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Assessment of Rotor Blade Angle of Attack
from Experimental In� ow Data
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A series of experiments was conducted by NASA Langley Research Center and the U.S. Army, over a 10-year
period beginning in the mid-1980s, to provide some insight into the nature of helicopter rotor-system-induced
velocity and to provide calibration data for many promising computational methods. Rotor-induced velocities
were measured above the rotor system for several forward � ight-test conditions in the NASA Langley Research
Center 14 by 22 Foot Subsonic Tunnel using a 15%-scale, fully articulated, stiff-in-torsion rotor and in a joint
government/industry partnership with Bell Helicopter Textron, Inc., for a larger, aeroelastically scaled, bearingless
rotor. A two-component laser velocimeter was used to make these measurements in the facility.The data from these
tests have been published previously as NASA quick release reports and conference papers, and they are available
electronically. Further analyses of the data to assess the local angle of attack of the rotor blades as a function of
azimuth, span, and test condition are documented. The results indicate that assessing in� ow using the time average
of a rotor revolutiondoes not always capture adequately the local effects of blade passage on the in� ow distribution.
The in� ow distribution should be assessed using the average of the blade azimuth-dependent in� ow. At advance
ratios less than 0.30, the effects of the individual trailing vortices were evident in the in� ow measurements, and they
have a signi� cant impact on the local blade � ow angle. For higher advance ratios, the blade azimuth-dependent
in� ow velocities differed very little from the time-averaged in� ow characteristics. The analyses demonstrated that
dynamic twist is signi� cant for aeroelastically scaled rotors and must be measured or modeled to assess the rotor
performance accurately.

Nomenclature
R = rotor radius, ft
r = local radius of the rotor system, ft
u = streamwise component of velocity, ft/s
u i = induced component of velocity parallel to the tip path

plane (positive downstream), ft/s
Vtip = rotor blade tip velocity, ft/s
v = vertical component of velocity, ft/s
vi = induced component of velocity perpendicularto the tip

path plane (positive up), ft/s
x = distance behind blade leading edge, in.
® = rotor tip path plane angle, positive nose up, deg
®l = rotor blade section local angle of attack, positive nose

up, deg
¸i = induced in� ow ratio normal to tip path plane, positive

up, vi=Vtip

¹i = induced in� ow ratio parallel to tip path plane, positive
downstream, u i=Vtip

¹1 = main rotor advance ratio, U1=ÄR
9 = rotor azimuth measured from downstream position

positive counterclockwiseas viewed from above, deg
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Introduction

O NE of the dif� cultiesconfrontingthe helicopterindustry is the
lack of basic data concerning the � ow environment, the blade

air loads, and the blade motions that in� uence the performance, the
vibration, and the noise of advanced rotors. To de� ne a rotor for
certain performance and noise levels, the designer must be able to
calculate with con� dence the aerodynamic, dynamic, and acoustic
characteristics of the rotor system. Tests have shown1 that accu-
rately modeling the rotor wake aerodynamics is essential for the
accurate prediction of the higher harmonic air loads that in� uence
the blade dynamic response and the control system loads. Studies
havedemonstratedthat acousticpredictiontechniquesprovidegood
results if accurate blade surface pressures are used as input.2;3 It is,
therefore, clear that the accurate prediction of the rotor wake, the
blade surface pressures, and the resulting air loads is a prerequisite
to the design of new, quiet, advancedrotors. In Refs. 4 and 5, the de-
pendencyof the blade air loads on the velocities inducedat the rotor
blade by the rotor wake and the velocities during the interaction of
the blade with the wake vortices that are embedded in the � ow� eld
are discussed.Many methodshavebeendevelopedto accountfor the
in� uenceof the rotorwake on bladevibratoryair loads and dynamic
response,6¡10 and several high-quality experimental data sets have
been generated to assist in understanding the interactions between
the rotor blade and the rotor wake.11;12 The results of these studies
have con� rmed the idea that the rotor is a highly coupled environ-
ment where the induced � ow to the rotor system is an integral part
of the iterative calculation process that must be considered for ac-
curate rotor system aerodynamic, dynamic, and acoustic modeling
and prediction.

