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ABSTRACT

A survey has been made of all major wind tunnel and full-scale flight tests
conducted over the last 29 years to examine the nature of the vibratory
aerodynamic Toading which causes helicopter vibration. Using computer
generated surface plots, the present paper compares the airlead distribu-
tions for rotors which have from 2 through 6 blades by presenting the data
in identical plotting formats which allow comparisons of the effects of
major parameters including blade number, blade/vortex proximities, propui-
sive force and forward speed.

By harmonically analyzing the data, it has been possible to show striking
similarities between the vibration-causing higher harmonics of airloading on
different rotor designs and in widely varying flight conditions. By selec-
tively eliminating the lower harmonics, the predominant modes of vibratory
forcing, to which all helicopter blades are subjected, are reveaied.

1.  INTRODUCTION

As part of a study- to determine the nature of the airloading on rotor blades
that causes helicopter vibration, a survey has been made of all published
rotor blade pressure testing that has been conducted over the last 29 years
starting with the NACA/Langley 2 bladed, 15 ft. dia. teetering model tested
by Rabbott and Churchill up to the most recent testing of the Bell AH-1G by
NASA/Ames (Table 1). An enormous volume of data are available in the public
domain covering 2,3,4,5 and 6 bladed helicopters all with at Teast 50
pressure measurement points on the instrumented blades together with strain
gages for flap and chordwise bending, and torsion.
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The main objectives of the study were to determine:

{a) the nature of the vibratory airloading occurring on helicopter
blades, which 1leads to the n/rev vibratory forcing transmitted
down the rotor shaft to the airframe.

(b) whether any consistent patterns emerge between blades of different
designs, rotors having different numbers of blades, and forward
flight characteristics such as speed, 1ift, and rotor propulsive
force,

and (c) whether the vibratory airloading is adequately represented
by today's analytical capabilities.

An early obstacle encountered was that many of the reports available today
present the data in different formats, e.g. incremental tabulation of data
(every 5°, 10° or 15°), data already transformed into harmonic coefficients,
(using either positive or negative definitions) data from which the steady
components have been separated from the vibratory components, etc. Initial-
ly, use was made of a surface plotting program to examine the data on a
three dimensional polar plot format. For example, Figure 1 shows the
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Fig. 1. Polar Surface Plot of H-34 Airloading

airloading distribution of the H-34 tested in the Ames tunnel in a propul-
sive condition at 150 kt. However, it was found that a more useful pro-
jection was obtained by developing the rotating blade motion into a linear
motion much as if the blade was a wing (Figure 2). Comparison of these two
figures shows that while the polar form conveys a physical impression of the
data, more information can be deduced from the linear format of Figure 2
since every azimuth is viewed from the same perspective. The projection
angles used in this example were retained for examination of other data.
This particular example is for test data tabulated every 5° but it was found
that when compared with data tabulated at 15° increments (e.g. flight test
of the H-34) that much of the visual comparative value was lost. According-
ly, the surface plot program was modified to first perform a harmonic
analysis of the test data up to 10 harmonics and then to reconstruct the raw

data in 5° increments. o
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Fig. 2. Linear Surface Plot of H-34 Airloading

2. Harmonic Analysis

Since air

loading harmonics 3, 4 and 5 are those that contribute to shaft

transmitted vibration of a 4 bladed helicopter, all the test data were
examined by plotting individual harmonics up to 5 in the cartesian surface
format. It soon became apparent that -

a)

and b)

The magnitude of the 3,4 and 5/Rev harmonics were similar for a
particular test point (rather than reducing with increased order
as might have been expected.) -

the phase of the harmonics at higher speeds varied 1ittle between
widely different rotor designs.

An illustration of the constant term and the first 5 harmonics is given in

Figure 3

for the H-34 wind tunnel case of Figures 1 & 2. The constant term

shows a parabolic 1ift distribution as might be expected (with a minor
anomaly near the tip.) The 1st harmonic component is unique in that the lst
harmonic airloads need to be in approximate moment balance about the hub for
Tow steady shaft moment. In this case the upward inboard airload at 140°
azimuth in the 2nd quadrant is balancing the downward airload at the tip,
and the reverse is occurring in the 4th quadrant. Higher harmonics do not
need to be in moment balance and the 2nd harmonic on the 4 bladed rotor can
be seen to cancel itself across the disc. The 6.71 1b/in magnitude at the

B5%radius
the disc

accounts for the movement of rotor 1ift to the front and back of
at high forward speed. The 3rd, 4th and 5th harmonics “all show

essentially unchanging phase with radius (i.e. the peaks occur at the same
azimuth at all radii). From this presentation of the data no major conclu-
sion emerges as to the nature of the vibration causing the 3, 4, and 5/rev

airloads

since each harmonic maintains its magnitude around the disc.

