for the hover condition arnd thus, for example, the symmetry
features of the hover flight condition are not included. Incorporation of
such features could significantly reduce computing time. Also, initial
attempts to apply the program in hover disclosed an apnarent instability
of the wake at moderate distances from the rotor. This instability
appeared to conflict with ithe more or less classical conception of the
hovering rotor wake as being a stable, smoothly contracting wake.
Considerable effort was expended in investigating the possibility that *he
apparent instability was a result of the numerical procedures used; in
the process, several modes of operation of the program were developed
tafore a concluczion was reached *that the physical wake is apparently
unztable. The differer: operating modes allow the user to check various
assunptions made in th? computation of the wake geometry. The resulting
computer program should, therefore, be considered a research program
rather than one which is optimized for maximum efficiency in production
use .

Numerical Procelures an] Approximations

“he procelure: ani approximations employed in develcping a numerical
methol for cumputing rotor wake geometries for hovering flight are
lezeribel beluw, 7The reader i: also referrel .o Reference 2 for more
Packsr and material.




Discrete Vortex Representation

The continuous helical sheets of vorticity trailed by the various
blsdes of the rotor are represented by a finite number of discrete trail-
ing vortex filaments. This approach is fairly standard, being used by
Westwater in Reference 19, for example, to compute the geometry of fixed-
wing wakes. Figure 74 shows a schematic representation or a continuous
sheet wake frcm one blade and the approximation to this sheet made usniag
discrete filaments. Because of the nature of rotor blade bound circula-
tion distributions, the discrete vortices naturally group into two parts:
a surong, rolled-up tip vortex filament and several weaker filaments
representing the inboard por*ion ot the vortex sheet. In addition, it i-
evident from Figure 74 that the discretevcrtices are each represented by
a series of straight-line sesments rather than by continuous curves. Mhe
length of the segments i3 determined by the time increment used in the in-
tegration of the distorting velocities acting on the filaments and the
magnitude -f *‘he distorting velocities themselves, Each dizscrete vortex
was assumed to have a finite core radius egual to 0,005 R. Velocities
within the core were arbitrarily set to zero. More elabora‘e representa-
tion of the velccities within the core are =vailuble (e.g., Reference 20)
but were not used herein in view of other, more important assumptionsz
made in this analysis.

Far Wake Represen*ation

Theoretically, the helical wake under the rotor extends downstream
to infinity. As indicated previously, the basic computer program available
for this study was a forward-flight program. In this program the wake i3
truncated after a specified number of revolutions as indicatel in Figure
75 (for a hover condition). Initial attempts to compute the di:ztorticns
of such a truncated wake in hover showed that it quickly tended to rcll up
as shown in Figure 75. In Figure 75(2), the tiuncated wake at the =tart
of the computation is shown; while ‘n Figure 75/b), the early =stagze: of
roll-up are evident after 12 time steps. Thiz phenomenon iz similar to
that observed in Reference ?1, where lii:ztortions of a wake repre:entel by
a finite number of vortex rings were computed. The roll-up obzervei iz
reasonable inasmuch as zymmetry considerations dictate that the :elf-
induced radial velocities acting on the truncatei helical v riex mus:t be
antisymmetric about the midpoint of ° .« helix., In an a*temp*t tou av-i{
this problem [which was consziilere? be a fiectlticus problem causzel wnly
by the vwake trupncation feature' ani at the =zame *ime kKeep ciuzputirs “ime:
low, a modification to the basic pro.ram wa:z nale wiherein *he 'verall uake

was divided into near- and far-wake oegicon: az zhown in Flgure 77, The




near wake is allowed to distort freely under the influen-ze of the wake-
induced velocities. The far wake, however, was crtifica.ly constrained so
that its diametex Dy, was at each time step set equal to twice the radius
of the last vortex element in the immediately preceding near wake. The
axial spacing was set equal to the last revolution of the initial wake
(wnich for these calculations was based on experimental data). As will be
uiscussed below, the partially constrained far wake moves away f{rom the
rotor as the computation proceeds, so that its influence continuously
diminishes.

Numerical Inteirat ion

The numerical computation of the distorted wake geometry involves
two basic steps: (1) the use of the Biot-Savarti Law to compute the wake
distortion velocities (Vx,, VYp"%p) produced by a given wake gecmetry and
vorticity at any point (P) joining the straight-line vortex elements (see
Figure 77), and (2) the integration of these velocities over a small time
increment (or time step) to establish a new wake geometry. These basic
3teps are successively repeated until there is no change in the computed
wake geometry. The expressions used to compute and integrate these
velocities are given in Appendix I. As the wake distorts during the time
increment, the blades are allowed to rotate to new positions. This
rotation leads to the generation of new near-wake elements. As a result,
the number of near-wake elements continually builds up while the partially
constrained far wake moves axially away from the rotor. The process will
be illustrated by & specific example in a late: section. Other modes of
operation are possible with the program but were not evaluated in this
contract. These will be described in the report documenting the program
itself,

Further Inbcard Wake Approximations

As noted adbove, the inboard sheet [as been approximated by a series
of discrete, segmented vortex filaments. If one were to consider
computing the contribution of each vortex element in the wake to the
velocities acting on all other elements in the wake, ~ne would find that
the computing time quickly gets out of hand. Signifi~ant reductions in
computing time can be accomplished by (1) eliminating elements in the
wake, (?) avoiding the computation of the disterting velocities induced by
certain elements at each and every time step, »r {3) avoidinz sliogether
the computation of the distorting velocities induced by certain elements
o other elements. A combination of all three approaches was used in this
study (alth-ugh it zhould be noted that the program has optional modes of
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operation which will allow a complete interaction computation if one so
desires). Thus, the far wake was truncated after Np revolutions. Also,
advantage was taken of the fact that the circulation strength of each
inboard vortex filament is significantly less than that of the tip vortex,.
The distorting velocities iniuced by the inboard elements on the tip
vortex are, therefore, generally small compared to those induced Ly the
tip vortex itself. Rather than neglect the inboard wake completely in
the wake geometry computaticn a. was done in Reference 2, it was decided
to (1) cpecify a representative inboard wake-tip vortex geometry,

(2) compute the velocities induced along the tip vortex by the inboard
wake for this geometry at the initial time step, and (3) kcep *these
velocities constant for all succeeding time steps during which <he tip
vortex distorts under both its own variable influence, which varies with
time, and that of the inboard wake, which is constant with time. The
representative vake geowetry used to compute the inboard wake effect on
the tip vortex wes estimsted for each operating condition from the
experimental wake data given in Figures 53 through 65. A typical geametry
is shown in Figure 78. As shown in this figure, the ocuter boundary of
the inboard wake was terminated at a distance about 0.04 R from the tip
vortex trajectory, except in the immediate vicinity of the blade, where,
of course, the radial location was determined from the nature of the
bound circulation distribution. The resulting boundary appeared reason-
eble when compared with smoke picture observations and considering that
the local trajectory of a v~ tex element should be dominated by the
rotational velocity induced “y the nearest element of the tip vortex.
Finally, specification of the inboard sheet geometry eliminated the
necessity of computing the effect cf the tip vortex on the inboard sheet,
By incorporating these approximations, the computing times required were
reduced by about an order of magnitude to about %linute per time step fw
a typical twc-bladed rotor case and 2% minutes per time step for a typical
six-bladed rotor case {UNIVAC 1108 Computer).

Bound Vortex Effect

The velocities induced on the tip vortex by the blade bound vorticity
were neglected. This eliminated an artificial nwmerical probiem resulting
from the representation of the blade as a lifting line and fruz the
computation of veleccities at discrete points in ihe wake. As a result,
unrealisticelly large fluctuations in induced velcecity oecurred as the
bound vortex pessed over points cn the ti) vortex generated bdy the pre-
vious blade. Removel of these basic restrictions to the program was
beyord the scope of this study. Because the generally antisymmetric
nature of the velocities induced by the vound vortex and their rapid decay
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with increasing distance from the bound vortex, it is believed that the
neglect of these velocities should have little effect on the computed
average position of the tip vortex.

