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1. ABSTRACT

A method is developed to estimate the blade normal airloads by using measured
flap bending moments; that is, the rotor blade is used as a force balance. The blade’s ro-
tating, in vacuum modes are calculated and the airloads are then expressed as an algebraic
sum of the mode shapes, modal amplitudes, mass distribution, and frequency properties.
The modal amplitudes are identified from the blade bending moments using the Strain
Pattern Analysis Method. The application of the method is examined using simulated flap
bending moment data that have been calculated from measured airloads for a full-scale
rotor in a wind tunnel. The estimated airloads are compared with the wind tunnel mea-
surements. The effects of the number of measurements, the number of modes, and errors
in the measurements and the blade properties are examined, and the method is shown to
be robust.

2. INTRODUCTION

Daughaday and Kline {1] described an approach to determining generalized forces
from measured bending moment data that assumes that, at each harmonic of rotor speed,
the blade response is caused by the blade mode nearest in frequency to the harmonic.
They applied this single-mode approach to flight data obtained on an H-5 helicopter with
three sets of rotor blades of different stiffnesses, each of which were tested at three rotor
speeds. They calculated the generalized force for each harmonic as a function of advance
ratio and, although there was considerable scatter in the flight test data, they were able
to demonstrate that the downwash theories that were available at that time were not able
to predict the generalized forces. This was particularly noticeable at advance ratios below
0.20. They proposed that, to the extent that the generalized forces are independent of
the rotor blade design, the generalized forces determined from flight test will provide a

more accurate estimate of blade loading than will aerodynamic theory in the design of new
rotors.

The possibility of using generalized forces which have been determined from flight
measurements on a helicopter rotor to design a second rotor system was examined in more
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detail by Loewy et al. [2]. They expanded on the approach of Daughaday and Kline to
include an estimation of the generalized forces using the three nearest blade modes instead
of a single mode. They calculated the generalized forces for the front rotor of an H-21
helicopter with wooden blades and applied these generalized forces to an H-21 helicopter
with metal blades and to a YH-16 helicopter. The calculated bending moment data were
then compared with available flight test measurements. The agreement was fairly good
for the metal-blade H-21 rotor, but was less satisfactory for the YH-16 rotor. Loewy et
al. concluded that despite the differences that were seen, there were so many similarities
in the generalized forces for even disparate rotor systems and flight conditions, that the
program of research should be pursued. They also concluded that the use of three adjacent
modes was an improvermnent over the single mode approach.

The advent of flight test data that included both surface pressure and bending mo-
ment measurements (3] encouraged DuWaldt and Statler to re-examine the use of bending
moment data to estimate the generalized forces [4]. They treated the cosine and sine
harmonics separately, and in this way, properly accounted for phase relationships which
had not been done in the previous work. They compared the rotor-tip deflection that was
calculated using the measured airloads with that obtained using the measured bending mo-
ment data for one flight case from Reference 3. They concluded that the comparison was

not satisfactory, primarily because the methods used could not account for measurement
errors.

Esculier and Bousman [5] have recently examined the structural response of the
CH-34 rotor to the aerodynamic forces that were measured in flight and wind tunnel
tests. By using the measured airloads they have been able to eliminate uncertainties
in the aerodynamic model and in this way study the structural response as an isolated
problem. One result of their investigation has been to show that the measurements of the
airloads and the bending moments that have been obtained with the CH-34 rotor are quite
accurate. An example of this is shown in Figure 1 where the 3 to 10 harmonics of the flap
bending moment measured in the wind tunnel [6] are plotted in the manner of Hooper (7]
using a three dimensional Cartesian surface. These are compared to the moments that
have been calculated using the measured airloads. The uncoupled blade flapping equation
is used for the calculation. To obtain the good agreement that is shown here it is necessary
that: 1) the blade surface pressure measurements be accurate, 2) the blade flap equation of
motion be correct, 3) the blade mass and stiffness properties be properly computed, 4) the
solution algorithm used to solve the differential equations be sufficiently accurate, and
5) the blade bending moment measurements be correct. The good results that have been
achieved with the forced response calculation shown in Figure 1 raise the question as to
whether or not it is possible to work backwards from the bending moment measurements
and calculate the spanwise airload distributions; that is, use the rotor blade as a force
balance. The aerodynamic loading of helicopter rotors is still not well understood and
the ability to obtain a good estimate of the spanwise normal airloads using only strain
gage information would provide the experimentalist a simple and inexpensive technique to
understand rotor aerodynamic behavior. This would be especially valuable if the difficult
and costly problem of making accurate surface pressure measurements could be avoided.
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The purpose of the present paper is to demonstrate such a technique for the estimation of
the normal airloads of a helicopter blade.