An essential, fundamentalelement to any predictionof rotor per-
formance, acoustics, and blade response is calculating the angle of
attack at which the blade operates.The angle-of-attackcalculations
are crucial to the accurate prediction of local airfoil aerodynamic
response, which then drives the rotor wake response as well as the
rotor dynamic response. Although the geometric angle of the blade
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section can be calculated from the rotor operating condition, blade
twist, and blade inertial properties, the aerodynamicangle of attack
requires the knowledgeof the in� ow velocity that is self-inducedby
the lifting rotor and the rotor wake. To predict blade performance,
noise, and vibration,an accurate calculationof in� ow velocitymust
be included. Existing comprehensive analyses provide several op-
tions to the user for calculating the rotor wake structure that com-
putes the wake’s induced effects at the blade for angle-of-attack
calculation. The accuracy of these methods are typically judged to
be the cause of discrepancies in the codes.

To provide some insight into the nature of induced velocity
and to provide calibration data for many promising computational
methods, NASA Langley Research Center and the U.S. Army
conducted a research program with the intent to measure rotor-
induced velocity for several test conditions using a 15%-scale,
fully articulated, stiff-in-torsion rotor system at NASA Langley
Research Center. In addition, a joint government/industry partner-
ship with Bell Helicopter Textron, Inc., was also initiated to ex-
pand the test articles to include the measurement of in� ow for a
larger, aeroelastically-scaled, bearingless rotor. The research pro-
gram, which spanned six test entries, was conducted in the NASA
Langley Research Center 14 by 22 Foot Subsonic Tunnel. The
dedicated two-component laser velocimeter system of the facility
was used to make azimuthally dependent velocity measurements
above the rotor plane at selected radial locations. Time-dependent
blade pressure data also were obtained for one of the test con-
ditions with the bearingless rotor. This paper presents the in� ow
data and the calculated experimental local blade angle of attack
for these two rotors and for several test conditions. This paper also
providesa comprehensivereference for all associatedpapersand re-
ports generated by the government in support of the in� ow research
program.

Test Equipment, Instrumentation, and Procedures
The research program was conducted through a series of test

programs in the NASA Langley Research Center 14 by 22 Foot
Subsonic Tunnel using the two-component laser velocimeter (LV)
system of the facility and both the Army’s 2-Meter Rotor Test Stand
(2MRTS) with rigid blades and Bell Helicopter Textron’s Powered
Force Model (PFM) with aeroelastically scaled blades. Five test
conditions were evaluated for the rigid rotor, and four conditions
were tested for the aeroelasticallyscaled rotor.

Facility

The NASA Langley Research Center 14 by 22 Foot Subsonic
Tunnel is a closed-circuit,atmosphericwind tunnel designedfor the
low-speed testing of powered and high-lift con� gurations.13 When
the tunnelis operatedin the open test sectioncon� guration,the walls
and the ceiling are lifted out of the � ow and a solid � oor remains
under the model. In this con� guration, the tunnel can achieve a
dynamic pressure of about 91.5 lb/ft2 or a Reynolds number per
foot of approximately 1.8 £ 106. This investigation was conducted
with the tunnel in the open con� guration to enhance optical access
to the rotor � ow� eld.

Model Description

2MRTS and Rotor System and Generic Fuselage

The 2MRTS is a general-purposerotorcraftmodel testing system
thatwas mountedon a strut in the forwardpartof the test section.The
system consistedof a 29-hpelectricdrivemotor, an oil-cooledtrans-
mission, a rotor system collectiveand cyclic remote control system,
and two six-component strain gauge balances used for measuring
forces and moments on the rotor system and the generic fuselage
shell (ROBIN). The four-bladedrotor hub used for this investigation
was fully articulated with viscous lead-lag dampers and coincident
� ap and lag hinges. Characteristics of the rotor blades tested on the
2MRTS are listed in Table 1. No attempt was made to dynamically
scale the rotor blades; rather, they were very rigid to minimize blade
aeroelastic response uncertainties. Additional information regard-
ing the blade characteristicsis given in Ref. 14. Figure 1 shows the

Table 1 Blade and hub properties

Rigid rotor with Aeroelastic rotor with
Parameter 2MRTS hub bearingless hub

Hub type Fully articulated Flexbeam, stacked yoke
Number of blades 4 4
Planform shape Rectangular Rectangular
Airfoil section NACA 0012 ALR airfoil (see Ref. 29)
Hinge offset r=R, in. 2.00, 0.06 Not applicable
Root cutout r=R, in. 8.25, 0.24 9.0, 0.19
Pitch–� ap coupling

angle, deg 0 51.7
Twist, linear, deg ¡8.0 ¡8.0
Radius, ft 2.88 4.0
Airfoil chord, in. 2.6 3.72
Rotor solidity 0.0977 0.0987
Blade stiffness

