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ESTIMATION OF BLADE AIRLOADS
FROM ROTOR BLADE BENDING MOMENTS

William G. Bousman
Aeroflightdynamics Directorate
U.S. Army Aviation Research and Technology Activity
Ames Research Center
Moffett Field, California 94035

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. |2j. 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 singie 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. lLoewy 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
progiam of research should be pursued. They alse concluded that the use of three adjacent
modes was an improvement over the single mode approach.

The advent of Qight test data that included both surface pressure and berding mo-
ment measirements 31 encouraged DuWaldt and Statler to re-examine the use of hending
moment. data to estimate the generalized forces [4]. They treated the cosine and sine
harmonics separately, and in this way, propeily accounted for phase relationships which
had net heen done in the previous work. They compared the rotor-tip deflection that wa«
calcuiated using the reasured airloads with that obtained using the measured Lending mo
ment data for one flight case from Relerence 3. They concluded that the comparison was
not satisfactory, primatiiy because the methods used could not account for measurerment
errors

Fsculier aud Bousman [5] have recently examined the structural response of the
CI-3% tolor to the aerodynamic forces that were measured in flight and wind tunne!
tests. v using the measured airloads they have been able to eliminate uncertainties
i the aecrodynaraic 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 hending moments that have been obtained with the CH- 34 rotor are quite
accurate. An examplie of this is shown in Figure 1 where the 3 to 10 harmonics of the flap
bending moment measured in the wind tunnel (61 are plotted in the manner of Hooper 7
using a three dirnensional Cartesian surface. These are compared to the moments that
nave heen calaiatad using the measured arricads. The uncoupled blade flapyning equation
=~ used Jor the calcuiation. To obtain the good agreement that s shown here it is ecessary
thar o b siade sirface pressure measurements be accurate, 2) the blade lap equation of
mcnor beverzects 49 tae blade ruass and stiffness properties be properly commnuted, 1) the
solur o abgoritnm weed to solve the ditferential equations be sufficiently aceurate, and
i tbe ' lade hewding moment measarements be rorrect. The good results that have been

achiioved with the loreed response calentfation shown in Figure 1 raise the gquestion as to

whothnr o oot it oo bile to work backwardes from the bending moment measurements
and catenlaie b snareice airfoad distributions: that is, use the rotor biade as a force
hoalcner The vore dvieric loadieg of helicoprer rotors is still not well understocd and
the anniie too ohtan wogood estipate of th Grareise pomal airload o g
come ottt o B provide the exper o tansta stimple and inexpensive techaigie to
Sroper tpnd pacer cornd oy dc Sehacra b vonhd beoesvecially valuable e o

At e prod pero of aking acvurate Snriec e pressure measuremernts conld be o avorded




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

9w

(EIU)”)”—(T‘U)I)I-Fth—z— =F, (])

where EI, the blade stifiness, 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 + gnksStnkQt)dn(r) (2)
n=1

where ¢nx. and gnx, are the amplitudes of the kth cosine and sine harmonics of the nth
term respectively, ¢,(r) is the nth displacement shape function, and {1 is the rotational
speed. The airload distribution is separated in a similar fashion

|4
Fo(r,t) = Y [Foke(r)coskQt + Fox,(r)sinkQt] (3)

n=1

where F,x.(r) and F.x,(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

14
Y uk(EI$L)" — (T@L) ~ mk*Q%¢a] = Foxe (1)

n=1

p
> ukol (E160)" — (T@L) — mk*0%¢,] = Fex, (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

6-5-3
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Z @n(r)sinw,t (6)

n=1

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

P P
STUEISR) - (Te,)] = ) monw (7)
. n=1 n=1
- and eq. (1) and (5) become
. -
.‘ Foke = L(“"r‘z - kzﬂl)md’nqrzkc (8)
n=1
- )
Faxe = Y _(wk = k' 0%)méngnk, (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? - k*0?) will also increase for n greater than two or three. At the same time, the modal
ampiitudes, gnixe and gni,, will decrease. For the summation to converge it is necessary
that the products (w2 — k?Q?)qnkc and {2 - k?01%)gnx, become small. The number of
modes that are required for convergence w.ll depend on how quick!y this product term
decreases.