3. FORMULATION

Fquation of Motion

The uncoupled flapping equation of Houbolt and Brooks [8] is used to represent
the blade dynamic behavior

1w

" ne _
(EIw")" - (Tw') tmos =

F, (1)

where E1, the blade stiffness, T, the tension, and m, the mass are all functions of the blade
radial coordinate. The blade displacement, w, and the normal force, F,, are functions of
time as well as radius. A series solution for the blade displacement is assumed which
separates the time and space variables

P
w(r,t) = Z(anccoskﬂt + gnksSinkt)d,(r) (2)

n=1

where g,x. and g,x, are the amplitudes of the kth cosine and sine harmonics of the nth
term respectively, ¢,(r) is the nth displacement shape function, and 0 is the rotational
speed. The airload distribution is separated in a similar fashion

Fy(r,t) = i[F,kc(r)coskﬂt + Faks(r)sinklt] (3)

n=1

where Fzic(r) and F,i,(r) are the cosine and sine harmonic airloads and vary with the
radius. The solution is then expressed for each cosine and sine harmonic separately

P
Y ankcl(EI$Y)" — (T4),) — mk?Q%$n] = Faie (4)
n=1

P
Y nkol(EIS) — (T4L) — mk*Q2¢,] = Fy (5)
n=1

As has been shown in Reference 4, if the series chosen to solve Eq. (1) is assumed to be
the solution of the homogeneous form of that equation, that is, the rotating natural modes
of the blade in a vacuum
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P
w(r,t) = E dn(r)sinwnt (6)

where w,, is the mode natural frequency; then substituting into the homogeneous form of
Eq. (1) gives

P } 4
S EI$R)" — (Teh)] =) menw? (7)
n=1 n=1

and eq. (4) and (5) become

P
Fuke = ) _ (w3 — K*0%)méngnke (8)
n=1
P
Fope = E(w,z; - kznz)m¢n9nko (9)
n=1

where the order has been reversed to show the dependency of the airload distribution on
the modal properties and modal amplitudes.

The expressions for the spanwise harmonic airload given by Eq. (8) and (9) are
useful in that the derivative terms of Eq. (4) and (5) have been eliminated. As the
number of modes in the summation in Eq. (8) and (9) is increased, the frequency parameter
(w? —k202) will also increase for n greater than two or three. At the same time, the modal
amplitudes, gnxc and gni,, Will decrease. For the summation to converge it is necessary
that the products (w2 — k202)gnk. and (w2 — k201%)gnk, become small. The number of

modes that are required for convergence will depend on how quickly this product term
decreases.

The radial variation in the airload will be determined by the mass distribution
and the mode shape. The frequency parameter (w2 — k2022) will not vary with blade
radius, nor will it vary with flight condition if the rotor speed is constant. The only
parameters that vary with flight condition are the modal amplitudes, gnx. and gnks, which
must be identified from measurements. To calculate the spanwise airloads then, it is first
necessary to obtain the modes of the rotor in a vacuum, and secondly to estimate the
modal amplitudes from blade bending moment data.

Modal Properties

The modal properties need be obtained only one time. Any method that is able to
provide the mode shapes for displacement, slope, bending moment, and shear for a blade
with nonuniform mass and stiffness properties is suitable. The approach used here is to
calculate the modal properties using the Transmission Matrix Method of Murthy [9].
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Modal Amplitudes

The modal amplitudes are identified from blade bending moment data using a least
squares fitting approach. The methodology used here follows the work of Gaukroger and
his associates at the Royal Aircraft Establishment [10, 11] referred to as the Strain Pattern
Analysis Method. Their application of the method has been directed to the experimental
determination of both the mode shapes and the modal amplitudes, but the approach can
also be used when the mode shapes are calculated and only the modal amplitudes are
determined from experimental data. The basis of the approach is that bending moment
measurements at m stations are related to the modal amplitudes of p modes by

{M} = [S){q} (10)

where [S] is an mxp matrix. Each column of [S] is the bending moment mode shape for
the m stations and is obtained from calculation of the blade’s rotating modes. For m > p
the modal amplitudes can be identified by a least squares procedure

{a} = ((S)7I8))~* (5] {M} (11)

The matrix product in Eq. (11), sometimes referred to as the [SPA| matrix, is pxm and
is calculated one time.

