AD-A214 295

Y

- L . rm_' - e
. S
Ky i ‘) .

CALCULATIONS é\, T E C
CTE

R A
Thomas H. Mai S .
o I'ho '1sI tier Oy l 41089
U.S. Army Acrotlightdynamics Directorate U v
Moffett Field, California & .
[ ¥4 ‘."; %
¢ &
it

ABSTRACT

The structural response of three full-scale helicopter rotors
has been examined. Airloads predicted by CAMRAD were
compared by harmonics with test measurements. Flapwise
bending moments were calculated from the CAMRAD air-
loads using three methods: force integration, curvature, and
a finite-difference method. The force-integration and cur-
vature moments were calculated with the CAMRAD pro-
gram itself; however, the finite-difference method was cal-
culated externally by a forced response program, Blade Re-
spotise 10 Aciodynamic Loading (BRAL). The BRAL anal-
ysis with measured airloads was shown to agree well with
strain-gauge measurcments on the CH-34 rotor in a wind
wunnel. The CAMRAD/force-integration bending moments
were shown to accumulate crror as the integraiion pro-
gressed trom tip to root. The CAMRAD/curvature mo-
ments agreed well with the finite-difference moments over
most of the blade; however, at regions of rapidly chang-
ing stiffness the agreement was poor. When applicd to the
BRAL solution, force integration was shown to give excel-
lent results, provided the integration had a small step size.
Shear forces calculated by CAMRAD and BRAL showed
fair agreement.

INTRODUCTION

The calculation of helicopter rotor-blade bending moments
is geroelastic in nature. Acrodynamic, incrtial, and clas-
ue forces must balance 1o provide equilibrium of the ro-
tor blade.  Although the bending moments are embedded
11 the equilirrium solution, they are typically calculated
separately after the equilibrium sofution has been obtained.
There are two common ways of doing this. The bending
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moments are cither calculated as the integral of the aerody-
namic and incrtial forces or they are caleulated as the prod-
uct of stiffness and curvature.

The rclative merits of these two methods have been exam-
ined in the literature.! ¥ All have concluded that force in-
tegration is more accurate and that it converges with fewer
modes. Biclawa® pointed out that the increased accuricy
of force intcgration is paid for by incrcased complexity
and that force integration requires greater attention o de-
lails of its implementation. Numerical problems arise for
both methods. The curvature method requires the calcu-
lation of the sccond derivative of the deflected shape, and
the force-integration method requires that the difference of
large forces be integrated along the blade span. If the struc-
ture has rapid changes 1n stiffness and mass, there must
also be rapid changes in the deflected shape. This requires
many modes with a modal analysis or many clements with
a finitc-clement analysis. This also requires that the force-
intcgration method have small cnough intervals o accu-
rately cvaluate the deflections and the spanwise distribution
of structural propertics.

Hodges? developed the direct method of Ritz as a finite-
clement method and demonstrated that it could achieve the
“exact” solution when elements spanned regions of analytic
suffness and mass. He compared this with conventional ap-
plicatuons of the Rayleigh-Ritz method in which both torce
intcgration and curvature were uscd to calculate bending
moments. He concluded that the force-integration method
was morc accurate than the curvature method but that the
Ritz finite-clement method was superior to both.

In correlating results from a Comprehensive Analytical
Model of Rotoreraft Acrodynamics and Dynamics, CAM-
RAD, with flight test data for the SA349/2 rotor il was
reported that the calculated tlapwise bending moments
were sensitive 1o the blade-mass distribution.” At that bme
CAMRAD calculated bending moments using the foree-
integration nicthod. CAMRATD was changed. however, o
calculate bendimg moments using the curvature method: the




result was a signiticant improvement in loads correlation.?
Subsequent loads-correlation efforts using CAMRAD have
relied on the curvature methsd.® 7 The superiority of ihe
curvature method in CAMRAD is surprising considering

the conclusions of Refs. 1-4.