The radial variation in the airload will be determined by the mass distribution '
and the mode shape. The frequency parameter (w? - k200%) will not vary with blade
radius. nor will it vary with flight condition if the rotor speed is corstant. The only
. pararetess that vary with flight condition are the modal amplitudes, g x. and ¢nk., which
) must be identified from measurements. To caleulate the spanwise airloads then, it is first
necessary to obtain the modes of the rotor in a vacuum and secondly to estimate the

modal amphtades from blade bending moment data

Modal Properties

The micdal properties need he ohteied only one Lime. Any tiethod that 1 abie 1o
provide the mode shapes for displacemen: <lope, hending moment, and shear tor a biade
with nonuniform mass and stiffness properties 15 smtable. The approach used here is to
caiculate the modai properties using the Tran-mission Matrix Method of Murthy 9
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Modal Amplitudes

)

The modal amplitudes are identified from blade bending moment data naing o

r

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 Straimn Patrer
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 appreach can
also be used when the mode shapes are calculated and only the modal arnplitudos arn
determined from experimental data. The basis of the approach is that berding mor,eo
measurements at m stations are related to the modal amplitudes of p modes i

{M}:isl{q} Pt

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

{a} = (S]TIs]) M[siT{M) P

The matrix product in Eq. (11), sometimes referred to as the SP A matrix. is pxr an
is calculated one time.

1. APPLICATION

The method proposed here is examined for the ca~¢ of a CH 34 rotor tewred
wind tunnel '6 . The procedure used is diagrammed in Figure 2. The spanwiwe cnn
measured in the wind tunnel are used to calculate the blade state vector idisplacen o
slopes, bending moments, and shears) at 200 radial stations using the nncoupled fore «
response calculation of 15 . The calculated state vector is treated as an “exact™ ser of
teasurements. From this set of measurements bending moment “data™ are mterpoiencd
for the m measurement stations. The modal amplitudes are then determined trann thy
morment data using Eq. (11) and the spanwise airloads are calcuiated from b~ 0
(9). The calculated airloads are then compared to the original wind tunnel measurenments
as the final step. The upper path in Figure 2 is the classical forced response probleny wher.
the differential equation is solved directly. The lower path is the biade balar oo 0 oee
problem and uses a modal solution.

The CH 31 blade mass and stiffness properties used for the calonlaro o
modal properties have been obtained from 12 and are the sanie as thowe oood tor
forced response calculation. Twelve flap mades are calculated at the normanalroror et
222 rpm. It was necessary to use 31 decimal place accirney incaicatating the dere
of the Transmission Matrix for the three highest modes
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. Modsfication to the Strain Pattern Analysis Method

b In theory it is possible to identify the modal arnplitudes from blade displacement.
slope, bending moment, or shear. In practice it is dhifficult to measure any of these quanti-
ties on a rotor in flight except the blade bending moment and, in the case of an articulated

3 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

X angle is to be used as a measurement station then this is accornplished by adding an ad-
ditional row ta &' using the root angle calenlited for each blade mode. However, if this
v done. 1t is necessary to normalize (or weight] the data cuch that the measurement for
'he root Happing angle is treated in an equivalent manner to the bending monient data.

. An aiternative approach is taken here. The amplitude of the first mode. ¢ k.. is inmtially

X rdentited on the Lasis of the root flapping angie. The hending moment measuiements are
tres s orres sl Lo 2ocount tor the hirst mode’s anipitde

: e, Trier g1k Son il
wieme s the moment mmeasared gt the b cras Gn <0 s approofiate element of e

\ oot s and oy is tne correcied vreasurornent. The remainder of e modas

. veshinudes are ddentified using B {11 except now the .S Jdoes not ine'nde the fir<t mode.

. P embnate of e Pt mode armplitude s then correeiedd

l l I

. S g (13)
; AN -
. " -
Ao oy teos the toot Happing angie and oy, s the slope at the hinge that has been
vlentced dor vact of the protating inodes. The process shown here 1s iterated upon until
“echarae in the estimated amphtude oF the #ror mode is dees thap 0,177
e o
Che baeeline case for fhns ctidy eeo s X easareinent siations atd 10 modes.
‘ cvose oted these vadies vy e e o all e el do be b Farare 3
cw e sreneny Dtk Barmonn b e e arrlond destritbeation for the 150 ke shiad
cetecn e e edan the wapd tannel The mass dlarihesion for rhis tlade o dieeon s
et diae b e s ceenstant feoror oy P 0w d (9Y ) thie dhecnr s e o
e the endoatate et T con Y wedr, Trean e A Ut U s
Coent T Ledde s e a pescsrrerent o D e b rear e
T v et Gl e nat e o o e o T rloacs of e o i o
Gorey Leotethee et o ates L the o e s hution For e reren e ot
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The blade mode shapes all go to zero at the blade hinge point of 0G36R e b o
running mass at this point is approximately 20 times the value 1t takes onthoars oo
the lifting section of the blade. An additional consequence of mnltipiving the biafte o0,
shapes by the mass distribution s that, as the blade hinge v approache ! 0 a0 0
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 surf.ce there

The steady and first five harmonics of airfoad for the 136 Laor ISP R
case are shown in Figure 4 A floativg scale i used for tive plots o th o b0
the ioading may be observed. In general, the agreement between the cafeulo oon wotner v
bending moments and the measurements is good and this ic especi iy notioeete 1 b
inboard stations. However, the method is unable to resolve very rapid varaions in aurioed
that are seen near the blade tip {see, for example, the 1st cosine harmonic lcad) fn oae
cases, for example, the 5th cosine harmonic, disagreement is seen for neariy alt of the blad.
stations.