Flapwise, lb-in.2 11,500 Distributed (See ref. 29)
Torsional lb-in.2 25,500 Distributed (See ref. 29)

Flapping inertia, slug/ft2 0.046 0.2151
Lead-lag damping,

in.-lb/deg/s 182.4 182.4

2MRTS with the rigid, rectangularplanform blades and the ROBIN
fuselage shell mounted in the tunnel.

A more detailed descriptionof the 2MRTS and the ROBIN fuse-
lage can be found in Ref. 15, and Reference 16 has corrected coef� -
cients for the ROBIN fuselage shape. Because the ROBIN fuselage
was used extensivelyover the period of this researchprogram, there
have been many other reports generated that document the proper-
tiesof the ROBIN and provideinsightfor computationallymodeling
the fuselage shape. More information regarding the ROBIN fuse-
lage, its effect on the induced velocities at the rotor plane, steady
and unsteady fuselagepressuredata, and computationalpredictions
of � ow aroundthe fuselagemay be found in Refs. 16–26. Wake data
obtained in the presence of the ROBIN fuselage was � rst presented
in Ref. 27 and subsequentlyrevised, corrected for a position offset,
and republished as Ref. 28.

PFM

Bell Helicopter Textron’s PFM is a general-purpose rotor test
stand designed to test Mach-scaled rotors from 4 to 10 ft in di-
ameter. The PFM consists of an input quill assembly, pitch and
yaw changemechanisms,a dynamic isolaterunit, a � ve-component,
strain gauge rotor balance, and a rotor system collective and cyclic
remote control system. Rotor mast torque was measured by a sepa-
rate strain gauge located below the rotor hub attachment point. The
PFM was covered with a nonmetric fairing to minimize test stand
aerodynamic interference with the rotor. The cross-sectionalshape
of the fairing was a NACA 0033 airfoil. The advanced lightweight
rotor (ALR) was a four-bladed, bearingless, soft in-plane design
with two stacked � berglass � ex-beam yokes and four rotor blades
with integral cuffs and elastomeric shear dampers. The characteris-
tics of the ALR rotor hub and bladesare given in Table 1. Two of the
rotor blades were instrumented with dynamic pressure transducers
embedded in the blades. The frequency response of the installed
transducers was 40 kHz. The pressure data from the leading-edge
transducers at several spanwise locations (r=R D 0.33, 0.50, 0.58,
0.69, 0.73, 0.81, 0.87, 0.90, 0.94, and 0.96) will be presented later.
Figure 2 shows the PFM with the ALR blades mounted in the tun-
nel. More detailed informationregarding the PFM, the ALR blades,
and additional blade pressure data may be found in Refs. 29–33. In
Ref. 34, the wake data that were acquired using the PFM and the
ALR blades are reported.

LV System and Data Acquisition

The LV system was a two-component system with a 3–21 ft fo-
cal length operated in the backscatter mode to minimize alignment
dif� culties between the transmit and receive optics packages. Most
components of the system are described in Refs. 35 and 36; there-
fore, only a brief descriptionwill be given here.The streamwiseand
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Fig. 1 2MRTS with the two-component LV.

vertical components of velocity are measured by optics located on
the side of the tunnel, out of the � ow. The traversingmechanismsof
the two components are computer-controlledto ensure the sample
volumes of the two sets of beams are positionedat a single location.
As can be seen in Figs. 1 and 2, the traversing mechanism was lo-
cated along the side of the tunnel and outside the shear layer of the
open jet.

Except for its long focal length and zoom lens assembly, the sys-
tem was a standard fringe-basedLV system utilizing four beams to
measure two componentsof velocity.Polystyreneparticles(1.7¹m)
suspended in an alcohol and water mixture were used to seed the
� ow. The velocity data were acquired using either time-domain
counters or frequency-domainprocessors depending on the equip-
ment available for the individual test program. The LV data acquisi-
tion system was designed to allow acquisition of rotor azimuth po-
sition in addition to the velocity measurementsso that an azimuthal
history of the velocity could be reconstructed in postprocessing.