Operating Conditions and Program Parameters Selected

The operating conditions for which rotor wake geometries and
rssociated performance caaracteristics were computed using the Prescribed
Theoretical Wake Analysis are given below,

TABLE V. PRESCRIBED THEORETICAL WAKE CONDITIONS
Collective
Aspect Twist No. of Tip Speed Pitch
Rotor Ratio (deg) Blades (fps) (deg)
PModel 18.2 -8 2 700 6.8,10
Model 18.2 -8 2 525 8,10
Model 18.2 0 2 700 8,10
Model 13.6 -8 2 700 8,10
M~iel 18.2 -8 ) 700 8
HU-1A 17.3 -1e 2 713 9
CH-53A 16.7 -6 & 698 10

All conditions investigated correspond to OGE operation.

In computing the wake geometries and rotor performance for the
contitions described above, the fecllowing paramesters were selected a:
input to the wake (eometry Program (input to the “rescribed Wake Program
waz: the .ame az that Jescribed in the section entitled "UARL PRESCRIBED
WAXE HOVER TERFORMANCT FROGRAM'),




1. Number of inboard wake filaments L to 5 (as required)

2. Initial number of near wake 3/vlade for b = 2
revolutions (tip vortex) ?/blade for b = 6

3. Far-weke revolutions (tip vortex) 8S/vlade for b = 2,

3/blade for b = 6

4. Number of time steps used in 49 for b = 2,
integration 29 for b =6,

5. Nondimensional time interval 0.524 (30 deg) for b = 2,
used in integration, A ¥ =04t 0.349 (20 deg) for b = 6

6. Number of inboard wake L for b = 2,
revolutions 3 forb =6

7. Initial wake geometry estimated from

Mizures 53 through 65.

Although the number of filaments per blade in tne initial wake was less
for the six-bladed rctor because cof program storage limitations, the total
number of filaments in the wake for the two- and six-bladed rotors were
comparable,

Wake Stability Characteristics

Evidence of ‘“Wake Instability

Initial results for the two-bladed model rctor obtained from the

Wake Geometry Program (as modified for this study) disclcsed an apparent
instability of the helical tip vortex. This instability, which occurred
at axial distances from the rotor plane as low as 0.1% R, is illustrated
in Figure 79, Here the computed axial and radial cocrdinates of tue tip
vortex for several differsnt time steps in the calculation are presentel,
At the start of the computation (extreme left-hand parel of ¥igure 79),
the wake is assumed to smoothly contract and to be compcsed of the near-
and far-waxze regions described previously. That portion cf the near wake
in the immediate vicinity of the rotor plane was obtsined from the
generalized experimental results of Figures 53 thkrough ©%. The remainder
of the initial wake was obtained through extrapolaticn in a manne-
consistent with the classicel conception of a smoothly contracting rotor
wakxe in hover. As the calculation of the geometry proceed:z (i.e., as ihe




number of time steps iucreaces), the roctor rotates, new near-wake vortex
elements are created, the far wake moves downstream, and tlie near wake
distorts under both its own influence and thet of the far wake. The
remaining panels of Figure 79 illustrate the process by showing the wake
as computed after 6, 12, 18, and 24 time steps. (For the nondimensional
time used in this computation, 0.52L, 12 time steps correspond to one
revolution of the rotor.) The circles shown on the wake boundary
represent the intercepts of the helical tip vertices of both blades with
the ¥ - Z plane containing one of the bladec as a reference. These
circles would mark tihe ositions of the vortices that would be observed
in photographs taken in a flow visualization experiment (such as conducted
under this contract) where smoke was introduced into the rotor fiow field
in the nonrotating system. It is evident from Figure 79 thav the wake
becomes unstahle at soue distance below the rotor.

In view of the importance of tha conclusion regarding the stability
of the rotor wake, additional checks on the numerical procedures %eing
used were made. In addition, available literature and data we-re reviewed
in an att>mpt to obttain supporting evidence. The numerical checks
included the use of different nondimensional time interval. and other
numerical integration technigues such as the Runge-Kutta method All
results obtained were qualitatively the same,

The review of the literature disclosed an analysis by Levy &nd
Forsdyke (Reference 22) which indicated that a aoubly-infinite, constant-
diameter, helical vortex can be unstable when the pitch angle of the
helix is less than 0.3 radian. hkelix pi.ch anglas for helicopter hover
conditions lie in this critical ange, Allhowgh the e&ctual rotor wake in
hover is a contracting wake, it is believed that the results from
Reference 22 imply the possibility of a potential stability problem.
Comparison of the unstable wake results obtained herein with results of
other snalyses ‘n which attermpt: *vere mide to ccapuie ihe geometry of
rotor wakes in hover was senerally inconclusive be2case of differing
assumptions and numerical techniques employed. For example, interpre-
tation of the results of Reference 21 (where vortex rings are used and the
equations are integrated as in this studv) are complicated bv the general
roll-up probiea of a ¥y incated wale noted earlier. However, a lack of
convergence of certain area:sz of thie wake was noted. In Reference 9, an
analysis employing helicai vortex filaments bat a fundame tally different
numerical computaticn scheme (s descrided., Also, only two fully distor.-
ing revolutions of the wake are con:sidered together with a par..ally con-
stiained fa, wake., Qualitalive convergence tasts ure emp.oyed, and no
mention of any obierve!l wake inzladbility iz made in connection with the




limited results presented. 1In spite of apparent differences regurding
wake stability, results of Reference 9 appear to agree well with results
obtained in this study for the region of the wake near the rotor plane.
This will be discussed further in a subsequent section.

Experimental flow visualizetion data reviewed included that from
References 1, 10, and 12, as well as data obtained under this contract.
The review led to the following observation :

1. The critical area of the wake where the instability was
predicted was generally poorly defined.

2. In a large number of cases, evidence of a rolling of
successive coils of the helical tip vortexes around one
another (local roll-up) could be found. In those experiments
where smoke was injected into the nonrotating system, such as
the present study, this roll-up was inferred from an uneve:
axial spacing of the tip vortexes and, more importantly, from
the fact that downstream vortexes had radial coordinates
greater than those for upctream vortexes,

3., Shortly after evidence of roll-up of the experimental wake was
noted, further tracking or observation of the tip vortexes
became exceedingly difficult. Thus, the roll-up may be the
cause of the poorly defined wake noted in Item 1 above.

L, In no case was a smoothly contracting tip vortex observed over
large enough axial distances below the rotor as to definitely
preclude the pcssibility of an instability.

These observetions are substantiated by the sample photographs
presented previous.y (Figure 30) and the additional photographs presented
in Figures 80 through 82. A schematic interpretation cof these photographs
showing local roll-up of the tip vortex is shown in Figure 83. In summary,
then, the prediction of an unstable wake does not appear to be inconsis-
tent with available evidence; further work should, hovever, be undertaken
to define the characteristics of experimental wakes in more detail in the
critical areas. “tandard flow visualization techriques appear to be cof
marginal usefulness of this purpose, and hot-wire and/or holographic
approaches should be considered.
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Inplications of [nstability on Procedures Employed

The existence of a wake instability obviously ccmplicates both the
computation of wake geometries and the use of these geometries in the
subsequent computation of rotor performance., 3Some modificatiorn of
anticipated procedures was necessitated and those procedures that were
used are described in the follcwing paragraphs.,

Close exarination of the geometry results obtained indicated that
although the computed wake did become unstable at moderate distances from
the rotcr, the porticn of the waka in the immediate vicinity of the rotor
plane (extreme near-wake) did converge to a reasonably stable answer,
with the degree of convergence improving with increasing proximity to the
rctor. This presumably is due to the fect that one end of the wake is
perfectly stable, being tied as it is to the blade itself. The conver-
gence of the extreme near-wake, which was als0 observed in the study of
Reference 71, is illustrated in the sample results presented in Figures
U and 85, In Figure 34, the time histories of the radial and axial
coordinates for two critical points in the wake of a two-bladed rotor are
shown. These are the points of the wake lying immediately below the blade
(¥, = 180 deg and 260 deg). In Figure 85, on the other hand, the computed
radial and axial coordinates at two different time steps are presented ag
a function of wake azimuth position. Experimental results are also shown
in Figure 85 for reference purposes. Convergence of the extreme near-wake
to a stable solution is spparent. Als0, results such as these led to the
zelectiLu of 49 time steps in the wake geometry integration as being
adequate fcr all “wo-bladed rotor computations. This corresponds to a
computation of the wake for a time period corresponding to four rotor
revolutions or eight blade passage cycles, Fcr tha six-bladed rotor, only
79 time steps (i.e., 1.6l rotor revelutions, 9.7 blade passage cycles)
were dsed because of machine storage limitations. Tt was also necessury
to reluce the time interval to 0,349 {20 deg) to avoid a mathematical
inztability. 1In spite of the lower number cf time steps, reasonable near-
wake cconveryence was cbtained.