However, an examination of all the other data from the test program showed a
surprising consistency in the phase of the 3, 4 or 5 harmonics. In this

case note

that all the harmonics have a minimum value near 120° azimuth.
-3-
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This corresponds to the sharp minimum in Figure 2 which in effect forces the
higher harmonics to have a minimum at this azimuth.

The next step is based on a suggestion made by Prof. Rene Miller and uses a
technique he applied in the Ref. (13) paper. Replot the test data elimin-
ating the constant, 1st and 2nd harmonic components (i.e. retaining all the
components (3,4, & 5) that contribute to 4/rev vibration, and a most illum-
inating result appears. Figure 4 shows that the higher harmonics result
from a sharp up-down impulse applied to the blade outboard of the 75% radius
in the 1st and 2nd quadrant. Even though approximately equal magnitudes of
3,4 and 5/rev harmonics are present around the disc they all result from
this impulsive Jload on the advancing side and virtually cancel out at all
other radii and azimuths, including the reversed-flow region.
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Fig. 4. Harmonics 3 thru 10 of H-34 Airloading

This mode of airload excitation was found to be present to a greater or less
extent in almost all the data examined and is thus to a large extent respon-
sible for helicopter n/rev vibration. To convey a clearer impression of the
mode of forcing Fig. 5 shows the airloading in the polar format viewed from
different azimuths. It is evident that the 'up' region is a ridge extending
from the tip at about 75° azimuth and moving rapidly forward with reducing
radius. Peaking at about + 7 1b/in and covering about 15% of the radius this
represents an 'up-down' impulsive load of about % 350 1b applied to the tip
of the blade. Later this excitation is related to the blade/vortex inter-
section geometry.
-5-
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Fig. 5. Harmonics 3 thru 10 of H-34 Airloading at 150 KT - Wind Tunnel Test

3. Flight Conditions

One of the most useful tests for illustrating a wide range of carefully
controlled conditions was the H-34 rotor mounted in the Ames 40' x 80' wind
tunnel. The test covered 110, 150 and 175 kt with 3 shaft angles varying
from 5° fwd thru 0 to 5° aft. In this study every test point was examined
in detail using the surface plotting technique, and a few will be shown here
to illustrate the more significant conclusions.
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Figure 6 shows the effect of tilting the shaft at 150 kt (while using cyclic
to maintain zero flapping) and hence changing from a typical helicopter
propulsive state to an autorotative state. At first glance the three condi-
tions are surprisingly similar all showing the negative 1ift in the begin-
ning of the second quadrant, the very low 1ift in the reverse flow region,
and maximum 1ift regions at the tip in the rear of the disc and inboard at
the front of the disc. Examination of the 4th harmonic component shows that
while the magnitude increases from 2.31 through 3.05 to 2.60 1b/in with
increasingly aft shaft angle, the azimuth at which the 4/rev peaks changes
only from azimuth angles of 71° through 77° to 69°. In Figure 7 a compari-
son is shown of the effect of forward speed from 110 through 175 kt, all at
5° forward shaft angle, and here again the overall shapes are similar
although becoming more pronounced at the higher speed. The 4th harmonic
airloading increases from 1.85 through 2.31 to 3.76 1b/in while again the
azimuth at which the 4th harmonic peaks varies only from 80 to 71 and 71°.