The LV data acquisition process consisted of placing the sample
volume at the measurement location and acquiring data for a pe-
riod of 2 min or until 4096 velocity measurements were made in
each of the longitudinaland lateral componentsof velocity.The LV
measurements were not made in coincidence, instead the � ow was
assumed to be periodic with rotor blade passage, and each compo-
nent was allowed to be measured individually.This process dramat-
ically reduced the time required to obtain the LV data. During this

process, as was discussed earlier, conditional sampling techniques
were employed to associate each measured velocity component
(u and v/ with the azimuth position of the number one blade at
the time when the measurementwas made. At the conclusionof the
process, the measurementlocationwas changed,and the acquisition
process was repeated.

For each measurement location, the raw data for each component
were reviewed, collected into probability density functions (his-
tograms),and furtherprocessedto improve the signal-to-noiseratio.
The data, velocityvs bladeazimuth,were binned into 128 bins (2.8-
deg azimutheach)for each component.Statisticalcharacteristicsfor
each bin were calculated, primarily mean and standard deviation.
The time-averagemean velocity for the locationwas then calculated
from the average of the mean data from each of the azimuth bins.
When the mean velocity in each bin was used, and this mean was
associated with the bin’s rotor azimuth position, it was possible to
sort the data by azimuthal position, thereby reconstructing a time
history of velocity at each measurement location that represented
one average rotor revolution.

Measurement Locations and Test Procedures

In all cases, measurements were made at azimuthal increments
of 30 deg from 9 D 0 deg at approximately one chord above the
tip path plane. The measurements were made at 15 radial locations
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Table 2 Test conditions

Parameter Rigid rotor Aeroelastic rotor

Advance ratio ¹1 0.15 0.23 0.30 0.35 0.40 0.37 0.37 0.37 0.37
Thrust coef� cient CT 0.0063 0.0064 0.00649 0.0064 0.0064 0.0081 0.0081 0.0064 0.0064
Tip speed Vtip , ft/s 624.3 624.5 622.7 624.0 624.0 710.9 605.2 708.9 606.1
Tip Mach number Mtip 0.553 0.548 0.536 XX XX 0.617 0.525 0.618 0.525
Torque coef� cient CQ 0.00036 0.00035 0.00043 0.00048 0.00063 0.00063 0.00061 0.00044 0.00042
Tip path plane angle of attack ®, deg ¡3.0 ¡3.0 ¡4.0 ¡5.7 ¡6.8 ¡5.9 ¡5.8 ¡5.8 ¡5.9
Freestream velocity U1 ; ft/s 94 144 188 219 251 262 223 261 223
Collective A0, deg 9.4 8.2 10.3 9.2 9.4 14.0 13.2 11.3 10.4
Lateral cyclic A1, deg ¡1.1 ¡1.5 ¡1.6 ¡0.3 ¡0.5 ¡0.9 ¡2.1 ¡0.6 ¡1.6
Longitudinal cyclic B1 , deg 3.2 4.1 5.9 6.8 8.2 11.3 10.9 9.1 8.5
Coning a0, deg 1.5 1.8 2.1 1.8 1.8 2.7 2.7 1.5 1.4
Lag angle, mean, deg 0.95 0.9 0.9 1.3 1.4 1.0 1.0 0.8 0.8
Drag coef� cient CD 0.0002 0.00005 0.0002 0.0000 0.0000 ¡0.00057 ¡0.00056 ¡0.00032 ¡0.00032

Fig. 2 PFM in the Langley 14 by 22 Foot Subsonic Tunnel with the two-component LV.

concentrated toward the outboard portion of the rotor disk. Table 2
lists the nominal test conditions and selected test parameters for the
rigid and the aeroelastic rotor systems. The rotors were trimmed to
zero � rst harmonic blade � apping, and the test condition was held
constant over the period of LV data acquisition.