The airload at the tip of the blade is, of course, zero. In most cases, the calcuiated
airload is approaching this zero airload condition, but in some cases (for example the
3rd sine harmonicj, 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 ix a measure of how well
the fitting of the measurements is done.

The agreement between the measurements and the calculations are <hown as
function of blade azimmutii 1n Figure 5 for two radial stations. The steady and fratter
harmonics of the airfoad are shown at the top of the figure while the vibratory porton o
the airload (3 to 10 harmonics) is shown at the bottom of the figure. The agrocet ie s
to be quite good at 0.90R, both for the full range of harmonics and for the viorator, Har
This agreement is typical of all stations inboard of 0.90R. However, ot DOR wipinihoa:
differences appear and the agreement is no longer satisfactory, either here or at the stations
furtiier outboard.

The measurements and caleulations are compared wony a Three-dienslonag oo
for the same 130 knot, 57 shaflt angle case 1n Figure 6 This method of prosentani,
is particularly useful in obtaining a gualitative understanding of ‘he fnading behavior o
a rotor. The calculated airloads show very similar bhebavior over vioct of the rotar dv g

However, near the blade tip the caiculated loading isx clearly reduced coinpared 1o 1

measurements. The caleulated nonzero airload s particularly neticeable with thiz tvpe ol R
plot. =
®

Detailed mewarements were ohtained by Rabbotte ef all 6 T ren combination ;

of arrspeed and <hiadt angle. To generain the agreement that Las oeen shown for tne 150 )
knot, 5 shaft angle condition was observed for the other st conditions as vodl T 1
examples are <hown i Fronee T for the s rloads at 000§ pare Tial coowe the 110w '.;1
Dochatt angie case vilach corresponds moont close v to the Lope oot Cases oot '.1
Seheran 3 Fugnee Tho chows the 175 knot, O shals anple case vobach a0 he ree 3




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

F

szc(l) - m(l) Z(“di - kzﬂ:)‘lnkc (14)

n=—1

where all the mode displacements are normalized to one at the tip. The degree to which
this summnation approaches zero for each harmonic airioad 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
t'igure 4. The first harmonic airloads appear to be converging to a nonzero value although
this 1s 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 airioads out to 0.90R, the summation
in Figure & 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

he achieved.

Effect of Number of Modes

Airloads were calculated for the CF-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.

tflect of Measurement Error and Number of Measurement Stations

The number of measurement stations must be equal to or greater than the number
of modesfor the identification of the modal amplitudes. Fer error-{ree data, there is little
differens e whether the number of measurement stations is the same as the number of modes
or twice the nurmber When errors are introdiced into the data, however, redundancy in
the nurnber of measurement stations shows rome improvement in the calculation  Tlree
tvien of erior will occur in vormal experimenta! measurements on a rotor Blade of the king

diactssed here The measurement at station r s expressed

mir,t) - 1oy n{r t) o« eolr ¢ oealt) {15)
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where ri(r,t) is the true value of the paraineter measured. The error ¢ (r1 Ry
or scale error and will vary for each measurement station alone rhe bhlade, oo 00

all harmonic load calculations. The error ey(r) represents a static or zorag o0t o e
and this will enly influence the caiculation of the steady wirload. The ‘na, crror. o it
represents random errors distributed in time and it is assutnied that these errore iy b e
reduced by averaging.

The effect of caliliration errors in the measurements s evatuared by aseninge o

570 errors are distributed randomly over the various nicasurems ot 2 atone b
shows the 3rd harmoniec airload for the 150 knot, -5 shaft angic case for 10 1y
20 measurement stations and a 4 5% error. Ten modes were used for these oyl 0l
In general, the effect of errors of this size was small and the 3rd cocine barrwic a.ro
shown here is typical of most of the cases. The 3rd sine harmonic air'cad showrn v b

10 represents the greatest variation that was seen and it is not Hbvious that the calerie o
using the most measurement stations gives the best results. The airload at (0 90R i <.
in Figure 11 for this same case and it is seen that the effect of errors of this size 1= <l

[ R

These results show that the method used here is relatively insensitive to errors that oo
be expected to occur in a carefully performed experiment, and this is encouraging.