This paper examines the calculation of dapwise bending
moments after an equilibrium solution has been obtained.
CAMRAD is used to obtain the acroclastic cquilibrium so-
lution for three full-scale rotors: the CH-34, SA349/2, and
BO-105. Subscquent flapwise bending moment calcula-
tions will be made with CAMRAD using both the force-
integration and curvature methods. The airloads from the
CAMRAD cquilibrium solution are also used as the forcing
function for an independent finite-difference response anal-
vsis that 1s used o evaluate results of the two methods cal-
culated in CAMRAD. The tinite-difference solution is used
to make general conclusions about the force-integration and
curvature methods for calculating bending moments for re-
alistic tull-scale helicopter rotors.

CAMRAD CALCULATION

CAMRAD is used to calculate trim, airloads, blade deflec-
tions, and structural loads. A detailed description of the
theoretical basis of CAMRAD is given in Ref. 8. The
blade structural analysis follows the work of Houbolt and
Brooks® with important nonlincar effects included in the in-
cruai and acrodynamic forces. The acrodynamic model is
bused on hifting-tine theory, using stcady two-dimensional
airtoil characteristics and a vortex wake. Blade acrody-
numic and structural models provide the section forces.
Equ:librium of inertial, acrodynamic, and clastic forces de-
rermines the differcniial equations of motion. The blade
degrees of freedom are flap/lag bending, rigid pitch, and
clastic torsion modces.

Orce CAMRAD has calculated the trim, airloads, and blade
deflecuons, the bending moments are calculated. The orig-
inal version of CAMRAD documented in Ref. 8 calculates
the bending moments using the force-integration method.
As mentioned in the introduction, a modification was writ-
ten to CAMRAD which caleulates bending moments using
the curvature method. Results from both methods will be
shown,

Addinonal maditication to the CAMRAD analysis uscd
high-speed  thght  arload
An improved wake maodel has been incor-
poratedd - the analysis. 1t includes a dual-peak circula-
non model, o more accurately model the negative loading

tiere has unproved  the

caleetation.?

at the up on the advancing side of the disk, and second-
order lilting-hne theory, 1o better moded blade-vortex inter-
action. This is essentially the acrodynamic model available
in CAMRAD/JAY

FINITE-DIFFERENCE STRUC-
TURAL RESPONSE ANALYSIS

To aid in the comparison of the two bending-moment caleu-
lations implemented in CAMRAD a fine-resolution, finite-
difference structural response analysis has also been used.
The Blade Response 1o Aerodynamic Loading (BRAL) pro-
gram originated from the work of Esculier and Bousman.'*
BRAL calculates the coupled flap/lag/torsion structural re-
sponsc of the hehicopter rotor 1o given acrodynamic load-
ing as described in Ref. 120 A periodic solution 15 as-
sumed m e ume domain and is represented by founier
harmonic functions. The lincar Houbolt and Brooks? cqua-
tions of motion are solved for cach harmonic as a two-point
boundary value problem. In effect, this 1s a inite-difterence
mcthod with several hundred spanwise gnid points. The
BRAL analysis has been validated using airloads measured
on the CH-34 in a wind tunnel, '3

These measured airigads were used as the forcing func-
tions to calculate bending moments using BRAL with 400
spanwise intervals.  Figure 1 compares the BRAL flap-
bending moment with wind-tnnnel measurements, This fig-
urc shows the flap-bending moment time-history at 45%
blade span in the upper lelt-hand corner.  Following the
time-history are spanwise distributions of the stcady and
first six harmonics of the flap-bending moment. The am-
plitude scale of the harmonic components was allowed to
vary so that the spanwise shape of the components could be
scen. Although BRAL uses a lincar structural model. the
resulting correlation is excellent.

in-vacuum blade modes were calculated to ensure that the
structural models were as similar as possible. CAMRAD
modes were calculated using the flutter analysis option,
and BRAL modes were calculated by a companion pro-
gram, Coupled Modes (CMODES). CMODES culculates
the roots to the homogencous form of the equations of mo-
tion found in BRAL, using the frequency determinant.™™
Frequency diagrams for the CH-34, SA349/2, and BO-105
rotors are shown as Figs. 2, 3, and 4, respectively. Agree-
ment is excellent for the CH-34 rotor and fair for the oth-
ers. The greatest disagreement occurs for the first torsion
frequency. The CMODES program docs notinelude steady
deformation caused by center of gravaty and tension-center
offsels from the clastic axis. When these offsets are sct to




zcro or when zero bending degrees of freedom are used for
the mean defleeted shape in CAMRAD, the torsion frequen-
cics show much better vorrelation.

