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Prediction and Measurement of Blade- Vortex Interaction

Chee Tung*
NASA Ames Research Center, Moffett Field, California 94035-1000
Roland Kubef
DLR, German Aerospace Research Establishment, Braunschweig, Germany
Thomas F. Brooks#
NASA Langley Research Center, Hampton, Virginia 23681

and

Gilles Rahier§
ONERA, Chatillon 92320, France

An extensive quantity of airload measurements was obtained for a pressure-instrumented model of the
BO-105 main rotor for a large number of higher harmonic control settings at Duits-Nederlandse Wind
Tunnel. The wake geometry, vortex strength, and vortex core size were also measured through a laser
light sheet technique and laser Doppler velocimetry. These results are used to verify the blade-vortex
interaction (BVI) airload prediction methodologies developed by Army Aeroflightdynamics Directorate,
Deutsche Forschungsanstalt fur Luft-und Raumfahrt, NASA Langley Research Center, and the Office
National d’Etudes et de Recherches Aerospatiales. The comparisons show that an accurate prediction of
the blade motion and the wake geometry is the most important aspect of the BVI airload predictions.

Introduction

LTHOUGH the current civil helicopter has been used ex-
tensively because of its excellent hover and low-speed
forward-flight capability, the civil helicopter fleet continues to
be too noisy for community acceptance, preventing it from
reaching its full potential of utilization. One of the major noise
sources comes from the rotor blade cutting through its own
wake. This phenomenon is known as blade-vortex interaction
(BVI). It occurs mostly during descent flight for landing.
Over the last decade many experimental studies from full-
scale flight tests"” to model-scale tests* > have been performed
to investigate this BVI phenomenon. It was found that the BVI
noise can be scaled®” and expensive flight tests can be simu-
lated by model rotor tests. The development of BVI prediction
methodology lagged behind the experimental studies because
no comprehensive rotor code had enough azimuthal (or time)
resolution to predict the BVI event. However, several analyt-
ical methods® were developed with limited success as com-
pared with measured blade surface pressure distributions and
acoustic signatures. References 8 and 9 indicate that the wake
geometry and vortex strength are two major parameters af-
fecting the BVI noise signatures. The information of the wake
geometry and vortex strength was not measured in most tests.
An international cooperative test, called the higher-har-
monic-control aeroacoustic rotor test (HART) was conducted
by the Army Aeroflightdynamics Directorate (AFDD),
Deutsche Forschungsanstalt fur Luft-und Raumfahrt (DLR),
Duits-Nederlandse Wind Tunnel (DNW), and the Office Na-
tional d’Etudes et de Recherches Aerospatiales at DNW to
measure not only the blade surface pressure distributions, the
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blade deformation, and the acoustic signatures, but also the
wake geometry using the laser light sheet (LLS) technique'®
and the vortex strength using the laser Doppler velocimetry
(LDV) method.""'* The measured data will be used to validate
the prediction methodology and to set the future direction for
code improvement.

Analytical predictions of BVI events by AFDD, DLR,
NASA, and ONERA were performed before the HART test.
The predicted wake geometry served as a guide for the LLS
and LDV teams to locate the desired vortex. Thus, the wind-
tunnel simulations of a 6-deg descent flight case without higher
harmonic control (HHC) and two similar cases with HHC are
selected for comparison. One is denoted as the baseline case.
The second one is the low-noise case, and the third one is the
low-vibration case. The results for comparison include the
blade flapping motion, elastic deformation, blade surface pres-
sure distribution, sectional lift, and wake geometry at selected
azimuthal angles.

Prediction Methodology

Before the HART test a prediction team consisting of re-
searchers from the Army Aeroflightdynamics Directorate
(AFDD), DLR, NASA Langley Research Center, and ONERA
was formed. Each member of the prediction team predicted
several cases to assist the test team in finding the BVI loca-
tions. The prediction methodology developed by each organi-
zation has been discussed in detail.” A brief description of each
prediction method is given in the following text.