4. APPLICATION

The method proposed here is examined for the case of a CH-34 rotor tested in a
wind tunnel [6]. The procedure used is diagrammed in Figure 2. The spanwise airloads
measured in the wind tunnel are used to calculate the blade state vector (displacements,
slopes, bending moments, and shears) at 200 radial stations using the uncoupled forced
response calculation of [5]. The calculated state vector is treated as an “exact” set of
measurements. From this set of measurements bending moment “data” are interpolated
for the m measurement stations. The modal amplitudes are then determined from the
moment data using Eq. (11) and the spanwise airloads are calculated from Eq. (8) and
(9). The calculated airloads are then compared to the original wind tunnel measurements
as the final step. The upper path in Figure 2 is the classical forced response problem where
the differential equation is solved directly. The lower path is the blade balance or inverse
problem and uses a modal solution.

The CH-34 blade mass and stiffness properties used for the calculation of the
modal properties have been obtained from [12] and are the same as those used for the
forced response calculation. Twelve flap modes are calculated at the nominal rotor speed of
222 rpm. It was necessary to use 31 decimal place accuracy in calculating the determinant
of the Transmission Matrix for the three highest modes.
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Modification to the Strain Pattern Analysis Method

In theory it is possible to identify the modal amplitudes from blade displacement,
slope, bending moment, or shear. In practice it is difficult to measure any of these quanti-
ties on a rotor in flight except the blade bending moment and, in the case of an articulated
rotor, the slope at the blade hinge. The Strain Pattern Analysis Method may be applied
regardless of the types of measurement that are used. For instance, if the root flapping
angle is to be used as a measurement station then this is accomplished by adding an ad-
ditional row to [S] using the root angle calculated for each blade mode. However, if this
is done, it is necessary to normalize (or weight) the data such that the measurement for
the root flapping angle is treated in an equivalent manner to the bending moment data.
An alternative approach is taken here. The amplitude of the first mode, ¢, is initially
identified on the basis of the root flapping angle. The bending moment measurements are
then corrected to account for the first mode’s amplitude

Mei = Mei — Q1kcSid (12)

where m,; is the moment measured at the ith station, s;; is appropriate element of the
first column of [S], and m.; is the corrected measurement. The remainder of the modal
amplitudes are identified using Eq.(11) except now the [S] does not include the first mode.
The estimate of the first mode amplitude is then corrected

Qike = """—[ﬂ 0) — Z aanlkc] (13)

n=2

where $(0) is the root flapping angle and a;, is the slope at the hinge that has been
calculated for each of the p rotating modes. The process shown here is iterated upon until
the change in the estimated amplitude of the first mode is less than 0.1%.

Baseline Case

The baseline case for this study assumes 20 measurement stations and 10 modes.
Unless otherwise noted these values will be used for all the results to be shown. Figure 3
shows the steady (0th harmonic) spanwise airload distribution for the 150 knot, —5° shaft
angle case tested in the wind tunnel. The mass distribution for this blade is discontinuous
and, as this distribution is a constant factor in Eq. (8) and (9), this discontinuous vari-
ation also appears in the calculated airload. It can be seen from Figure 3 that the mass
concentrations along the blade coincide with the measurement stations. (The increased
mass is a result of the instrumentation installation.) The airloads, of course, do not change
instantaneously to reflect discontinuities in the mass distribution. For the remainder of the
calculations in this paper, the mass distribution that is used in Eq. (8) and (9) is assumed
constant from 0.11R to the tip with a value that results in the same blade weight as the

true mass distribution. The result of using this mean mass distribution is shown in Figure
3 with a dashed line.
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The blade mode shapes all go to zero at the blade hinge point of 0.036R. The blade
running mass at this point is approximately 20 times the value it takes outboard along
the lifting section of the blade. An additional consequence of multiplying the blade mode
shapes by the mass distribution is that, as the blade hinge is approached, the product of
the mode shapes and the mass distribution sometimes result in a “tail” inboard of the
blade root cutout at 0.16R even though there is no lifting surface there.