Measurement Uncertainty

Wind-tunnel wall interference corrections were calculated using
the methods of Ref. 37 and were considered to be negligible for
these con� gurations at the reported test conditions. The uncertain-
ties associated with the wind-tunnel standard measurements were
calculated using the partial derivative analysis method of Ref. 38,
and they are documented in Table 3. The uncertainty in the perfor-
mance data that were measured with the balances is also given in
Table 3, as well as the uncertainty in the rotor control angles. The
largest contributors to the uncertainty in the LV velocity measure-
ments are the measurementof the crossbeamangles and the particle
lag. Using the error estimation techniquesdescribed in Refs. 39 and
40, the LV system error for the velocity measurements in this paper
is estimated at less than 2.1% of the measured velocity for each
component for the rigid rotor and less than 0.92% of the measured
velocity for the aeroelastic rotor. The errors in the pressure data
attributed to hysteresis,nonlinearity,repeatability,signal condition-
ing, discriminator circuits, and the analog to digital converter lead
to an uncertainty of §0.221 lb/in.2 Details of the error analysis for
each of the LV data sets and the pressure data information may be
found in Refs. 29–32 and 41–45.

Blade/Azimuth Dependent Data Analyses

As already discussed, the data exist in two forms: 1) time-
averaged velocity components as a function of measurement lo-
cation and 2) velocity components at a given measurement location
as a function of blade 1 azimuth position. It is straightforward to
construct the local � ow angles to the rotor blades using the time-
averaged measurements because it really does not matter where the
blade is respective to the measurement location. The process is not
so straightforwardif the intent is to construct local � ow angle to the
blade as a function of blade azimuth position. An example of the
azimuth dependent data as processed in Refs. 29–32 and 41–45 is
presented in Fig. 3. These data represent the time history of the ve-
locity components as the blades pass by the measurement location.

The abscissaon theFig. 3 plot representstheazimuthalpositionof
blade1 when the velocitywas measured,and of course, the ordinate
represents the induced velocity component. In this example, one of
the measurement locations was 9 D 60 deg and r=R D 0.5, and the
componentvelocitiesimportantto calculatingthe local � ow velocity
at each of the four blades at the point in time when each blade was
at the measurement location are shown as vertical dashed lines on
each graph. The velocity components requiredare those that are not
in� uenced by the local blade circulation, yet are near enough to be
representedas thede� ning� ow conditionsfor airfoilangle-of-attack
table-lookuppurposes. After some considerable analyses and to be
consistent at all measurement locations, the criterion used to select
the velocities for the calculationof local � ow angle to the blade was
when the blade of interest was one chord behind the measurement
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Table 3 Measurement uncertainty

Uncertainty

Parameter Rigid rotor Aeroelastic rotor

Advance ratio §0:0011 §0:0011
Blade pressures, lb/in.2 Not applicable §0:221
Collective, deg §0:5 §0:3
Coning, deg §0:5 §0:3
Freestream velocity, ft/s §0:274 §0:274
Lag angle, deg §0:5 §0:3
Lateral cyclic, deg §0:5 §0:3
Longitudinal cyclic, deg §0:5 §0:3
LV velocity measurements, ft/s <2.1% <0.92%
Rotor drag, lb §0:4 §0:5
Rotor lift, lb §1:0 §1:8
Rotor shaft angle, deg §0:001 §0:001
Rotor drag coef� cient §0:00002 §0:000009
Rotor thrust coef� cient §0:00037 §0:000042
Rotor tip speed, ft/s §0:6 §0:8
Rotor tip Mach number §0:001 §0:001
Rotor torque coef� cient §0:000014 §0:000012

Fig. 3 Example of azimuth-dependent normal induced velocity com-
ponent for 2MRTS measured at W = 60 deg and r/R = 0.5 and 0.9.

location. At the tip of the blade, this criterion resulted in using one
bin’s mean velocity components. At r=R D 0.2, this resulted in an
averageof sixmeasurementbins for all rotorconditions.An example
of the difference in this measurement window width is evident by
comparing the two window sizes in Fig. 3.

To assure that the selectionof the windowwidth didnot arbitrarily
change the value of the � ow angle, the data from two, three, and four
chords ahead of each blade were also processed for two complete
data sets. The resulting difference in the � ow angles computed was
very slight. Therefore, all of the data that will be presented in this
paper were based on the one chord window. These data were then
collected, and distributions of � ow angle calculations were made
for each blade and an averageof the four blades at all nine operating
conditions. The velocity components were then used to compute
local � ow angle to the blade for each bladeand an averageof all four
blades. In addition, these � ow angles were computed from the time-
averaged results. Only the time-averaged and four-blade-averaged
� ow angles will be presented.Freestream conditionswere included
as well as rotor operating conditions: tip path plane angle to the
freestream,static twist of the rotorblade,collective,and longitudinal
and lateral cyclic as a functionof blade azimuth. Dynamic twist was
not used in the calculation process. For the 2MRTS data set, this is
probably not important because it was stiff in torsion, but it most
probably plays a role in the PFM data sets. Unfortunately, there
were no dynamic twist data available for the PFM. Therefore, the
resulting � ow angle calculationsat the blade presented in this paper
represents the nearest number that can be calculated to obtain the