ROTOR AIRLOAD
CALCULATIONS

As described earlier, the calculation of bending moments
begins with the acroclastic equilibrium solution. Normal
airloads calculated by the CAMRAD equilibrium solution
are presented in this section with test measurements, where
available. It is important to note that the CAMRAD air-
loads are identical for each of the BRAL, CAMRAD/force-
tntegration and CAMRAD/curvaturc-moment results. Al-
though not shown, chordwise airloads and pitching mo-
MCnly dre COMIUE U Eivse Strucwdral moment calculations
as well.

Figures 5-7 show the blade normal airloads calculated by
CAMRAD and measured in tests, with the exception of the
BO-105, for which no test data are available. The CH-34
and SA349/2 rotors are shown at a similar high-speed flight
condition; the BO-105 is at a lower speed. Wind-tunnel
test measurements of the CH-34 agree very well with the
steady component of CAMRAD airloads. Agreement is
fair for the first and sccond harmonic components, but har-
monics components above the sccond harmonic show less
agreement.  The correlation between the SA349/2 flight-
test measurcments and CAMRAD airloads is similar to the
CH-34 results, although with only three spanwise measure-
ments, conclusions arc limited. A distinctive similarity may
be seen in the CAMRAD predicied normal airfoads for all
three rotors.

DEFLECTED SHAPES

The cquivalence of the structural models of BRAL and
CAMRAD may be scen (Figs. 8-10) by comparing de-
flected shapes. CAMRAD has iterated 1o calculate the
acroclastically tnimmed sclution, and B AL has calculoed
the struciural response to the CAMRAD airloads. The de-
flected shapes would be the same for identical structural
modeis. since the airloads arc identical. Thercfore, dilfer-
ences scen here refiect differences in the structural models.

Figures 8-10 show the ffapwise dellected shapes calculated
by BRAIL. and CAMRAD for thc CAMRAD airloads just

shown, The results are very similar tor the three rotors. Dis-
agreement between the two analyses is greatest at the first,
third, and fifth harmonics, which are close to the first, sec-
ond, and third tlap modes. This is particularly noticeable for
the first harmonic cosine component of the flap deflection
for the SA349/2. The proximity of the flap modcs to the ro-
tor narmonics s determined by the structural model. Te was
secn in Figs. 2-4 that the BRAL (CMODES) and CAM-
RAD modcs are not identical. Therefore, the disagreement
in deflected shapes may be due to small differences in the
modal frequencies.

BENDING MOMENTS

Ficures 11-13 show the resulting flapwise bending mo-
ments. Test measurements are shown with BRAL CAM-
RAD/curvature, and CAMRADY/ force-integration calcu-
lations. The time-history plot of Fig. 11 shows CAM-
RAD/curvature and BRAL piedictions agrecing well with
onc another. The ume-history plots of Figs. 12 and 13
show fair agreement between the flight-lest measurcments,
BRAL, and CAMRAD/curvaturc. The CAMRAD/force-
integration results show poor correlation for all thice rotors.

Examination of the  harmonic  compuiiciny 6f
Figs. 11-13 reveals two consistent discrepancies. First, the
CAMRAD/force-integration has the correct zero-moment
boundary condition at the tip of the blade, but it appears o
accumulate crror as forces are integrated toward the root.
This is most obvious for the zero-moment boundary con
dition at hie flap hinge of the CII 24 rotor (Fig. 11). This
would also be truc for the SA349/2, but the BRAL calcula-
Lion stops at the outboard lag hinge, enforcing the inboard
flap hinge boundary condition assuming rigid- body mouon.