-

n using the predictel *ip vortex zeometries to ccompute new blale
siresalntion lstributions by means ¥ *he Prescribel Wake Prosraxz, the
cruver,el near-wake results were in most iastan~es approximated bty the
, L

tnme analytic erpressions Framrtowmr 0 and ived in analyzing the

exper mental wage iata; samely,




kjy, foro<y,s

K, i“bl’ + Kz(Yy - E5) for gz 5

T=A 4’(!-1\)e'ww

Constants in the expressions were determined by emphasizing correct
positioning of the vortices in the immediate vicinity of the blade (i.e.,
at ¥, = 180 deg and 350 deg for a two-bladed rotor). In an isolated case,
where the above analytical expressions did not appear to reprasent a good
fit to the computed geometry, the actual computed T, z values of the extreme
near-wake were usel and extrapolated in a reasonable manner tc obtain the
entire wake, By using these procedures, the necessity for employing
computed wake coordinates for that portion of the wake which was predicted
to te unstable was avoided.

Sample Wake Geometry-Blade Circulatin Computation

In view of the relative complexity of the procedures involved in
computing the wake gesometry and associated rotor performance, a specific
example illustrating the various steps of the process is desirable and is
presented below.

Rotor and Rotor Operating Condition

Number of Blades 2

Twist -8 deg
Tip Speed TOO {ps
Aspect Ratio 13.0
Nominal Cp/or 0.995
Radius 2.23 Mt
Collective Pitch 10 des




‘rocelures

1, “.:timate the wake vec. = 11ing the experimental results of
“irures 5% throwh »% (see Figure S6).%

. Compute the bound circulation distridbution using the experimental
wake yeometry from .'tep 1 as input to the Prescribed Wake Program,
‘hese result: are shown in Figure *7.

e Apnroximete the continuous bound circulation distribution from Ctep 2
by Five -on:tant-circulation zegment: as chown in Figure 37. Note
that the circulation peak ( 'max) near the tip of the blade has been
increasel in magnitude and decreaced in radial extent in making the
approximation. 1This is done in anticipation of the expected final
circulation distribution, The particular changes made were prompted
by the ob:servaticn that the theory generally predicted the vortex
from the previcu: blade to lie closer to the rotor and farther
outboarl than wa: obuerved experimentally. The step change: in
circulation, of course, imply the generation of trailing vortex
filament: having circulation strengths equal to the changes in bound
circulation, The tip vortex is trailed from the ¥ = 1 location

fit e

while the vortzxe: representing the inboard sheet trail from ? 0.15,
1.8, 2.y, .79, and 0.385 in this example.
“ . '"Ising the approximate bound circulation distribution from Step 3 to '

specify the circulation strengths of the inboard and tip vortex
rilaments and using the geometry shown in Figure 37 for the initial
starting wake, compute the corresponding distortions of the tip
vortex using the wake ‘eometry Program. Figure 29 shows the result-
ing listortions computel.

. Approxima‘e the extreme near-wake usin, Fquations (2) and (3) as
shown in ¥Figure 38,

*ne experimental reziltz proviled a realistic ztartins wvake, thereby
redacing = omvergence time; ! wever, *he indepenience ~f *he vake
23] iXiam % s the zeaptise yake molel waz veriiled using an un-ontracted

vake mrlel




Use the wake from Step 5 as input to the Prescribed Wake Program and
compute a second estimate of the bound circulation. Compare the new
circulation distribution with the approximation used in Otep b (see
Figure 89). If differences are within the tolerances incicated in
Appendix II to te acceptable (as is the case in Figure 893), then the
vake geometry and circulation distribution sclutions are considered
compatible; if not, a further iteration is required starting with
Step 3.




EVALUATION OF ANALYTICAL TECHNIQUES

MODEL BIADE AIRFOIL DATA

The airfoil data used in the theoretical calculation were based on
available twe-dimensional, low-Reynolds-number data adjusted, through a
rynthesizutinn procedure, to provide correlation between the test results
for the untwisted two-bladed rotor anl the results of the Blade-Element
Momentum Aralysis. Ferformance results were first compared on CT/o versus
CQ/(T plots for the three tip Mach numbers tested to determine the general
quality of correlation between test and this particular theory. More
detailed comparisons were then male on Cp/o versus 675 and CQ/o'versus

375 pilot: to estimate the relative magnitude of change required in the

2irfoil 1ift curve slope, stall angle, and drag data to improve correla-
tion. Approximately five iterations were required at each tip Mach
number condition to achieve acceptable correlaticn in both the thrust-
torgile results and the thrust-torque-collective pitch results. The final
synthesized airfoil data generated (Figure 90) were then used in all other
theoretical calculations. 1In comparing these data with the original two-
dimensional duta, only small changes were noted. The synthesized data
uave generally higher 1lift curve slopes, higher maximum 1ift coefficients,
and lower profile drag coefficients. The differences are attributed to
differences in Reynolds nwasber and surface conditions for the tlades
teted,

FEVALUATICON ©°F WAKE CEOMETRY PROGRAM

hrough 95 compare the predicted radial and ax al
covrdinates of the “ip vortex with those megsured experimentally. The
exprrimental ~urves shown were obtained from the faired curves given in

the :eneralized wace charts of Figures 53 through 62. The basic trends

of *he experimental 1ata have already heen discussed in Llhe section
entitled D700 UNTON 8 EYFRRIMENTAL WAKE CGECMETRY RELULTS, and only the
seneral ability of the theory to pretict the observed results is considered
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here.

Fxamination of the resylts in Figure: 91 through 35 Leads to the
following seneral observa*ions regariing the accuvacy of the thwory:

i. The theory predict: salue: of Ky (the average slope of the Ir curve

between - W - == o, ejuivaleatly, the nonlimenszional axial

vel city ' which sre zimificantly lower ‘han those meazured. As a




result, the tip vortex from one blade is predicted to pass closer
to the following blade than is observed experimentally. This is
particularly true for the two-bladed rotor results, where the pre-
dicted vortex-following blade distance is generally about one-half
of the measured value. For the six-bladed rotor condition shown in
Figure 93, the predicted value of k; is actually positive, with the
result that the vortex passes above the following blade inztead of
below the blade as is observed. In this case, the predicted and
measured vortex-to-following-blade distances are about the same,

2. The predicted rate of contraction of the iip vortex in the immediate
vicinity of the rotor is somewhat less than that mea:ured. As a
result, the predicted radial pcsition of the tip vortex at the
important wake azimuth angle of 360 deg/b (i.e., in the vicinity cf
the following blade) is approximately 0.02 R farther outboerd,

3. The analysis predicted accurately the experimental values of kp, the
average slope of the Zp curve for wwi>360 deg/b.

L. The analysis appears to be generally capable of predicting the
changes observed in the wake geometry when variocus rotor or flight
condition parameters are altered; e.g., the greater ko and increased
contraction observed with increased thrust (Figures 91 and 93).