To predict the blade loading, AFDD uses a comprehensive
analytical model of rotor aerodynamics and dynamics
(CAMRAD/JA) to determine the vortex trajectory, vortex
strength, and blade partial inflow angles. This information is
then used as an input to FPR, a three-dimensional unsteady
full potential code, to determine the aerodynamic surface pres-
sures. Similarly, DLR uses the S4 code that consists of three
modules: 1) an unsteady aerodynamic model, 2) a wake model,
and 3) an aeroelastic model. These three models are controlled
by the rotor trim algorithm. The aerodynamic model is a lift-
ing-line method with the Leiss algorithm to account for the
unsteady aerodynamics. The wake model uses a prescribed and
distorted wake developed by Beddoes."” Uncoupled flap, lead -
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lag, and torsional modes are used. At NASA Langley Research
Center, a comprehensive rotor code, CAMRAD.MOD1 and
HIRES, or a full-potential computational fluid dynamics (CFD)
code, FPRBVI (a modified version of FPR), are used for the
blade load prediction. The numerical methods developed at
ONERA combine R85 and METAR codes to get the trim so-
lution, MESIR/MENTHE to calculate the wake geometry, and
ARHIS to obtain the blade loading.

Selected pretest predictions will be discussed and compared
with posttest predictions. The posttest prediction results from
the modification of some of the parameters in the prediction
codes.

Experimental Data

The test data used here for comparison were obtained in the
DNW.'*'"> The model is a 40% Mach-scaled model of a hinge-
less BO-105 main rotor. The blades are well instrumented and
one blade was installed with 124 miniature pressure transduc-
ers and 32 strain gauges. The blade pressure and strain gauge
signals were recorded at a rate of 2048/rev. An average of 64
revolutions was sampled for each rotor condition and HHC.
The rotor performance data were measured at a rate of 128
per revolution over a period of 32 revolutions. The wake ge-
ometry and vortex strength were measured by the LLS and
LDV techniques, respectively.

Three cases are selected for comparison: One is the baseline
case (run 140) without HHC, the second case (run 138) pro-
duces lower noise with 3/rev HHC (0.8-deg amplitude and
300-deg phase angle), and the third one (run 133) produces
lower vibration with 3/rev HHC (0.8-deg amplitude and 180-
deg phase angle). Other flight parameters are advance ratio:

p = 0.15, tip Mach number: M = 0.641, shaft angle: o, = 5.3
deg, and thrust coefficient: C» = 0.0044.

Results and Discussions

Pretest Predictions

Before the test entry at DNW, each organization calculated
several selected test cases with different HHC settings and
shaft angles. These results were used as a guide to identify the
BVI location for LLS flow visualization and LDV measure-
ments as well as a sanity check for the pressure data. Although
there are extensive results available for comparison, only the
predicted sectional lift coefficients for the three previously
mentioned cases are presented here. Figure 1 shows the com-
parison of the sectional lift coefficients at /R = 0.87 for the
baseline, low-noise, and low-vibration case, respectively. For
the baseline case (run 140) there are eight BVI interactions on
the advancing side and five on the retreating side. For the low-
noise case (run 138) only two dominant BVI occur on the
advancing side and three on the retreating side. The 2/rev and
3/rev loadings, which will affect the low-frequency component
of the radiated noise, are best predicted by ONERA. NASA
Langley Research Center’s calculation shows the correct num-
ber of interactions on both the advancing and retreating sides,
with higher magnitude than the test data. It indicates that the
predicted miss-distance between the blade and the vortex is
probably closer than the actual one. The effect of blade dy-
namics on the blade BVI loading is discussed in Ref. 9.