Thus an early conclusion of the study noted that while vibratory airloading
increases rapidiy with forward speed, it reduces as rotor propulsive force
is increased, and the phase of the harmonics does not change significantly.
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Fig. 7. Effect of Forward Speed on 4-Bladed H-34 AerGadang
- Wind Tunnel Test

An earlier test program (Ref. 3) on the H-34 gives the airlcading in flight
test. Level flight data from this program are shown in Fig. 8 from hover to
the maximum test speed of 122 kt. Although not as fast as the H-34 wind
tunnel test the high speed point shows a similarity to the wind tunnel test
data on the advancing side where the principal excitation takes place. In
hover the largest excitation occurs at 180° where the blade passes over the
tail boom and in the trapsition speed range 2 regions of excitation occur,
one near 30° and the other near 270°,

w8
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Fig. 3. Effect of Forward Speed on 4-Bladed H-34 Airloading - Flight Test

An even earlier test conducted on a Bell UH-1 is illustrated in Fig. 9 with
the only 3 Tevel flight data points recorded. The 33 kt point is strikingly
similar to the H-34 56 kt point (Fig. 8) and at 111 kt there is a slight
resemblance to the H-34 at the corresponding speed. The maximum values of
the impuise loadings a?I lie between 4 and 5 1b/in.
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acceptuated by the 5 bladed rotor. Table 2 shows the maximum harmonics
{which all occur near the tip) and, of the vibration causing harmonics, 5 is
seen to be the least significant '

HARM 30 KT 139 KT 162 KT
3 4,22 2.94 4,91
4 2.78 2.31 4.02
5 1.20 0.71 1.21
6 2.65 0.62 2.39

Table 2. Maximum Airloading Harmonics
_ of the NH-3A (1b/in.)

Data from another compound configuration are provided by the 4 bladed
Lockheed XH-51A with Tevel flight speeds up to 227 kt (Fig. 11). Again the .
Tow speed results match the preceding data, and at high speed the excitation
is again largely on the advancing side at the tip. At 227 kt. the peak re-
sponse in the first quadrant again clearly occurs at increasing azimuth as
radius is reduced from the tip. A secondary small peak alsoc shows the same
trend. The transmission on this aircraft was instrumented to measure the
Integrated Rotor Load (IRL) and as speed is increased this is seen to reduce
as the wing picks up Tift and is actually negative at the highest speed.
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Fig. 11. Effect of Forward Speed on 4-Bladed XH-51A - Flight Test.

More recently a U.S. Navy test program on the Sikorsky CH-53A (ref. 9)
provides comprehensive data over a wide range of flight conditions and a
representative forward speed sweep is shown in Fig. 12. The characteristic
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Tow speed excitation appears to reach a peak at 63 ki and at high speed,
although a sharp excitation is evident at 98% radius, the high freguency
excitation is no longer concentrated on the advancing side and in the tip.

t‘egian.- HARMONICS O - 10 T HARMONICS 3 — 10
.8

AT 41,000 LB

' 77 s 81 e~ g
7 1g 7 i
- - 7 hotor % Y
g A 7 ;’, 2 4 o0 me ' &
.3 . ;: :

7 ABATE. THORD % 1%
ROTOR SPEED 155 AP

v,

TIP SPEED 112 F1/SEC
REFERERCE ]

,/éf/l;;// {f/ . AT 6
awxzzéééééggggﬁzzgzgggggy HE e

[ /“"’f‘%ﬂl/"?fﬁ@f .-
‘;{ 7

S

il
ﬁgﬁ? 7 7
0 ;’” 7 . f : i
f;;s;,.i:,,;Hﬂflﬂ!ﬂf!ﬂ!ﬂﬁf!fﬂll/f/m}/’gp‘&df!

7

i

iy,
By, ] 2r0, ')ﬂ%%ﬁ;g%%

!
!!

P T e
é;//;/////y/////}j///j/ /{::'. > P """"""" U % ™
Al 7l Lo By iy 7

T

AL

m;. /f////;% f’% ”,,,,%«;54 w

-

rr _

W Ay

| AT -
W R L e

%%%%%%%%%%

;' ﬁ i
L

& 11

pa 1ol VIR QU M (R O 51 R4S
el ¢
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The following table of maximum harmonics for the CH-53A show relatively
small reductions for harmonics higher than 3rd.