The results obtained from the Wake Geometry Program for the full-
scale CH-53A rotor were also compared with analytical and experimental
results presented by Clark in Reference 9. The comparis~n is shown in
Figure 96, where the tip vortex axial and radial ccordinates are presented
versus wake azimuth angie. Although some difference exists in the rotor
thrue* levels, the comparisons can be considered quite favorable, at
least until evidence of wake instability is noted in the results ¢f this
study at the larger values of ¥,

In summary, the wake geometry analysis developed herein predicts
many Of the qualitative characteristics observed in rotor wakes. The
quantitative accuracy of the analysis is lizited by one major shortcoming;
namely, the inability to predict accurately the average axial tran:port
velocity of a tip vortex element between the time when it iz generated
and the time when the element passes the next blade. Although the exact
reason for “his discrepancy is not known at this time, the need for
replacement of the discrete filament wake model bty a continuous sheet
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model in the vicinity of the blade is probably implied. Consideration
should also be given to reducing the computing time of the curreut Wake
(eometry Prcgram so that a more thorough assessment of some of the other
assumptions made in this study can be considered. A significant reduction
in time coculd be acnieved by incorporating tiie symmetry features of the
hover mode of operat.on.

SVALUALTION OF YERFORMAKCE METHODS

The thecoretical performance methods were evaluated by comparing the
predicted hover performance results of the model rotors and two full-
scale rotors with test results. The full-scale rotors selected were the
six-bladed Sikorsky CH-53A and the two-bladed Bell HU-1A. The discussion
of the performance results follows,

Model Rotors

Performance Predicted by Uncontractzd Wake Methods

The performance results of the Momentum Analysi., Goldstein-Lock
Analysis, and the Prescribed (Classical Wake Analysis are presented in
Figures 97 thrcugh 102, These methods do not account for wake contraction
and will hereafter be termed uncontracted wake method=. They are consid-
ered s@parately from the contracted wake methods (Prescribed Experimertal
wake Analysis anl Prescribed Theoretical Wake A.zlysisz) because (1) they
represent the state-of-the-art prior to the consideration of contracted
wake effects, ind (2) due to their operational simplicity and minimal
computer cost requirements, they were applied to a greater number of test
conditions. The experimental data points in these figures represent the
results of the fairings of the collective pitch data presented in Figures
15 through 13. The performance results for varying numbers of blades are
shown in Figures 97 and 38 for the -8-degree-twist, 18.7-aspect-ratio
rotor. The predicted performance cf all methods is in good agreement with
the cxperimental results at low thrus* levels but becomes increasingly
optimiztic with increasing thrust and numder oOf dlades. The results of
the rhree undistortel wake methods agree closely for rour, six, and eight
bladez. ¥For two blades, :ome separation cf the predicted rosults at the
high *hrast levels i3 evilent., The aforementioned results were fousd to
be senerally ftrue for all the rotor: tested, ani the trerds with thrust
level »ni number of blades are the zame a3 have deen cited for fuil-scale
roxors in Reference 1. Correlaticn resylt:z for rotors of T and -15
lagrees of “wizt are pre:entel in Figures G and 100, respectively, for
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two and six bledes. It should be noted that, as discussed previously, the
airfoil data used was synthesized by matching the results of the Momentum
Analysis to the test results for the two-bladed, zero twist rotor. For
six blades, the predicted performance is increasingly optimistic with
decreasing blade twist (e.g., compare results from Figures 99 and 100 at
Cp/o = 0.075). 1In Figure 101, the results for the low-aspect-ratio
blades (AR = 13.6) are presented. Slightly improved correlation between
thecretical and experimental results compared to that of the high-aspect-
ratio blades (AR = 18.2) of Figure 97 is indicated. Since for the same
number of blades and rotor radius, rotor sclidity increase:s with decreus-
ing aspect ratio, this indicates that the correlation improves with
increased rotor solidity when such increases rezult from varying aspect
ratio. This is opposite to the correlation trend established when
solidity was increased by varying the number of btlades. The dependence
of the correlation on the manner in which solidity is varied (i.e., numver
of blades versus aspect ratio) also agrees with the conclusions of
Reference 1 based on full-scale rotors, Finally, the small improvement
in correlation of the predicted and measured model performance results at
a tip speed of 52° fps (Figure 102), noted for the two-bladed rotor, alsc
parallels the full-scale rasults of Reference 1, in which the correlation
is shown to improve with decreasing tip Mach number.

It is thus concluded that the discrepancies between the experimental
performance and the performance predicted by the uncontracted wake methods
generally exhibit the same trends for the model rotor as they do for full-
scale rotors: the deterioration in performance prediction with in reasing
number of blades, blude loading, and tip Mach number. In addition, a
tendency for improved agreement with increased blade twist was noted with
the models. These discrepancies are believed to be primarily the result
of the assumptions made in these methods regarding the rotor wake geocsetry
and the impact which such assumptions have on the proximity of the
operating conditions of the tip sections to stall.

Integrated Perrormance Predicted by the Contracted Wake Analyses

The performance results from the contracted wake methods (i.e., the
Prescribed Experimental Wake Ana’ysis and the Prescribed Theoretical wWake
Analysis) are compared with the test results in Figures 122 through 106.
Also included for comparison are the rezults from one of the uncontracted
vake analyses (Goldstein-lock Analysis’ presented previously. The
Goldstein-Lock Analysis was selected because it iz a videly used hover
performance analysis. The results for all conditions analyzed using the
contracted wake methods sre included in these figures. Application of the
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Preccribed Theoretical Wake Analysis to a six-bladed model rotor was
limited to one condition because of the computing time requirements of
the program at this time. For consistency, the generalized experimental
wake results of Figures 53 through 65 were used to obtain all Presciibed
Experimental Wake method results shown ir this set of figures. The
sensitivity of predicted performance to variations from the generalized
wake courdinates was significant and will be discussed later in this
section. The performance predicted by the prescribed contracted wake
methous generszlly correlates well with the experimental model rotor
results, psrticularly for the six-uladed rotors. Reasonable correlati-n
with ccllective pitcn also exists except for the low-aspect-ratio blades
(Figure 105), for which all of the theories predict higher thrust and
torque than measured for a given pitch. Fxcept in one instance, the
thrust based on the theoretical wake is consistently lower than that pre-
dicted ucing the experimental wake. This is due to the previously
mentioned prediction of the tip vortex as being nearer the blade than was
observed from experiment. The prescribed contracted wake methods appear
to have one distinct advantage over the uncontractad wake methods: the
ability to predict more accurately the performance trends with increased
number of blades and biade loading (Cqp/o). As shown previously in
Figures 97 through 102, the Momentum, Goldstein-Lock, and Prescribed
Classical Wake methods all predict optimistic performance for high thrust
© vels and high number of blades. For the six-bladed rotor operating at
the high thrust condition, the results of the Prescribed Experimental
Wake Analysis based on the generalized wake indicate reduced performance
relative to the Goldstein-Lock results and improved correlation with the
measured data,

Section Characteristics

fome insight into the reasons for the above-merntioned changes in
rredicted performance may be gained from Figure 107, where the theoretical
spanwise distributions of axial induced velocity, section angle of attack,
thrust, and torque are compared. The predicted distributions correspond-
ing to the six-bladed rotor of Figures 97 and 103 operating at & 10-degree
collective pitch setting were selected for this ~cmparison. The influence
of the experimental tip vortex gezometiy on the induced velocity distribu-
tion and the resuliling effects on the angle of attack, thrusi, and tcrque
distributions are apparent in Figure 107. For low thrust levels, number
of blades, and tip Mach numbers, the distributions of the uncailracted
vake methods are generally compensative betwveen the inboard and tip
regions of the dblades as far as integrated performance is concerned.
However, at s condition such as ivhat of thir figure, the contracted wvake

(W3
(e




geometry considerations result in a decrease in integrated performance
relative to that predicted by the uncontracted wake methods. In the real
wake, the tip vortices are positioned much closer to the tip path plane
than is assumed in the Goldstein-Lock and Prescribed Classical Wake
analyses. As the number of blades increases, due to the reduced separa-
tion between blades, each blade is closer to the tip vortex generated by
the blade shead, and increased aerodynamic interference results. The
circulation strength of the tip vortex also increases with the increased
thrust level associated with high numbers of blades. This, coupled with
the close proximity of the preceding blade's cip vortex to the tlade,
results in increased local angle-of-attack values in the blade tip region
due to the upflow generated by the contracted vortex. It should be noted
that the predicted performance deterioration is attributable to deterio-
ration in integrated thrust rather than torque. In fact, tlie predicted
torque based on the experimental wake for the subject test condition is
slightly less than the torque predicted by the undistorted wake analyses.
As shown in Figure 107c, this is caused by the reduction in induced
torque.