Posttest Predictions

After the test was completed, each organization researched
possible improvements to the prediction. Because the dynamic
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Fig. 1 Comparison of pretest loading predictions at r/R = 0.87 with test data.
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Fig. 2 Comparison of elastic pitch at Js = 60 deg and tip deflection with test data.

model required improvements to match the basic 2/rev or
3/rev loadings, AFDD modified the blade elastic properties at
the blade root sections and used the flutter analysis in
CAMRAD/JA to match the measured first two flapping modes,
first two torsion modes, and first lead-lag mode. DLR at-
tempted to improve their prescribed wake model by 1) using
the measured vortex core radius from the test, 2) using a wake
contraction of 15%, 3) adjusting the wake orientation with
respect to the blade-tip path plane to match the measured vor-
tex miss-distance, and 4) using a dual vortex pair consisting
of a clockwise and a counterclockwise rotating vortex. NASA
Langley Research Center implemented the measured blade
motion (flapping, torsion, and lead-lag) into the CAM-
RAD.MOD1 code. ONERA used a measured vortex core size
for their calculations. The new results are compared with the
test data.

Tip Deflection and Elastic Pitch

The predicted tip deflections are plotted against the mea-
sured results in Fig. 2. Both DLR and ONERA results show a
reasonable agreement with test data for all three cases, whereas
the AFDD predictions do not have the 2/rev or 3/rev shape,
even when the modified structural properties are used. It
should be noticed that the difference of the tip deflection for
the low-noise case at ¢ = 50 deg, where the blade encounters
the vortex, and ¢ = 150 deg, where the vortex is generated, is
greater than the one of the baseline case. This indicates that
the miss-distance between the blade and the vortex increases
for the low-noise case. As for the elastic pitch at = 60 deg
for all three cases in Fig. 2, most predictions are overestimated
as compared with the test data derived from the measured
strain gauges. NASA Langley Research Center uses the mea-
sured blade motion as an input to CAMRAD.MOD1 code, and
so the results match the test data.

BVI Locations (Top View)

From the leading-edge pressure measurements along the ro-
tor span, one may use the valley/peak at each advancing and
retreating side to identify the measured BVI locations.'® The
comparison between the predicted and measured BVI locations
is shown in Fig. 3. For the baseline case (run 140) the mea-
sured BVI locations (open symbol) occur in the first and fourth
quadrants. The measured BVI locations near ¢ = 0 deg seem
to be parallel to the flow. It is the interaction of the vortex
with the rotor hub that causes the distortion of the wake. For
the low-noise case (run 138) the measured BVI locations are
clustered near ¢ = 15, 90, and 285 deg. As for the low-vibra-

Fig.3 Comparison of BVI locations (top view) with data derived
from measured leading-edge pressure.

tion case (run 133), the measured BVI locations occur near
= 60 and 300 deg. Only a part of the predicted BVI locations
(solid symbol) among each organization and for all three cases
agrees well with the measured ones. The difference in the top
view of the BVI locations affects the phase shift in the sec-
tional loadings. A 15% wake contraction used by DLR gives
a quite different BVI location near ¢ = 90 and 270 deg as
compared to other predictions.

Wake Geometry

The pretest-predicted wake geometry and the measured pres-
sure data were used to identify the most important BVIs. How-
ever, the wake geometry was measured before the actual BVI
because the wake will be obscured by the blade. Selected vor-
tex wake segments (only the tip vortices are presented) at s =
35 and 295 deg for all three cases are compared with the test
data obtained from the LLS technique. Figure 4 shows both
the top and side view of the wake geometry. All of the vertical
coordinates of the wake geometry are relative to the blade tip.
No exact blade position is shown in Fig. 4, but the blade is
close to a horizontal straight line at z = 0. For the baseline
case, the miss-distance prediction (open symbol) of vortices
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Fig. 4 Comparison of measured and predicted vortex segments at Js = 35 deg.
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CNM2

CNM2

CNM2

cyMm2

CNM2

0.35

0.25

0.15

0.05

-0.05

-0.15

0.35
0.25
0.15
0.05
-0.05
~0.15
-0.25

0.35
0.25
0.15
0.05
-0.05

-0.15
-0.25

0.35
0.25
0.15
0.05
-0.05
-0.15
-0.25

0.35
0.25
0.15
0.05
-0.05
-0.15
-0.25

TUNG ET AL.