The sccond discrepancy seen in Figs. 11-13 is the lage
changes bending moment predicted by the CAM-
RAD/curvature method at the root end of the blades. This
is causcd by large changes in bending stiffress that occur
at the root of all three blades (Fig. 14). Scven flapwise
bending modes, as used here, wre not enough o caplure the
rapid changes in curvature required o give a smooth prod-
uct of curvatere and stffness. The phenomenon 2'<o ap
pears near the up of the SA349/2 rotor blude (best iliustrated
by the first harmonic plot, Fig. 12). In general, itis seen for
all three rotors that the results of the CAMRAD/curvature
mcthod agree well with those of BRAL away from rapi

changes in bending stiffness. ('/y
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DISCUSSION

Usmg adenucal arrloads. differences have been shown
m o the bending moments calculated by the BRAL,
CAMRADforce-integration,  and - CAMRAD/curvature
nethods. To the degree that the detlected shapes are similar,
these differences are attributed o implementation problems
with the torce-integration and curvature methods. Depend-
g on the radial station selected, either method will show
major orrors, Figure 15 demonstrates the severity of the
problem near the blade root tor both methods.

Insight can be gained by calculaung bending moments di-
recthy trom the BRAL solutton. Thus the state-vector (de-
Hection, slope, bending moment, and shear) solution at 300
spanwise mtervals was used to caleulate the "ending mo-
mients by the force-mntegration and curyature methods. Re-
sulting bending moments may he compared with the bend-
iy monent of the state vector. The state veetor was cal-
culated using the uncoupled flap equation in BRAL tor an
untw isted CH-34 rotor with the CAMRAD airloads shown
m Figo 50 Inerual forces were caleulated from the state-
vector detlected shape assuming simple harmonic motion:
acrodyvnanmic forces were taken trom the CAMRAD solu-
tion; and the curvature was caleulated as the derivative of
the staic-vedior siope. The spanwise integration for the
torce-integration method was caleulated using the trape-
zoidal rule.

Fieure 16 shows the moments due to the individual forees:
acrodynanve, inertial, and centrifugal. Figure 17 shows the
BRAL stzic-vector moment: curvature-method moment,
torce-mtegration morment, HXO intervals; and the foree-
taepratton moment, 300 intervals. Although the step sive
sovanable inote BRAL analysis. force-integration mo-
sents cateulated from the BRAL state vector and in CAM-
RAD wse uniformly spaced intervals, The resulls seen in
Py 17 are very similar to those trom the CAMRAD/Toree-
mtegration and CAMRAD/curvature methods. The foree-
mitegratton moments with 100 itervals accumulates cerror
toward the Blade root, and the curvature method is ir error
m the regton of rapidly changing stiffness.

The force-mtegration results with 10O and 300 intervals
show that an ansutticient number ol spanwise integra-
ton steps can resait e Gy kind o error o seen i the
CAMRADA orce-integration results.
G orealndic totor such as the CH-34 requires at least 300
canen e cntervals using ths anplementation of the foree-
ancoraiien ethod. e also mdicates that the mtegration

Vo oneal whereas numencn? probhlems seonciated
witn tieetterence of farge numibers do not cause problems

This mdicawd tha

i thos calculnion,

Fraures 16 and 17 taken together ilustrate another possible
source of error for the foree-inteyraton method. Near the
blade root, the magnitude of the total structural moment is
less than 14 of the largest moment component. Thercore,
a small error in the calculation of acrodynamic, inertial, or
centrifugal moments may give rise to a large error i the
structural moment.

Additional insight may be gained by constdening the di-
vidual forces caleulated with the Torce-integration method.
Figure 18 shows the individual component torees. and
Fig. 19 shows the sura of the component forces compured
with the BRAL state-vector shear force. The comporznts
of the shear force and the sum of shear torces were com-
puted at 100 1utervals along the blade. Agreement between
the sum of the component forees and the state-vector shear
force is very good. This indicates that fewer intervals are
needed o accurately caleulate shear forces than are neceded
tor bending moments.

Figure 20 demonstrates the agreement between shear-toree
catculations of BRAL and CAMRAD. The agreement ol
shear forees s very similar to the agreement seen i the de-
flected shapes in Fige 8.0 This s not surprising sice the
airloads are idenucal for the two analyses and the merpa!
forces are calcuiated trom the deflested shapes.,

CONCLUSIONS

The isolated problem of calculating flapwise bending mo-
ments from a known acroctastic equilibrium solution has
been explored. A comprehensive rotorcrait analysis, CAM-
RAD, was used 1o obain this solution and 1o demonstrate
the force-inte; and curvature methods ot caleulut-
ing bending mos, A finite-ditterence method, BRAL,
was used to obue Ccurate flapwise bending moments,
These were compared with calculations using the {oree-
integration and curvature methods 1o make general conclu-
sions gbout the two methods.