Performance Sensitivity to Tip Vortex Geometry

As mentioned previously, the performance results were found to be
sensitive to certain wake parameters. The sensitivity results are
summarized in the following listing, in which the wake parameters and the
their primary influence on the wake geometry ere presented in decreasing
order of importance:

k1 and ko (the axial position of the tip vortex)
A and A (the radial position of the tip vortex)

Kig = 3 and Koo _ 4 (the axial position of the outer reglon of
the vortex sheet)

and Kei_i (the axial position of the inner region of

Klf = 0
the vartex sheet)

The axial position of the tip vartex, defined by X, end kp, was found to
have the doninant inriuence on the performance results. To illustrate the
sensitivity to the tip vortex axial position, the effect of variations in
k; on hover performance is shown in Figure 108, k; was varied s0 az %o
axially displace the tip vortex from the generalized wake positicn by
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119 of the rotor radius (%14 R) at and beyond the wake azimutn position
equal to the blade spacing®*. This effectively moved the tip vortex 1% R
closer to or farther from the following blade. The magnitude of the
changes approximately represents the accuracy of the tip vortex general-
ization. The performance results show increasing sensitivity with number
of blades (two versus six in Figure 1038). To analyze these results in
greater detail, distributions of the blade section characteristics were
compared., For example, the blade airload distribution and tip vortex
positions are shown in Figure 109 for the lettered conditicns indicated
on Figure 108, (Note that the nominal conditions A~D are the ones for
which tip vortex streamlines were presented in Figure 70.) The larger
change in loading distribution for the six-bladed rotor conditions (C and
C"; Dand D" ) is due to the increased proximity of the tip vortex to the
blade. Also evident in this figure is (1) the typical change in the
character of the loading in the tip region with varying number of blades
and thrust level, and (2) the radially ocutward movement of the peak
loading with increased number of blades which corresponds to the movement
in the radial position of the tip vortex.

Predicted performance was fairly insensitive to changes in A and A
providing they were changed in combination rather than independently so
as to maintain the radial coordinates of the near-wake portion of the tip
vortex within the experimental accuracy -- particularly beneath the
following blade. As mentioned previously, A = 0.78 was selected in the
wake geaeralization to curve-fit the near-wake radial coordinates when
used in combination with the specific A values given in Figure 62 as a
function of Cp. For a given test condition, there are other cambinations
of A and A that would fit the near-wake data within the experimental
accuracy. However, the performance was relatively insensitive to such
changes even though the far-wake contraction varied considerably (0.78 to
0.72). least senstivity resulted from variations of the inboard wake
(vortex sheet). For example, a 104 change in the axial coordinates of
the vortex sheet for a typical condition resulted in less than a 14 change
in thrust and torqus for a two-bladed rctor and less than a 24 change for

*lesults for a 1% R displacement of the vip vortex of the sirx-bladed rotor
tovard the rotor disc are not included in Figure 108, This displacement
resulted in the vortex passing within 0.5% R of the following blade.
Thecretical applications inv~lving passage of the vortex within this
distance cf the blale are cuestionable due to the limitatioms of lifting
line thecry and limited inform.tion on vortex core size.
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a six-bladed rotor. In summary, rotor performance becomes more sensitive
to wake geometry variations as number of blades and/or thrust level is
increased. Performance is particularly sensitive to the axial position
of the tip vortices due to their close proximity to the blades. This
sensitivity of blade loading to small changes in tip vortex position
predicted by the Prescribed Wake Analysis confirms certain phenomena
observed on full-scale rotors. This will be discussed in the following
section,

Full-5cale Rotors

The thecretical methods were applied to compute the hover performance
of the six-bladed, Sikorsky CH-53A rotor. Two-dimensional airfcil data,
supplied by Sikorsky, were used in all calculations. In Figure 110, the
theoretical performance results are compared with test results from the
Sikorsky whirl stand shown in Figure 7. The absolute accuracy of thrust
at a given power level measured on this facility is estimated as 12%.

The test data presented in Figure 110 have been corrected for ground
effect and whirl stand interference. As shown in this figure, the perfor-
mrace predicted by the Momentum, Golistein-Lock, and Prescribed Classical
Wake analyses (uncontractei wake methods) is increasingly optimistic with
increasing thrust level, which is consistent with the previously recog-
nized trend. On the other hand, the results of the Prescribed
Experimental Wake and Prescribed Theoretical Wake analyses (contracted
vake methods) are slightly pessimistic r-lative to the experimental data.
The generalized wake coordinates from the model rotor test were used in
the Prescribed Experimental Wake Analysis to obtain the full-scale CH-53A
performance results. The performance corresponding to small deviations
of the tip vortex geometry from the generalized ccordinates, within the
experimenta., wake accurecy, is presented in Figure 1i11. I% is shown that
the performance veriations associated with small changes in wake geometry
are significant, In fact, as indicated, it was possible to obtain
correlation with the test data by displacing the tip vortex only %% R
farther avay from the rotor Zisec.

The section angle of attack distributions predicted by the various
theoretical methods fcr the 12-degree collective pitch condition of
Figure 110 are presented in Figure 112. The prescribed experimental wvake
results again exhibit a large angle-of-attack increase near the tip
caused by the strong influence of the contracted tip vortex. The angle-
of-attack distribution in the tip region of the dlale has been substan-
tiated on the Sikorsky whirl stard in a recent test in which rrezsure
peasurements vere recorded at three stations over the cuter 15% of the
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blade. It was found that with minor adjustments to the generalized wake
coordinates, the angle-of-attack distribution and total rotor performance
could be predicted within the experimental limits of the test data. This
emphasizes the inadequacy of the uncontracted wake methods for predicting
the distributions of the performance characteristics. Also, although this
1S encouriging insofar as the accuracy of the Prescribed Experimental

wWake Analysis is concerned, additional pressure measurement data suffi-
cient in extent to obtair the complete angle-of-attack distribution alcng
the blade for various rotors and operating conditions would obviously be
desirable to permit further evaluation of this method and refinement of
the generalized wake model., Examination of the theoretical radial loading
distributions associated with the operating conditions of Figure 112
revealed that the outer 10% of the blade generates approximately one-third
of the blade lift according to this theory, compared to only one-quarter
of the lift according to the Goldstein-Lock theory. This comparison
implies an extreme sensitivity or rotor thrust to the aerodynamic charac-
teristics over the blade tip region and the need for an accurate simulea-
tion of the airfoil characteristics and velocities induced by the wak: in
this area, The assumption of two-dimensional flow over the blade span

has been shown in Reference 24 to be questionable in the blade tip region.
The magnitude cf three-dimensional ccrrections and their influence on the
results predicted by the prescribed wake analyses remain to be determined,

The theoretical methods were alsc applied to compute the hover
performance of the two-bladed Bell HU-1A rotor. Again, the Blade Element-
Momentum, Gollstein-Lock, and Prescribed Wake methods were used, Two-
dimensional airfoil data, synthesized by the Bell Helicopter Company, were
used for the NACA 0015 airfoil section in all calculations. In Figure
113, the theoretical performance results are compared with test data from
a tethered aircraft test reported in Reference 25 (whirl-stand data for
isolated rotor performance was not available for two-bladed rotors). For
the test data shown, the engine shaft horsepower was reduced by 15% to
account for tail rotor, transmission, and accessory power losses. Tthe
wake iata used in the prescribed experimental wake calculations were
obtained by interpolating the generalized rotor wake data to the appro-
priate twist and thrust levels. The thecretical results, including
contracted wake results, are all optimistic relative to the experimental
results, [t is somewhal uncer*ain, for this rotor, as to whether the
performance discrepancies are atiributable (o limitations of the theoret-
ical methoads, %o inaccuracies in the estimation of the power lossas,
and ‘or to the synthesis of the airfoil data. It is thus suggested that
the resylts presented in Figure 113 be considered preliminary .ntil other
tvo-blaied rotors are analyred.
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The sensitivity of blade loading to small changes in the tip vortex
position tends to confirm vortex interrferencs as the source of certein
phenomena observed on full-scale rotors. As explairied in Reference 1,
the presence of a small amount of ambient wind can produce changes in the
tip vortex position which, at certain conditions, are reflected in the
rotor characteristics as vibratory flapping and tip stall. Since the
publication of that reference, blade tracking problems at high thrust
levels (greater than normal operating levels) have been related to
vortex interference effects. The Prescribed Wake Program appears Lo be
of potential value for analyzing these phenomena. However, for invcreasing
number of blades, the problem associated with the sensitivity of the
predicted resulits to minor wake geometry variations is recogni- :d. Uvith
further experience with the method, and through small. systematically
developed adjustments o the generalized wake model vresented herein
and/or further refinements in th2 Wake Geometry Program, it may become
possible tc consistently predict hover performance to a high degree of
accuracy with the method in its present form. However, until this is
accomplished, further invectigation of three-dimensional tip effect:z and
unsteady wake effects asscciated with both ambient wind variations arnd
the apparent instability of ti.c far wuke appears warranted.
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RESULTS AND CONCLUSIONS