local angle of attack of the airfoil relative to the mean chord line of
the airfoil, assuming no dynamic twist due to operating condition.

Discussion of Results
Discussion and theory regarding in� ow velocity, its distribution,

and effect have been ongoing since the late 1940s (Refs. 6 and 46).
Heyson, in Ref. 47, measured in� ow using an instrusiveprobe tech-
nique in 1956. To date, the data presented here represent the only
nonintrusive measurement of rotor in� ow in forward � ight. These
data also represent the only in� ow data that are not time averaged
and that were acquired for a bearlingless rotor. The in� ow veloc-
ity data that were acquired for the rigid and aeroelastic rotors were
originally reported in NASA quick release data reports (Refs. 29–
34 and 41–45). Portions of the data were also presented as they
were acquired (Refs. 33, 35, and 48–51). This paper presents in a
summarized, graphical form the in� ow data for all of the rigid and
aeroelastic rotor test conditions. The in� ow data in these publica-
tions have been used to calculate local � ow angle variation across
the rotor disk. As indicated before, the PFM blade set had local sur-
face pressure measurement capability.The only set of pressuredata
available for the PFM is for one of the four test conditions. These
data are available in Ref. 29. A sample of the data is provided in
Fig. 4. Shown are the leading-edgepressuresnear the x=c positionof
0.05 for the PFM rotor at CT D 0.0064,¹ D 0.37, and Vtip D 711 ft/s
for 10 radial positions along the blade. These in� ow and pressure
data can also be obtained through a variety of electronic transfer
options by contacting the authors.

In� ow

An example of the time-average induced in� ow velocities mea-
suredaboveeachof the rotorsystemsat a similaroperatingcondition
is shown in Fig. 5. It is obvious from Figs. 5 that the in� ow charac-
teristics each rotor experiences at similar operating conditions are
similar but different.For both rotors, there is a large area of average
up� ow over most of the forward part of the rotor disk, and a distinct
region of maximum downwash skewed off centerlinebehind the ro-
tor hub. The PFM rotor has a much greater extent of average up� ow
and less downwash on the aft part of the disk as compared to the
2MRTS rotor, but the general character of the upwash/downwash is
consistent between the two rotors. To determine how these differ-
ences affect the � ow angle of the rotor system, it was necessary to
use the azimuth-dependentdata in each data set and process these
data as already described.

Flow Angle

The importance of using the azimuth-dependentdata to compute
� ow angle vs using the time-averaged data is shown in Figs. 6–10.

Fig. 4 Example of the leading-edge pressures measured on the PFM
rotor at x/c » 0.05 at CT = 0.0064, ¹1 = 0.37, and Vtip = 711 ft/s.
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Induced in� ow ratio parallel to tip path plane

Induced in� ow ratio normal to tip path plane

Fig. 5 Time-averaged induced in� ow velocity ratios for the 2MRTS
and PFM at similar rotor conditions: CT = 0.0064, ¹ 1 » » 0.35, and
Vtip » 624 ft/s.

a) Time averaged b) Azimuth dependent

Fig. 6 Flow angle distribution for the 2MRTS at CT = 0.0064, ¹ 1 =
0.15, and Vtip = 624 ft/s.

a) Time averaged b) Azimuth dependent

Fig. 7 Flow angle distribution for the 2MRTS at CT = 0.0064, ¹ 1 =
0.23, and Vtip = 624 ft/s.