Effect of Changes in Mass and Stiffness Properties

Detailed measurenients to identify the rotating modal frequencies of a {i'l<o b
rotor are not often made, but often the frequencies of the a~tual rotor are lower tiasg 'f s

predicted values either because of slight inass increases or stiffness decreases i coprare o
tion. or both Ta study <his eftect here it is assumed that the simnlated bending 1oops
data represent the actuai oweasurements and the airloads are calcutated asina by -0

properties that are 57 «tiffer. or (2) properties with 5% lower mass. These caeilon o

are shownin Fieure 12 for the 150 knot, 57 shaft angle case for the 2th harpwar + aielo o
El 1
in most cases, the effec s of mass and stiffness difference; are light as i meen 10 0~

sine airload. In the case of the ~th cosine airload, the 5770 mrass and st mess  nange. o
.

an observabie offect bt his effect is not arge. The airload colon ation e b o

I3
Beres i genera o cnsitive to the sinall differences 0 nas and soiifipeas G-

may he expected petween design values and actual harow o

SO LATION OF ROGT SHEARS

Orce nemodal ampitades Lave been caleulared, o s oo o
THe State seclor properte s abag g the Blade, 5 Just thoe v':\;:.m S T IR I L SNV PR ®
here to estimate the blade airioads Thus, the same methodology can te et e ‘ E
e root shears wbich are important in understanding the vibratan e Gf b0 ]
[hi- approacs or a4 anndar one has heen used i the past by norerois e o ;
dentify rhe blade root shears using blade bending neont ant, 19 10 A< a0 oo 1
the modal ango ides thar have heen e i 1has PALCS T e e are tie a e b .
can also e parc to ecmiate thie hlade root chioers v e san e e : K

- 1
origaral state vector calaes Peis go shown s Fapae do for the wroee e 3
L
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The effect of errors in the data is examined by assuming a random d 00
of calibration errors at the varinus measurement stations. It is shown that ~ore e
ment in predictive capability is obtained with measurement redundancy, bt oover .
the method is tolerant of error, of the size that can be expected in caretu’ v periorie

experiments.

Finally, the method is evaluated for differences in mass and stitfnes- e oo
might realistically be expected between calculated values and the actual rotor iroge
The predicted airloads are insensitive to changes of the order of 57 in rnscor it

The method proposed here is shown to be quite robust to the sorts ¢l exner o
probletns that could be expected to occur in the testing of a full-scale or mode bac e -,
It is shown that the computational requirements for applying the method are the cane o
similar to computations that are normally performed during the design of a rotor ~veter

The work reported here was performed while the author was a viciting i
tist in the Structures Department, Office Nationale d’Etudes et Recherches Aerosputiile -
Chatillon, France under the auspices of the U.S./France MOU for a Cooperative Rescarcy,
Project in Helicopter Dynamics. | wish to acknowledge my many colleagues at ONFRA
for providing me the working environment that allowed this work to come to fruition.
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a CH 34 rotor: V 150 knots, a, 5
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Fig. 2. Diagram of calculation process.
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Fig. 3. Comparison of calculated and measured steady (Oth har-
monic) airload for CH-34 rotor; V = 150 knots; a, = —5°.

6-5- 13

.‘. Wl

do

W

L, @Y

e

.

Sl

N
St o )

a




COSINE AIRLOAD, ib/in

COSINE AIRLOAD, Iby/in

COSINE AIRLOAD, lb/in

8

10

-10

-20

10

-10

® DATA
CALCULATED
Oth HARMONIC 1st HARMONIC
r 2 c 10 10
g S e 5
[ ]
- /: 2 ol g ol -
‘ é 0 —0—0—-0—0—00.% 0 1§ 0 /\.—'\L\VZ
- E -10 | E s v g - | PPy
1 —_ 1 1 J _m ' 1 L L J _‘o A 1 i 1 J __lo 1 1 A i J
0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 068 08 1
/R /R /R /R
2nd HARMONIC 3rd HARMONIC
- 10 g 2 2 r
g 5
- 2? 6t 2 1t 2‘ 1F
" g . .
M@ a ° .
9 o g 0 Q o
5 o g
- % -5 -1t % -1}
7 L7
1 1 1 L J __10 N I S J _2 k. " 1 1 o — 1 1 L i J
0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 08 08 1
/R /R
4th HARMONIC 5th HARMONIC
- 4r g 2 . 2 r
g e S
5 3 2} b 1+ d ?I 1k
~ § 3 T@A RN
I 8 -,%-,- 2 -ty
1 i 1 A J __4 i A1 iy - 4 _2 A A 1 1 _z A 1 P N -
0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 08 08 1 0 02 04 08 08 1
/R R R /R

Fig. 4. Comparison of calculated and measured steady and first five
harmonics of airload for CH-34 rotor; V = 150 knots, a, = —5°.
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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. 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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