1. Model rotors of the scale tested can be successfully used to
obtain performance and wake geometry data which are both systematic and,
more importantly, indicative of those characteristics observed for full-
acale rotors. The use of an indoor, small-scale facility greatly reduces
the cost of acquiring such information.

2. The model rotor wake geometry for the region directly beneath
the rotor (i.e., within approximately one-fourth of the rctor radius) can
be represented by simple generalized equations which faci.itate the rapid
estimation of rotor wake coordinates for a wide range of rotor designs and
operating conditions, The generalization was based on the folloving
observations:

a. The rate of descent of an element of the tip vortex from a
blade is substantially constant prior to its passage beneath
the following blade. This axial velocity increases approximately
linearly with increasing blade loading and decreases slightly
with increasing blade twist. Within the experimental accuracy
of the data, the axial velncity is insensitive to variations in
number of blades.

b. The axial velocity of a tip vortex element after the passage of
the following blade is increased to a new, relatively constant '
value, This velocity increases with increasing disc loading in
a manner proportional to the momentum inflow velocity. The
constant of proportionality is approximately 1.4 for rotors with
untwisted bledes and decreases with increasing twist,

c. The radial position of a tip vortex element decreases in a
decaying exponential manner. The rate of decrease (or contrac-
tion) appears to be primarily determined by rotor disc loading
and i; greater with increasing disc loading.

4. The inboard vortex sheet from each blade is fairly linear with
radial position at a specific wvake arimutk location. The axial
velocity of the sheel increases with increasing disc loading and,
to a lesser extent, with blade twist., The rate of descent of
the ocuter portion of the vortex sheet is approximately twice
that obzervel for the tip vortex following *he passage of the
next dlade.




e. Wake geometry is insensitive to independent variations in aspect
ratio and tip speed. The infiuence cf number of blades is
limited to the establishment of the wake azimuth angle at which
the wake axial descent velocities are cbserved to increa:e
significantly.

3. The stability of the experimental wake decreases with increasing
distance from the rotor, indicating that the ciassical concept of a
smoothly contracting wake may be incorrect.

L. Attempts to develop an analytical method for predicting ‘he
contracted tip vortex geometry based upon the interaction of diacrete
vortex filaments were partially successful. The method predicts the
general features of the tip vortex and the qualitative variation of these
features with changes in rotor or flitht condition parameters. iJowever,
the position of the tip vortex shed bv one blade relative to the rollowing
blade was not accurately predicted by the analysis. Clompared to the
experimental observations, the predicted vortex was generally clocer to
the blade and farther outboard. In additior, the contracting tip vortex
was predicted to become unstable at moderate dis. .nces below the rotor
plane, thus complicating the problem of predicting the wake [ eometry
beyond the near-wake region. Available experimental evidence appearz to
substantiate this prediction.

5. Rotor hover performance methods which assume that the blades are
lifting lines and that the rotor wake is uncontracted give generally
comparable performance predictions. As was noted for full-scale rotors,
the accuracy of these methods in predictirz model rotor performance
decreased as the number of blades, blade locading, and tip Mach number
increased. In addition, the model rotor correlations indicated a
decrease in accuracy when the twist cf the rotor blades under consideration
wvas reduced. The partial success achieved with these methods in the past
results from compensating errors in the blade loading distributions.

6. The elimination of the uncontracted wvake assumption through the
use of generalized experimental wake data significantly improves the
accuracy of performance characteristies predicted for model rotor condi-
tions for which the uncontracted wake methods exhibit major shortcomings
(i.e., for comditions with increasing number of blades and thrust levels).
Application of the experimental wake method to full-scale rotors, using
model rotor wake data, yielded zimilar inmprovements for the limited
number of conditions examined. In addition, the method prelicts dlade
spanvise angle-of-attack distributions which are greautly 4ifferent and
more realistic than those predicted using uncontracted wvake analyses.
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7. The use of predicted contracted wake geometries in computing
rotor performance led generally to reasonable but more conservative
(lower thrust for same power) estimates relative to those obtained using
the generalized experimental wake results. This was mainly due to the
prediction of a smaller axial distance between the tip vortex and the
following tlade than was observed experimentally,

3. The performance predicted on the basis of 1lifting line theory
using a realistic contracted wake i3 very sensitive to small changes in
wake geometry, particularly for rotors for which the tip vortex is
positioned very close to the following bdblade. While the generalized wake
geometry results presented herein are believed to be based un reascnable
Iairings of the data available, in view of this sensitivity, small
systematic refinements to the fairings may be required if consistently
accurate performance predictions are to be achieved,




Re.COMMENDATIONS

1. Because of the more accurate definition of the radial dicztribu-
tions of blade section angles of attack which they provide, contracted
wake analyses should be used to predict hover performance. They should be
particularly useful in evaluating and developing improved blade tip
designs.

2, In lieu of an accurate method for predic ... the geometry »f a
contracted wake, the Prescribed Wake Analysis, together with the
generalized experimental wake geometry charts, should be employed.

3. Efforts to cobtain accurate wake geometry data from full-scale
rotors should continue Lo substantiate further the applicability of
generalized model rotor wake geometry data to full-scale rotors.

L. Measurements of blade pressure distributions should be obtained
to provide experimental data for detailed comparisons with predicted
distributions based on the generalized wake information.

5. An experimental investigation, employing model rotor flow
visualization techniques, should be conducted to obtain systematie rotor
performance and wake geometry data for blade designs with taper, nonlinear
twist, and promising tip shapes.

6. Investigations should be underiaken to examine in detail the
stability characteristics of the wake of a hovering rotor.

7. Further vwork should be undertuken to reduce the computing time
required by the analysis developed herein for predicting the gecametry
of the rotor vwake, This will greatly facilitata further studies designed
to improve the quantitative accuracy of ihe analysis,
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Rotor Test Rig.

Figure 2.
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Figure 6.
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Sikorsky Aircraft Full-Scale Rotor Whirl Stand.

Figure 7.




Figure 3. Schematic of Rotor Ware Structure.
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Figure 11. Sequence of Fhotographs Showing
Time History of Wake -- b = 2,
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Y{gure 29,

0° AR 18.2 (IR JOOFPS A, 8 C,v~0.043 Zo R 35

Sequence of Photographs chowing Time History of Wake -- b
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Figure 30,

AR 182 b 2 (R 70FPS #.. 9° Cru -~ 000 Zg/R-1.5

(a) ¥ =0%to &0

Sequerite of Photographs Showing Wake Inmstability.
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Cencluded.,

Figure 30.
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y 0 AR 182 QR - 700 "PS 35 ¢ 0

C, - 0.0525
il
C, 0.00184
Cr =0.0797
a
C, = 0.00279
Cy - 0.0%989
G
C - 000346

Figure 31. Photographs Showing Effect of Thrust on Wake Geometry -- b = 2.
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AR = 18,2 b2 )R - 700 FPS C /0~ 0.0989 Cr ~ 000346 Z.'R 3.5

V
i

Figure 32, Typical Wake Flow Time Exposure Photograph,
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AR 18.2 (R 700 FPS  C;'u ~ 0,079

Cr ~ 00028 26 35 y 0

Figure 33. Photographs Showing Effect of Twist on Wake Geometry -- b = 2.
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b 2

(.:(_;L 0,0771
¢ 0.0027
b-6

(—:I 0.0690
(43

C, - 0.00725
b8

o

T 0.0597
C;  0.00836

Figure 34. Photographs Showing Effect of Number of Blades
and Thrust Level on Wake Geometry.
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Figure 35.