Figures 6–10 present this comparison where the time-average re-
sults are provided in Figs. 6a–10a and azimuth-dependent results
are provided in Figs. 6b–10b for the � ve advance ratios tested with
the 2MRTS. Because the 2MRTS rotor is very stiff in torsion, the
� ow angles calculated from the in� ow data for this rotor will be
a good representation of the angle of attack for the airfoil. From
Figs. 6–10, it is evident that the azimuth-dependent calculations
are most critical at advance ratios below 0.23. The general shape
of the angle-of-attack distribution across the rotor disk is one that
can be calculated assuming uniform in� ow and is very similar to
the classical distributions shown in Refs. 52 and 53. At the lower
advance ratios ¹ D 0.15 and ¹ D 0.23 (Figs. 6 and 7, respectively),
differences between the time-averaged and azimuth-dependentan-
gle of attackcan be seen.At higheradvanceratios, it appears that the
detailed azimuth-dependentin� ow measurements are not critical to
angle-of-attackcalculations.That is, for � rst-orderperformanceand

a) Time averaged b) Azimuth dependent

Fig. 8 Flow angle distribution for the 2MRTS at CT = 0.0065, ¹ 1 =
0.30, and Vtip = 623 ft/s.

a) Time averaged b) Azimuth dependent

Fig. 9 Flow angle distribution for the 2MRTS at CT = 0.0064, ¹ 1 =
0.35, and Vtip = 624 ft/s.

a) Time averaged b) Azimuth dependent

Fig. 10 Flow angle distribution for the 2MRTS at CT = 0.0064, ¹1 =
0.40, and Vtip = 624 ft/s.

trim calculationsat 1-g � ight conditionssimulated in these tests, de-
tails of the in� ow characteristics at advance ratios above 0.30 are
not affected by individual trailing vortex wake effects. This cannot
be said for lower advance ratios, or for � ight conditions other than
1-g level � ight trim.Again this is consistentwith well-knowntheory
for rotor performance prediction.

Aswouldbeexpectedin trimlevel � ight,theanglesof attackto the
blade on the advancing side of the rotor disk are small and decrease
with increasing advance ratio. Airfoil stall begins to occur on the
retreatingside above ¹ D 0.23 on the outboardpart of the blade, and
this regionof potentialstall grows with advanceratio.Dependingon
local conditions (primarily Mach number), the NACA 0012 airfoil
will probably maintain attached � ow in an unsteady environment
to around 16–18 deg, after which the dynamic stall issues become
important. Reverse � ow is evident on the retreating side where the
local angle of attack is greater than 90 deg at advance ratios above
0.23 with increasingareasof extentas the advanceratio is increased.

At ¹ D 0.15, details of the rotor wake interaction can be seen on
both sidesof the rotor disk. The contour lines are not as smooth as at
higher advance ratios. These effects are indicative of the in� uence
of passage of individual blade tip vortices near each blade. This
effect is more pronounced during descending � ight but is evident
here even in trim, level � ight at this low advance ratio. Some of
the detailed characteristics of this interaction are lost in the time-
averaged results, including a potential region of stall near the root
of the blade on the retreatingside of the disk. For this advance ratio,
there is no evidenceof reverse � ow over the airfoil, again in keeping
with expected results.

The � ow angle distributions for the PFM rotor are provided in
Figs. 11and 12. Becausethis rotor systemis aeroelasticallyscaled, it
is not appropriateto refer to the � ow anglecalculationsfor thesecon-
ditions as angle-of-attackmeasurements. The blades are assuredly
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Vtip = 605 ft/s Vtip = 710 ft/s

Fig. 11 Flow angle distribution for the PFM at CT = 0.0064 and ¹ 1 =
0.37.

Vtip = 605 ft/s Vtip = 710 ft/s

Fig. 12 Flow angle distribution for the PFM at CT = 0.0081 and ¹ 1 =
0.37.

experiencingdynamic twist that cannot be accounted for in the cal-
culation process. The azimuth-dependent data from a thrust coef-
� cient of 0.0064 at two different hover tip speeds is presented in
Fig. 11 and is repeated for a thrust coef� cient of 0.0081 in Fig. 12.
The data appear to be truncatedon the forward part of the rotor disk.
The reasonfor this is describedin detail in the reportsin Refs. 29–32.
To summarize, the data collected on the front 20% of the rotor disk
were at a different operating condition than the back 80%; there-
fore, it is not appropriate to use it for comparison purposes with the
2MRTS data set. It appears that this rotor system is experiencing
a larger area of potential stall, encompassing almost all of the re-
treating side. This cannot be the case because the rotor system was
trimmed at the test condition. Therefore, the only explanation for
this is that the blade dynamic twist is not negligible. In fact, the
data suggest that the blade dynamic twist on the retreating side was
negative and was contributing to counteract the effects of reverse
� ow. The reverse � ow region is evident and is not any different than
experiencedby the 2MRTS. This is not surprisingbecause the driver
for the boundaries of the reverse � ow region is the combination of
the forward velocity with the rotational velocity at a given radius
and is unaffected by dynamic twist. At each thrust coef� cient, the
size of the apparent stalled region increases with increasing hover
tip speed; also note that the PFM aeroelastic rotor data show exam-
ples of the local in� uence of blade vortices passing by the blades,
something that was not evident in the torsionally stiff 2MRTS data
at these advance ratios.