The steady and first five harmonics of airload for the 150 knot, —5° shaft angle
case are shown in Figure 4. A floating scale is used for these plots so that the details of
the loading may be observed. In general, the agreement between the calculation using the
bending moments and the measurements is good and this is especially noticeable at the
inboard stations. However, the method is unable to resolve very rapid variations in airload
that are seen near the blade tip (see, for example, the 1st cosine harmonic load). In some
cases, for example, the 5th cosine harmonic, disagreement is seen for nearly all of the blade
stations.

The airload at the tip of the blade is, of course, zero. In most cases, the calculated
airload is approaching this zero airload condition, but in some cases (for example the
3rd sine harmonic), the predicted airload has converged to a nonzero value. As will be
discussed below, the airload at the blade tip is a measure of the accuracy of the summation
of Eq. (8) and (9). The degree to which a zero value is achieved is a measure of how well
the fitting of the measurements is done.

The agreement between the measurements and the calculations are shown as a
function of blade azimuth in Figure 5 for two radial stations. The steady and first ten
harmonics of the airload are shown at the top of the figure while the vibratory portion of
the airload (3 to 10 harmonics) is shown at the bottom of the figure. The agreement is seen
to be quite good at 0.90R, both for the full range of harmonics and for the vibratory part.
This agreement is typical of all stations inboard of 0.90R. However, at 0.95R significant
differences appear and the agreement is no longer satisfactory, either here or at the stations
further outboard.

The measurements and calculations are compared using a three-dimensional plot
for the same 150 knot, —5° shaft angle case in Figure 6. This method of presentation
is particularly useful in obtaining a qualitative understanding of the loading behavior of
a rotor. The calculated airloads show very similar behavior over most of the rotor disk.
However, near the blade tip the calculated loading is clearly reduced compared to the
measurements. The calculated nonzero airload is particularly noticeable with this type of
plot.

Detailed measurements were obtained by Rabbott et al. [6] for ten combinations
of airspeed and shaft angle. In general, the agreement that has been shown for the 150
knot, —5° shaft angle condition was observed for the other test conditions as well. Two
examples are shown in Figure 7 for the airloads at 0.90R. Figure 7(a) shows the 110 knot,
—9° shaft angle case which corresponds most closely to the flight test cases reported by
Scheiman [3]. Figure 7(b) shows the 175 knot, 0° shaft angle case which appears to be the
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most severely loaded case tested in the wind tunnel. Both cases show good agreement for
this station and this agreement is typical of the inboard stations as well.

The airload at the blade tip must be zero as was noted above. For the cosine
harmonic airload at the tip

P
Faxe(1) = m(1) D (w2 — k20%)gnx. (14)
n=1

where all the mode displacements are normalized to one at the tip. The degree to which
this summation approaches zero for each harmonic airload is a measure of how well the
measurements have been fitted. The behavior of this summation as the number of terms
is increased is examined in Figure 8 for four of the harmonic airloads shown previously in
Figure 4. The first harmonic airloads appear to be converging to a nonzero value although
this is not completely clear. The third harmonic airloads, on the other hand, have clearly
converged to a nonzero tip airload. It appears that only errors in fitting the first or
second modes can explain the differences that are seen here. The modal amplitudes have
been identified here using the root flapping angle and bending moment measurements.
Although this provides a good estimate of the blade airloads out to 0.90R, the summation
in Figure 8 suggests that if the known boundary condition of zero lift at the blade tip were
enforced during the identification process an improved estimate of the blade airloads could
be achieved.