700 FPS C,~0.0084 Cr /o ~ 0,06 ZgR 35 ¢ 0

Photographs Showing Effect of Number of Blades on
Wake Geometry for Rotor Solidity of 0.140O.

108




Figure 36.

QR 525 FPS
C; o 0695

C; 0.00325

()R 600 FPS
Cy o 0.0681
C, 0,00318
(IR 700 FPS
Cy 00,0678
C; 0.00317

Effect of Tip Speed on Wake Geometry -- b = 2,
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0, -8 AR 182 26 - 35 o0
R
QR 700 FPs
< ‘7 - 0.0690
C ;- 0.00725
QR - 600 FPs

C, /0 = 0.0657

C 7 - 0.00689

Figure 37. Photographs Showing Effect of Tip Speed
on Wake Geometry -- b = 6,
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k, WAKE PARAMETER

ZG,’R - 35

DATA NO. OF 3LADES
fo} 2
| 4
A 6
b0 8
UNFLAGGED SYMBOLS : {IR - 700 FPS
SINGLE FLAGGED SYMBOLS : IR - 600 FPS
DOUBLE FLAGGED SYMBOLS : {JR - 525 FPS
- T T
0.04 f, 0% AR 18.2
e
0 = e
- [~ - 7
0041, " Tgo A" 1.2
0 | t—

-—0.04 [ 1 ot ! ) T ) B [

0, - -16° AR 182 1

- d (@)
A
a Y
a Ol &
0 O— e I

-0.04 -

— ~ |
0.02 0.04 0.06 0.08 0.10 0.12

THRUST COEFFICIENT SOLIDITY, C, @

Vigure 3. ¥xperimental X, Wake Parameter for Model Rotors.




= 0.‘0

WAKE PARAMETER
o
&

o
2

83

-0.02

lG ‘R = 3,5

Figure Sk,

THRUST COEFFICIENT, C,

Experimental k,, wake Parameter for
Model Rotors --6, =0

]
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, AR = 18,2,

UNFLAGGED SYMBOLS : (IR =700 i PS
SINGLE FLAGGED SYMBOLS : (IR = 600 FPS$
I I T T
DATA ' SOLIDITY So. o, -
| 0.035 2 —
0O
o 0.070 4 (0
A 0.10% 6 A
0 0.140 s o :)/
1 /
A /<
/Ld g A,
S N——1 L4l "C‘T
A ° z
0 0.002 ¢.004 0.006 0.008 00w




WAKE PARAMETER

¥

Zc ‘R-13.5

UNFLAGGED SYMBOLS: (IR - 700 FPS

SINGLE FLAGGED SYMBOLS. (IR « 600 FPS

DOUBLE FLAGGED SYMBOLS: (IR - 525 FPS
-0.10 T T T

NO OF
DATA SOLIDITY 8LaEs | 0
e
o) 0,070 4 V
_0.08H a 0.105 s s g
o) 0,140 8 ;
o a Ké‘i
/]
a
-0.06 /
Nt 1.3 T
2 T
&
-0.01¢
/ ,
-0.02 /
i
0
0 0.002 0.004 0.00¢ 0.008 0.010

THRUST COEFFICIENT, Cy

Filgure %%, ¥Yuiperimental k, wake Parameter for
; . )
Moiel Rotors -- @, = -8, am = 19,0,
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ZG‘R 3.5

UNFLAGGED SYmMBOL : (IR - 700 FPS
SINGLE FLAGGED SYMBOL: (IR - 600 FP$
DOUBLE FLAGGED SYMBOL: (IR - 525 FPS
—0.!0[ i 1 1
DATA SOLIDITY :&:{s
| o 0.035 2
a 0.105 6
q A
~0.0811 0 0.140 (] ~
o
- ——
: 0 /(
- '“ri 4 \
[*7] \ e
3 — <19 /T
™ 2
N
- o)
f 4 A a
> -0.0 /
~ /
-
-0.02 //
0 1
0 0.002 0.004 0.00¢ 0.008 0.010

THRUST COEFFICIENT, C;

Figire 56. Experimental k, Wake Parameter for
Model Rotors -- 91 = -16°, AR = 18,7,
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k, WAKE PARAMET ER

ZG'R-J.S

UNFLAGGED SYMBOLS :

SINGLE FLACGED SYMBOLS :

DOUBLE FLAGGED SYMBOLS :

(IR =700 FPS
(IR = 600 FPS

(IR = 525 FPS

-0.10 T ) > § I I
OATA | soLIDITY saoes
H o 0.0468 2 t e
= FaY
0 0.0935 4 /
_008ld & 0.140 6 ~ e
0.08 1 >Ta
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d
o
&b
-0.06
/8 \\— -1.3‘/%1
-0.04
(9]
|
-0.01/ }
ol 1 |
0 0.002 0.004 0.006 0.008 0.010
THRUST COEFFICIENT, Ct
gire 57, Fyperimen‘al 1(7 wnake Tarameter for
Waiel Zokor: -- ﬁl = <87 Ak = Ll




ZG ‘R= 3.5

DATA NO. OF BLADES
(o] 2
o 4
o ¢
o s
UNFLAGGED SYMBOLS: (Jk 700 FPS
SINGLE FLAGGED SYMBOLS: (IR 400 FP$
DOUBLE FLAGGED SYMBOLS: (R 325 FPS
1.05
1.00
o ‘ﬁ\—nr YORTEX ORIGINATING AT BLADE TIP
VI (F 1.0) FOR ALL TEST CONDITIONS 1
0.’5 re i A 4 i S 3
I on
~l. \ v o
w T
> - ! |
z -
% ———
v 45°
§o.9e X L
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<
‘3 1.00 T T
x®
»
w *@ -
e Rl o =
(=) . o] e ———
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E o-” L
[
0.95 —

0

| e |

0.002 0.4 0.006 0.008 0.010
THRUST COEFFICIENT, Cr

(a) ¥, =07, k5", @0, 20",

Figure 53. Experimental wake Radial "cerdinate: for

Molel Rotors -- d, = 2, AR = 130,
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ZG R 15

DATA NO. OF BLADES
[o] 2
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L [
0 ]
UNFLAGGED SYMBOLS: {IR - 700 FPS
SINGLE FLAGGED SYMBOLS: {IR - 600 FPS
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: -
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° f
© [ —t—
o - 540.
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THRUST COEFFICIENT, Cy

(b) ¥ =130°, 2707, 3807, 540",

FTigure 58. Concluded.
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Ao

TIP VORTEX RADIAL COORDINATE, 7

1.05

1.00

0.95

1.00

0.90

1.00

0.90

0.95

0.85

Nodel Roters -- el = -8° AR = 18.2.
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Z /R=35
DATA POINT| NO. OF BLADES
—— |
(o] 2
o 4
a é
[e) 8
UNFLAGGED SYMBOLS: {IR - 700 FPS
SINGLE FLAGGED SYMBOLS: (R 620 FPS
DOUBLE FLAGGED SYMBOLS: fdk - 525 FPS
‘TIP YORTEX QRIGIWATED AT BLADE
Uy - 0° TIP (F- 1.0) FOR ALL TEST CONDITIONS
L 1 i | 1 | l
— L
o [%% o
Uy 4 |
i
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. ° 0 “0 wy - :
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e l |
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Figure 59. Experimental wWake Radial Coordinates f-r




ZG/R =35

] DATA NO. GF BLADES
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Figure 5G., Concludei.