Fortunately, the PFM and 2MRTS rotor systems were tested
at very similar � ight conditions: CT D 0.0064, ¹ » 0.35, and
Vtip » 624 ft/s. This provides the opportunity to compare two sim-
ilar rotors, one that is stiff in torsion and the other aeroelastically
scaled. This has been done in Fig. 13 as the difference between the
normal componentof the inducedin� ow ratio of the PFM and of the
2MRTS and as thedifferencein resulting� ow angleof thePFM with
that of the 2MRTS. The induced in� ow ratio for the PFM is greater
than the 2MRTS all over the disk with the largest values found in
pockets on both advancing and retreating side of the rotor disk. A
small portion of this increased level of upwash can be attributed to
the slightly higher advance ratio as will be explained.

The average momentum induced in� ow can be calculated by

Ņ
i D

¡CT

2
p

Ņ 2
i C ¹2

1

For the advance ratio of 0.35, this number is ¡0.00914, and for
the advance ratio of 0.37, this number is ¡0.00865. The difference

Fig. 13 Difference in in� ow characteristics between the PFM and
2MRTS rotor systems at similar operating conditions: CT = 0.0064,
¹ 1 » » 0.35, and Vtip » » 624 ft/s.

between these two is 0.0005, far less than the differences expe-
rienced between the two data sets. The results of this increase in
upwash is to increase the local � ow angle to the blade as shown
in Fig. 13. These small changes in induced upwash are felt to a
greater degree on the retreating side of the blade than on the ad-
vancing side because the freestream component of the � ow angle
calculation is much less on the retreating side of the rotor blade.
Differences of 6–20 deg are evident on the retreating side of the
blade. This is not possible for the rotor if it is operated in level
trimmed � ight. Therefore, the dynamic twist of the blade must
be a major factor for the performance of these blades. This re-
sult emphasizes the need to have some measure of the dynamic
twist to assesstheangle-of-attackcharacteristicsfor aeroelasticrotor
systems.

Conclusions
To provide some insight into the natureof inducedvelocityand to

provide calibration data for many promising computational meth-
ods, NASA Langley Research Center and the U.S. Army conducted
a research program with the intent to measure rotor-inducedveloc-
ity for several test conditions using a 15%-scale, fully articulated,
stiff-in-torsion rotor system at NASA Langley Research Center. In
addition, a joint government/industry partnership with Bell Heli-
copter Textron, Inc., was also initiated to include the measurement
of in� ow for a larger, aeroelastically scaled, bearingless rotor. The
research program, which spanned six test entries, was conducted in
the NASA Langley Research Center 14 by 22 Foot Subsonic Tun-
nel. These data are the only known data for rotor in� ow in forward
� ight that are not time averaged and that document the differences
between articulated and bearingless rotor systems. The main con-
clusions from this program follow.

1) Assessing in� ow using the time average of a rotor revolution
does not capture adequately the local effects of blade passage on
the in� ow distribution. The in� ow distribution should be assessed
using the average of the blade azimuth-dependentin� ow.

2) Above advance ratios of 0.30, the rotor in� ow closely fol-
lows the uniform in� ow model and shows little evidence of rotor
blade/vortex interaction or in� uence.

3) At lower advance ratios, the effects of the individual trailing
vortices can be seen in the in� ow measurements and have a signi� -
cant impact on the local blade � ow angle.

4) The assumption of negligible effects of dynamic twist on the
local � ow angle appear very reasonable for torsionally stiff blades;
however, the effect of dynamic twist is signi� cant for aeroelastically
scaledrotorsandmust bemeasuredormodeledin order to accurately
assess the rotor performance.
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