Effect of Number of Modes

Airloads were calculated for the CH-34 rotor assuming 20 measurement stations
and using a variable number of modes from 4 to 12. In general, the predicted airloads were
not strongly affected even when only four flapping modes were used. The 3rd harmonic
airloads show the largest differences for the 150 knot, —5° shaft angle case. These are
shown in Figure 9 for 4, 8, and 12 modes. Some improvement is seen in going from 4 to 8
modes, although even the four mode fit gives a reasonable approximation of the loading.
Little effect is seen in going from 8 to 12 modes except for the 3rd cosine airload near
the blade tip where a better fit is achieved. In this latter case the modal fit appears to
show behavior similar to a Fourier series representation of a time history; that is, the more
irregular the behavior the more terms (modes) that are required in the series.

Effect of Measurement Error and Number of Measurement Stations

The number of measurement stations must be equal to or greater than the number
of modes for the identification of the modal amplitudes. For error-free data, there is little
difference whether the number of measurement stations is the same as the number of modes
or twice the number. When errors are introduced into the data, however, redundancy in
the number of measurement stations shows some improvement in the calculation. Three
types of error will occur in normal experimental measurements on a rotor blade of the kind
discussed here. The measurement at station r is expressed

m(r,t) = [1+ € (r))m(r,t) + e2(r) + ea(t) (15)
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where ri2(r,t) is the true value of the parameter measured. The error €, (r) is a calibration
or scale error and will vary for each measurement station along the blade. It will influence
all harmonic load calculations. The error €;(r) represents a static or zero offset error
and this will only influence the calculation of the steady airload. The final error, €3(t),
represents random errors distributed in time and it is assumed that these errors may be
reduced by averaging.

The effect of calibration errors in the measurements is evaluated by assuming that
+5% errors are distributed randomly over the various measurement stations. Figure 10
shows the 3rd harmonic airload for the 150 knot, —5° shaft angle case for 10, 14, and
20 measurement stations and a +5% error. Ten modes were used for these calculations.
In general, the effect of errors of this size was small and the 3rd cosine harmonic airload
shown here is typical of most of the cases. The 3rd sine harmonic airload shown in Figure
10 represents the greatest variation that was seen and it is not obvious that the calculation
using the most measurement stations gives the best results. The airload at 0.90R is shown
in Figure 11 for this same case and it is seen that the effect of errors of this size is slight.
These results show that the method used here is relatively insensitive to errors that may
be expected to occur in a carefully performed experiment, and this is encouraging.

Effect of Changes tn Mass and Stiffness Properties

Detailed measurements to identify the rotating modal frequencies of a full-scale
rotor are not often made, but often the frequencies of the actual rotor are lower than the
predicted values either because of slight mass increases or stiffness decreases in construc-
tion, or both. To study this effect here it is assumed that the simulated bending moment
data represent the actual measurements and the airloads are calculated using: (1) rotor
properties that are 5% stiffer, or (2) properties with 5% lower mass. These calculations
are shown in Figure 12 for the 150 knot, —5° shaft angle case for the 8th harmonic airload.
In most cases, the effects of mass and stiffness differences are slight as is seen for the 8th
sine airload. In the case of the 8th cosine airload, the 5% mass and stiffness changes show
an observable effect, but this effect is not large. The airload calculation method proposed
here is, in general, insensitive to the small differences in mass and stiffness properties that
may be expected between design values and actual hardware.

5. CALCULATION OF ROOT SHEARS

Once the modal amplitudes have been calculated, it is possible to obtain any of
the state vector properties along the blade, not just the displacements that have been used
here to estimate the blade airloads. Thus, the same methodology can be used to identify
the root shears which are important in understanding the vibratory loading of the fuselage.
This approach or a similar one has been used in the past by numerous investigators to
identify the blade root shears using blade bending moment data [13-15]. As an example,
the modal amplitudes that have been used in this paper to calculate the airload distribution
can also be used to estimate the blade root shears and these can be compared with the
original state vector values. This is shown in Figure 13 for the absolute value of 1 to 5
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harmonics of blade root shear for all 10 of the cases of Rabbott et al. [6]. As can be seen,
the root shears are calculated accurately.

6. ADDITIONAL CONSIDERATIONS

The computation of the spanwise distribution of the airloads from bending moment
measurements that has been demonstrated here essentially requires two steps. First, it is
necessary to compute the properties of the rotating modes of a rotor in a vacuum, and
secondly, it is necessary to identify the modal amplitudes. The modal frequencies and
displacement mode shapes required by Eq. (8) and (9) need only be obtained once unless
multiple rotor speed cases are being examined. Similarly, the matrix algebra based on
the [S] matrix required to calculate the modal amplitudes using Eq. (11) is done only
one time. Both of these computations are straighforward and to some degree are done for
other purposes during the development of any new rotor system. The method proposed
here does not add any significant computational requirements.