138




TIP VORTEX RADIAL COORDINATE,

ZG/R =35

DATA NO. OF BLADES
[o) 2
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UNFLAGGED SYMBOLS: QR - 700 FPS
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Figure 60. Experimental Wake Radial Coordinates for
Model Rotors -- 6, = -16°, AR = 18.2.
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LG R~ 3.5
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Figure 60. Concluded.
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vigure A7, Comparison of Generalized Wake Results With Those
of References 1, 1C,and 11 -- Axial Coordinates.
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Figure 68. Comparison of Generalized Wake Results With Those

of References 1, 17),and 11 -- Radial Coordinates.
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Figure 70. Comparison of Generalized Wake Boundaries
With Results of Reference 1,
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Figure 71. UARL Prescribed Weke Hover Performance Program.
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TOP VIEW

SIDE VIEW

Figure 72. Computer Weke Trajectories for One Blade.
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Figure T73. Iteration Procedures for Computing Wake Gecmetries.
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Figure T4. Segmented Discrete Vortex Representation of the Wake.
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Figure 76. Far-Wake Representation.
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| Figure 77. Coordinate Systems and Nomenclsature for
t Thenretical Wake Geometry Computations.
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Figure 78. Tntersection of Wake With r-z Plane Showing

Typical Inboard Vortex Sheet Representation.
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Figure 80. Model Rotor Photographs Showing Typical
Local well-Up of Tip Vortex,
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Figure

8u.
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Continved.




(c)

Figure 80. Concluded.




NOTE
ROLL-UP

Figure 81. Photograph of Wake for a Full-Scale Rotor
Showing Local Roll-Up of the Tip Vortex.
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FROM WATER TUNNEL TEST PRCGRAM OF REFERENCE 12
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Figure 82, Photograph of Wake of Model Rotor Taken in a Water Tunnel
Showing Local Roll-Up of the Tip Vortex.
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Figure 84, Typical Time Histories of Computed Tip Vortex Coordinates
Showing Convergence of Extreme Near-Wake.
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Figure 85. Computed Radial and Axial Coordirnstes of
Tip Vortex for Two Time Steps.
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Figure 86. Initial Wake Geometry Used in Sample Computation.
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Figure 87. Approximation to Blade Circulaticn
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Figure 88. Approximation to Evireme Near-Wake in Sample Computation.
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Figure 91. Predicted Effect of Rotor Thrust on Wake Geometry.
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Figure 92. Predicted Effect of Blade Twist on Wake Geometry.
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Figure 93. Predicted Effect of Number of Blades and Thrust
Level on Wake Geometry.
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Predicted Effect of Blade Aspect Ratio on Wake Geometry.

177




D A S At ot e

TIP VORTEX COORDINATES, r AND z¢

B

f,--8° AR~ 18.2 h=2 C,/0-0.10 C = 0.0035

;T
0
THEORY
(QR = 700 AND 525 FPS)
02 L EXPERIMENT
QR - 700 AND 525 FPS)
Uy = 360°/b
-0.4 ) | L l | | ] ] | L
T
0.8 - EXPERIMENT
{QIR = 700 AND 525 FM
= THEORY
(QR = 700 AND 525 FPS)
1.0 | | | ] ] | 1 {
0 100 200 300 400

WAKE AZIMUTH POSITION, ¢y, DEG

Figure 95. Predicted Effect of Tip Speed on Wake Geomet;y.
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Figure 96. Compariscn of Predicted Wake Geometry
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Figure 97, Ccmparison of Results of Uaccntracted Wake Analyses With
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APPENDIX I
EQUATIONS FOR COMPUTING THE VELOCITIES AND
DISPLACEMENTS CF WAKE VORTEX ELEMENTS

The velocities induced at an arbitrary point P by a straight vortex
element of strength I" and bounded by end points A and B (see Figure 77)
can be computed using the classical Biot-Savart Law (see Reference 23,
pP. 373) and are given by the following equations:

vep * (2 |(ve=va)ze=26) = (262, (35 - g
v,P z (;I:?)i l(zp-z‘)(xp- Xg) = (xp = x4} (2p -zs)l

Vo = (4_' l(xp XAl (Yp ~Yg) ~ (Yp ~Ya) (xP_xB)]

_ | (aP+8P)/ (AP)(BP)

k= =
where R (aP)BP) +I +J +K

I = (Xp=X,) (Xp ~Xp)
= (yp ~Ya)(vp -¥p)

K 2 (2p-2,)(2p —2,)

AP = \/(xr- ’XA)Z-O-(YP-YA)E;(IP'IAF 8p = \/('P -xg)* (yp ~vpl +(zp -2g)°

The velocities % , and "zp are numerically integrated using the

equatians below to detgrnim the displacements of the wake which occur
during a smell time interval, i

Axp }: préf
ay, = 2 vy, O

Azp ¢ L vy, O




The summation signs in the immediately preceding equations denote
summations of the induced velocities induced at point P by all vortex
elements in the wake., The particular integration schemc deszribed atove
is based on the assumption that the induced velocities remain essentially
constant during the time interval, At. Also, the length of any vortex
element is allowed to vary as its end points move,

Examination of the velocity equations given above discloses that the
velocity induced at point P by the straight vortex segments of which P
rforms an end point is always zero. Actually the vortex filament is curved
rather than straight. Some error is thus introduced by the use of
straight seguents, with the size of the error depending upon the length
of the segment and the curvature of the filament involved. To avoid this
error, the calculation of the curved vortex element immediately adjacent
to the point in question was approximated by a circular segment, and the
influence oI this circular segment was included in the computational
progranm.
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APPENDIX II
CONVERGENCE OF THE WAKE GEOMETRY-BOUND CIRCULATION GOLUTION

As mentioned previously, an iteration is required using the
Prescribed Wake Progrem and Wake Geometry Programs to insure reasonably
conpatible wake geometiies and bound circulation distributions. Because
of the computing time required by the Wake Ceometry Program, it is
obviously desirable to minimize the number of passes through this program,
This can be acconplished by (1) adjusting the circulation distributions
used as input to the wWake Geometry Program so as to anticipete the final
circulation distribution answer as much as possible (using past experience
as a guide) and (2) being aware of the sensitivity of the final enswer of
interest, namely, rotor performance, to possible departures frum the
ideal, completely compatible, geometry-circulation solution. Both
approaches weres employed in this study. The paragraphs below preseat
some results which can bte used to evalua*e the expected sensitivity of
rotor performance to departures from the ideally converged solution.

Rotor performance is, of course, given in terms of integrated rotor
thrust (Cp/o) and torque (Cq/o). Of these, rotor thrust exhibits the most
sensitivity to the k; and k2 wake geometry parameters for the tip vortex.
Partial derivatives rclating Cp/o to k; and kp for two-bladed rotors were
estimated by using the Prescribed Weke Program and varying k; and kp
independently. The results indicated the follcwing approximate relation
for iwo-bladed rotors:

ACr/o = ~044 Ak -054k, (6)

Now, if k; and kz couid be related to the bound circulation distribution,
one would be able to asszess ‘he probable impact of further refinements to
the circulation by usin, Equation (6) to compute an eguivalen: error in
Cr/o and comparing this with the level of accuracy to which CT/a'is
desired. Assuming that the peax circulation [ ., on the blade is the
characteristic quantity determining the flow field and hence k; and kp,
one can use the computed wake geometry results that have been obtained
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under this contract for the various operating conditions to assess the
rates of change of k} and ky with respect to T, . Such results are
shown in Figure 114 for the -8-degree twist rotor cases. Values are
plotted both as functions of the specific l‘m values computed for the
mocdel rotor and a nondimensional I‘m to increase the utility of the
chart.

If Cp/o s desired to an accuracy of 30.001 (typically 21%), then
from Equation (4) this limits k) and ko errors to #0.0023 and %G.002,
respectively. From Figure 114 the corresponding tolerances on [ pay for
the model rotor are 319 and 11.8 ft2/sec, respsctively. The large
tolerance in Fm associated with the error in k; simply reflects the
relative insensitivity of k) to [pax (or thrust) as predicted by the
Weke Geometry Program. This insensitivity appears to be due to the fact
that the general downwash induced by the wake on the tip vortex trailed
by a given btlade tends to be cancelled by an upwash induced by the
contracted vortex trailed by the immediately preceding blade.

All of the geometry-circulation results presented herein have
converged to within the smallest tolerance in [ ., quoted above. Thus,
the cirresponding computed CT/J should be accurate to 20.001.
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