FORWARD SPEED (KT)

HARM 0 47 63 83 100 138
3 1.91 7.50 7.82 6.28 3.63 7.14
4 1.21 5.35 4,26 3.45 3.16 3.52
5 1.45 5.35 5.29 5.88 4,58 3.33
6 0.46 4.84 4,18 2.97 1.93 4.84
7 1.24 1.51 1.65 2.88 2.15 1.95

If these airload coefficients are scaled for differing number of blades/
rotor they show only small changes in fixed system n/rev vibratory forcing.
The 6 bladed rotor is concerned with 6 x the 5, 6 & 7/rev coefficients. A 4
bladed rotor would be concerned with 4 x (6/4) x the 3,4 and 5/rev coeffi-
cients. The 6/4 is because a 4 bladed rotor at the same weight would
require 50% more chord. Thus the vibratory forcing for rotors with 4, 5 or
6 blades would approximately follow Table 3. -

Data from the U.S. Army test of a 2-bladed Bell AH-1G in 1976 are shown in
Fig. 13. The lowest speed shown. 72 kt. is probablv past the transition.
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peak but the characteristic peaks on the advancing and retreating sides are
seen. At 129 and 143 kt the characteristic ridge on the advancing side is
evident but other azimuths also contribute to the excitation. The number of
radial stations instrumented for pressures was limited on this program and
in 1981 the same aircraft was tested by NASA Ames with 4 more radial sta-
tions as well as accelerometer and boundary layer flow instrumentation. Data
from this test have not yet been published.

In summary, both the wind tunnel and flight data show some strong similar-
ities in the nature of the airloading which causes vibratory response. In
the high vibration transition region the airload distribution for 2 thru 6
bladed helicopters are so similar as to be almost indistinguishable. Every
blade gets a strong up-down impulse at the tip on the advancing side fol-
lowed by a similar but opposite down-up impulse on the retreating side. In
the high forward speed regimes similarities are evident but not without
exception. Most rotors show:

one component consisting of an up-down impulse in the first
quadrant, increasing in azimuth with reducing radius (Fig. 4)

and a second component appearing as an "up" ridge at 90-120°
azimuth, which remains at constant azimuth with reducing radius.

The reversed flow and Tow q region on the retreating blades consistently
show 1ittle or no contribution to vibratory airloading.

4. Apalytical Modeling

A number of comprehensive rotor analytical methods using rigid wake geometry
were used to produce predictions of the airload distribution of the 150 kt,
5 deg. forward shaft case of Fig. 2. To qualify for a thorough correlation
study a more rigorous examination of the parametric sensitivities of each
method would be needed. However, each analysis was trimmed by collective
and cyclic to achieve zero flapping which is close to the actual conditions
of the wind tunnel test.

Method (a) in Fig. 14 uses an analysis with a 50 mass representation of the
blade. The aerodynamic modelling uses 11 vortices trailed behind the blade
for 2 revolutions. Constant 1ift curve slope is assumed and no corrections
are made for Mach No., stall, or tip effects. Method (b) uses 2 flap, and 1
torsion modes and the wake modelling is broken into near, mid and far. The
near wake extends for 15° and is compatible with the blade bound circula-
tion. The mid-wake is represented by 13 trailed vortices which extend to
45° behind the blade. The outboard vortices are rolled up using the Betz
criterion and the inner vortices are replaced by a single root vortex which
together comprise the far wake. Lift calculation method includes 3-D
nonlinear, unsteady, compressible aerodynamics. Method (c) used 20 mass
stations and a tip and root vortex wake model that extends for about 2
revolutions. Lift is determined in the same manner as method (b). Method
(d) is described in ref. 12 and uses 50 masses and also near, mid and far
wake modelling. Lift calculations also use 1ifting line theory and steady
%D airfoil characteristics with corrections for unsteady and 3D flow ef-
ects.

A1l the methods show general agreement with the full 0-10 harmonics.
However, none of the methods is successful in achieving a close match with
the vibratory 3-10 harmonic data. There are encouraging indications in the
results of the necessary mechanisms, but clearly all methods require im-
provement before becoming useful design tools for reducing vibratory air-
loading.
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Are the 1mpuisive airloadings caused by blade-vortex interactions? At the
top of Fig. 15 test data are shown for the H-34 at 56 and 150 kt. The next
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diagram down shows a plan view of the loci of intersection between blades
and their preceding tip Toci (e.g. points marked 1 show the locus of inter-
sections between a blade and the tip locus trailed from 1 blade spacing
ahead, etc.). The interconnected circled points show the Tlocus of the
maxima from the test data above. Clearly, there is a striking correlation
at both low and high speeds.