The success of the method shown here is believed to be due in part to the fact
that the blade normal airloads are much greater than the chordwise airloads or the blade
pitching moments and that the blade stiffness is much less in flapping than in either chord or
torsion. Thus, both of these degrees of freedom can be neglected in estimating the normal
forces on the blade. However, it is believed that any attempt to estimate chordwise airloads
from chord bending moment measurements will be a much more difficult task and require
the solution of the coupled blade equations. The estimation of blade pitching moments
from torsional measurements should be a less formidable task.

7. CONCLUSIONS

A method of estimating the spanwise airloads of a rotor using blade bending mo-
ment measuements has been evaluated. Measured airloads from a test of a CH-34 rotor
in a wind tunnel have been used as the input to the forced response flapping equation to
solve for simulated bending moments. The rotor response is assumed to be a summation
of rotating modes and the modal amplitudes are identified using a least squares fitting

procedure. The spanwise airload distribution is then calculated using a modal solution of
the flap equation of motion.

The method has been examined by comparing the airload distribution that is
calculated from the modal solution with the original wind tunnel measurements using 10
modes and 20 measurement stations. The predicted airloads show good agreement with
the measurements out to 0.90R, but the agreement degrades towards the blade tip.

The effect of varying the number of modes used in the fitting process is evalu-
ated for the wind tunnel data and it is shown that an increase in the number of modes

used improves the fit, particularly near the blade tip. However, beyond eight modes this
improvement is slight.
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The effect of errors in the data is examined by assuming a random distribution
of calibration errors at the various measurement stations. It is shown that some improve-
ment in predictive capability is obtained with measurement redundancy, but, in general,
 the method is tolerant of errors of the size that can be expected in carefully performed
experiments.

Finally, the method is evaluated for differences in mass and stiffness properties that
might realistically be expected between calculated values and the actual rotor properties.
The predicted airloads are insensitive to changes of the order of 5% in mass or stiffness.

The method proposed here is shown to be quite robust to the sorts of experimental
problems that could be expected to occur in the testing of a full-scale or model-scale rotor.
It is shown that the computational requirements for applying the method are the same or
similar to computations that are normally performed during the design of a rotor system.
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Fig. 1. Comparison of flap bending moments for 3 to 10 harmonics on
a CH-34 rotor; V = 150 knots, a, = —5°. (a) Measured flap bending

moments from Reference 6. (b) Calculated flap bending moments
using measured airloads [5].
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Fig. 3. Comparison of calculated and measured steady (Oth har-
monic) airload for CH-34 rotor; V = 150 knots; &, = —5°.
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Fig. 4. Comparison of calculated and measured steady and first five
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Fig. 5. Comparison of calculated and measured time histories of
airload for CH-34 rotor; V = 150 knots, a, = —5°. (a) r/R = 0.90,
0 to 10 harmonics. (b) r/R = 0.95, 0 to 10 harmonics. (c) r/R = 0.90,
3 to 10 harmonics. (d) r/R = 0.95, 3 to 10 harmonics.
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Fig. 6. Cartesian plots of CH-34 calculated and measured airloads;
V = 150 knots, a, = —5°. (a) wind tunnel measurements, O to 10
harmonics. (b) calculated, 0 to 10 harmonics. (c) wind tunnel mea-
surements, 3 to 10 harmonics. (d) calculated, 3 to 10 harmonics.
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Fig. 8. Calculated tip airload with increasing terms of summation.
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Fig. 9. Effect of the number of modes on the 3rd harmonic airloads
for the CH-34 rotor; V = 150 knots, a, = —5°.
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Fig. 10. Effect of measurement error on the 3rd harmonic airload
for different numbers of measurement stations for the CH-34 rotor;
V = 150 knots, a, = —5°.
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Fig. 12. Effect of 5% change in mass and stiffness properties on 8th
harmonic airload for CH-34 rotor; V = 150 knots; a, = —5°.
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