It was concluded that the CAMRAD/force-ntegration
mcthod accumulates error as the mement is integrated trom
tip o root. The CAMRAD/curvature wrethod gives resulls
that are good or bad depending on the radiat staton. Radal
stations away trom rapid changes i sutiness were shown
10 give exccias 2sulle eesnlis near these rapid stlfness
changes must be agnored. The CAMRAD shear torees,
which are the integrated acrodynamic and nerual toree:,
showed no accumulation of erroe e the hlads oo
Enese results are general to the extent that they are caused
by the complex structure of existing full-scale rotors. Thal




15 not o say that these problems cannot be overcome by an-
other implementation with sufticient degrees of freedom or
by a more sophisticated integration scheme. In fact, when
applicd to the BRAL solution, the force-integratiorn iacthod
was shown to give accurate bending-moment results, pro-
vided there were enough integration steps.

APPENDIX: DESCRIPTION OF
ROTORS ANALYZED

The siructural responses of three rotor systems, the CH-34,
SA349/72 and BO-105, were calculated and compared with
testresults. The source of the structural properties, test data,
and a descripton of difficulties encountered in modeling
these rotors tollows.

The structural properties for the CH-34 rotor were taken
from Ref. 15, Calculated airloads and bending moments
were compared with test data from the wird-tunnel test de -
<eribed in Refl 13, Bending moments were converted from
blade stresses,!? using the stress-moduli value reported in
Ref. 15, The CH-3< rotor, with coincident tlap and lag
hinges and blade designed to minimize flap/lag/torsion cou-
phngs. was casily modeled by both CAMRAD and BRAL.
The wind-tunnel test, however, had a split tip-path plane he-
cause of the swashplate actuator installation. This was not
modeled by the analyses, which assume identical blades,

The structural propertics, airloads, and bending moments
for the SA349/2 rotor were all taken from the flight test re-
ported in Ref. 16, Static values of the flap-bending mo-
ment were not used in comparisons, a result of calibration
problems. The CAMRAD model of the SA349/2 hinge ar-
rangement is only approximated. The hinge sequence is
{lap/feather/lag from inboard to outboard; therefore, as the
blade feathers, the axis of the lag hinge changes relative o
the fixed axis of the flep hinge. CAMRAD, however, re-
quircs that the flap and lag hinge axes be perpendicular to
one another. The CANMRAD and BRAL results shown here
model the flap hinge accurately, but the lag hinge remains
tixed regardless of pitch input.

The structural properties of the BO-10S5 arc available in
Refs. 17 and 18, Bending moments were taken from the
fHight test of Ref. 170 Airlaads have not been measured;
therzfure noctest Cata wre compared with CAMRAD pre-
dictions. Cantilever root end boundary conditions are used

toy mnde] this hineelses o

Rotor parameters of interest are hsted in Table 1. Shown
in Fig. 14 arc the flapwise stiffness and mass distributions
for these rotors. All three roters have a build up of structure
necar the root end of the blade seen as an incredse in stiffness
and mass. Addinonally the SA349/2 has several changes in
stiltness and mass near the blade up, and the CH-34 has
small changes in mass distribution owing o instrumenta-
tion and tip weights.
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Table 1 Rotor paramcters.

fiem CH-34  SA33272 BO-105
Number of blades 4 3 4
Rotor radius, m §8.53 5.25 491
(in.) (336.00)  (206.85) (193.32)
Rotor speed, rpm 221.68 387.00 425.00
(rad/scc) (23.214)  (40.526) (44.506)
Blade chord, m 0410 0.250 0.270
(in.) (16.40) (13.80) (10.64)
Solidity 0.06220  0.06366  0.07010
Flap hinge offset, eg/R 0.03571  0.02095 -
Feathering hinge offset, eg/R- 0.08000  0.04762  0.03500
Lag hinge offset, e /R 0.03571  0.09048 -
Blade cutout. r/R 0.1500 0.24860 0. 1000

0.0) 2.5

Precone. deg

0.0
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