The next diagram is a linear development of the circular plot. Using this
visualization a simple analytical model is constructed consisting of a wing
passing over an infinite straight vortex with varying vertical separation,
and inclined to the blade as shown. The lower plot shows the resultant
loads predicted from the wing passing over the vortices. The agreement at
low speed is good enough to suggest that this mechanism contains the essen-
tials for a more thorough prediction of the vibratory airload. At high
speed however, the agreement is poor, mainly because the impulse has the
wrong sign, i.e. an intersection on the advancing side with a vortex re-
sulting from a lifting preceding blade necessarily produces a 'down-up'
impulse as in the Tow speed case. An implication could be that significant
vorticity of the opposite direction is produced on the advancing side by the
neqative 1ift region at the tip at high speed.

5. Conclusions

The vibratory components of the airloading that cause helicopter vibration
are surprisingly consistent despite substantial differences in size, trim
and numbers of blades per rotor.

At transition speeds where vibration usually reaches a peak the vibratory
airloading appears to be almost entirely due to the interaction between
blades and the vortices trailed from the preceding blades. This results in
a sharp ‘down-up' impulse being applied to the tip of the advancing blade
and an opposite impulse being applied to the tip of the retreating blade.

At high forward speeds the blade loading is more variable but similarities
are still evident. The advancing blade tip is usually the most heavily
loaded and the mode of forcing is related to the intersection of the blade
and the tip vortex from the preceding blade.

Acknowledgements

My thanks are due to Jonathan Grace, Jim Mclaughlin, and Bill Hardy for
their invaluable assistance in data processing techniques. Also to Nick
Dorofee and Ken Bartie for their help in assembling this paper.

Referances

1. Rabbott, J. P. & Churenill, G. B., "Experimental lnvestigation of the Aerodymamic Loading on & Helicopter Rotor Blade in Forward Flight.
HACA AM L56107, Oct. 1956,

2. 8el) Helicopter, “Seasurement of Dynamic Afr Loads on a Full-Scale Semi-Rigid Rotor™ TCREC TR 62-42, Dec, 1962,

3. Scneiman, J., “A Tabulatian of Halicopter Rotor-Blade Differential Pressures, Stresses, and Motions as Measursd in Flight.” HASA TH X-952,
Mar. 1964.

4. Rabbott, J. P., Lizak, A. A., & Paglina, Y. M., *A Presentstion of Measured and Calculated Full-Scale Rotor 8lade Aerodynamic and Structurak
Loads.* USAAYLABS TAG6-3L, Jul. 1986.

§. Pruyn, R. R, "In-Flight Measurement of Rotor Blade Alrloiads, Bending Mosents, and Mations, Tagether with Retor Shaft Lasds and Fuselage
Y¥ibration, on a Tandem Rotor Beltcopter.” USAAYLABS TR &7-9A, B, C &k D, Hov, 1967,

6. Bartsch, E. A., “In-Flight Measurement and Correlation with Theory of Blade Alrloads and Resqurces fn the XH-5iA Compound Helicoprer Rotor.™
USAAVLABS TR 6B-22A. May 1968.

8. Fanaughty., R. & Beno, E., “RH-3A Vibratory Alriosds and Wibratory Rotor Loads.” Department of the Mavy SER 511433, Jan 1970.
9. Bang, €., "CH-534 Min Rator and Stabilizer vibratory Adrloads and Forces." Departoant of the Navy SER 65592, Jun 1970,
10, Shockey, 6. Ao, Sox, ©. ., Will1ams, J. W., “"AN-1G He)lcopter Aeradynamic and Structural Load Survey.* USAAMASL TR-18-39.
11. Shockey, 6. A., et al, “AH-1G Tip Aero-Acoustic Test,™ HASA (to be publighed).
~12. Johnson, W., “Development of & Comprehensive Analysis for Rotorcraft-1. Rotor #adel and Wake Analysis.” YERTICA Yal. 5, P9%-129, 19B1.

13, Hiller, R, H., "Unsteady Alr Loads on Helicopter Roter Blades.” The Fourth {ierva Memarial Lecture, Rotorcraft Section. Journal of the Royal
Aeronaytical Saoclety, April 1964,

-18-