[ LANGLEY

" LANGLEY

[ LANGLEY

. ‘#.Lm
= Measured
e Predicted
L i v ! l $ .1 vt 1 I 3 3 e 1 l Lp v
ONERA " ONERA _ ONERA

Measured
- - = = =+ Predicted

|||||||||||||||||l|||||

PP P P B P T T N N IRV
e

~ Run 140 un - Run

- MR = 0.97 . /R = 0.97 __ r/R = 0.97

- RpLr it
- 5 it
- ‘:‘-‘ -“.
—_ L3 .. L
H A\ v 1
. ] ‘
i
STV T T T T T ST PRI BTN B
_ LANGLEY | LANGLEY
-
o Measured -
= memememee Predicted :_
- ST TN D DO

llllW‘IIIIIilllllIlllll

AP RIS ST S

NPT SFETE EPETTETE BN

0 90 180

k4

270 360

0 90 180

i

270

360 O 90

180
W

270 360

Fig. 5 Comparison of posttest loading predictions at r/R = 0.75, 0.87, and 0.97 with test data (continued).



266 TUNG ET AL.

number 5 and 6 from each organization agrees well with the
measurements (solid symbol) on both the advancing and re-
treating sides, but the top view shows that the interactions
occur at different azimuthal angles. The measured vortex seg-
ments were produced at azimuthal angles from about ¢ = 120
to 150 deg. For the low-noise case, the miss-distance at ¢y =
35 deg is larger compared with the one of the baseline case.
It implies that the BVI loading is relatively weaker. Most pre-
dictions show an increase in miss-distance. For the low-vibra-
tion case, the blade produces negative loadings near the out-
board sections. It also produces two trailing vortices of
opposite sign. One is clockwise (solid symbol with solid line)
and the other is counterclockwise (solid symbol and dash line).
None of the analyses predict this phenomenon at the present
time. However, a new wake modeling by ONERA that deals
with the multiple wake roll-up will be presented in another

paper.

Sectional Loads

The improved predictions of the sectional lift coefficients
for all three cases at /R = 0.75, 0.87, and 0.97 are shown in
Fig. 5. Predicted sectional loadings by AFDD show no signif-
icant improvement over the pretest results. They do not pro-
duce the 2/rev loading for the baseline case and the 3/rev load-
ing for the other two cases. The posttest predictions by DLR
do show a great improvement at the inboard sections for all
three cases. However, there exist two loading spikes near { =
90 and 270 deg at /R = 0.97. These two spikes may be caused
by the 15% wake contraction that causes the wake to move
inboard and produces a large upwash outboard. The adjustment
of the wake orientation also reduces the BVI peak-to-peak
loadings for some cases. The new results predicted by NASA
Langley Research Center are in better agreement with test data,
even though some of the 2/rev and 3/rev loadings are over-
estimated. This shows that the airloads depend strongly upon
the blade motion. ONERA'’s results using the measured vortex
core size show a marginal improvement (some of the BVI
peak-to-peak values are reduced) over the already favorable
pretest results.

Concluding Remarks

The pretest results were useful during the test to locate the
important BVI events and to reduce some of the runs in the
test matrix. The HART test data show that BVI noise can be
reduced with HHC (run 138). For this case, the miss-distance
between the blade and the vortex wake was increased by twice
the value of the baseline case (run 140). The change in miss-
distance is the major factor in reducing the BVI noise. Based
on this fact, several alternate ideas were used to improve the
prediction. The wake geometry is improved by prescribing the
motion of the blade and this appears to be the most important
factor in obtaining better correlation with the data. Other pa-
rameters such as the blade structural properties, the vortex core
size, and the wake orientation seem to be less important. The
comparison of four different BVI prediction methodologies
with the HART test data indicates that accurate predictions
require further improvements in wake modeling.
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