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Effects of Three-Dimensional Aerodynamics on Blade
Response and Loads

Ki-Chung Kim* and Inderjit Choprat
University of Maryland, College Park, Maryland 20742

A comprehensive rotor aeroelastic analysis based on finite element theory in space and time is coupled with a
three-dimensional transonic small disturbance finite difference analysis to investigate three-dimensional aerody-
namic effects on blade response and loads in forward flight. Each bladg is assumed to be an elastic beam under-
going flap bending, lag bending, elastic twist, and axial deflections. The blade steady response is calculated from
nonlinear periodic normal mode equations using a finite element in time scheme. For induced inflow distribu-
tions on the rotor disk, a free wake model is used. Dynamic stall and réverse flow effects are also included. Vehi-
cle trim and rotor elastic response are calculated as one coupled solution using a modified Newton method. The
blade loads and structural bending are calculated for two blade conflguratlons a straight-tip blade and a 30-deg
swept-back tip blade. Calculated results are correlated with flight-test data obtained from the Gazelle helicopter
(with a straight-tip blade) for two level flight speeds. Results then are calculated for this rotor with a swept-tip
configuration and the effects of three-dimensional aerodynamics are assessed. Considerable three-dimensional

aerodynamic effects are observed in the swept-tip blade.

Nomenclature
Cy =normal force coefficient
Cr =rotor thrust coefficient, T/pA4 (QR)?
C, =drag coefficient
C, =1ift coefficient )
Crige = pitching moment coefficient about aerodynamic
center
M =Mach number
N, =number of blades
R =blade radius, m
V =forward speed, m/s
o =blade section angle of attack
o =longitudinal shaft tilt (positive for forward tilt)
0y = collective pitch, rad

0,00, =lateral and longitudinal cyclic pitch, rad
=rotor advance ratio, V/QR

o =lateral shaft tilt (positive for advancing side up)
=rotor azimuth angle, rad
Q =rotor rotational speed, rad/s
Introduction

URRENTLY, most of the rotorcraft codes developed to

predict dynamic response and loads in forward flight con-
tain relatively simple aerodynamic modeling compared to the
level of sophistication used in structural modeling. A
gausisteady two-dimensional aerodynamic approximation is
commonly used, and airfoil characteristics are expressed in the
form of analytical expressions or tabular data. Uniform or
linear inflow is widely used and unsteady aerodynamic effects
are represented in an approximate manner. However, the aer-
odynamic flowfield on a rotor disk is very complex and is cou-
pled with blade motion. For example, the blade encounters
transonic flow with shock waves at its advancing blade tip,
reverse flow, and stalled flow on its retreating side, and swept
flows on its fore and aft positions.
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Recently, there have been some limited attempts to refine
the three-dimensional aerodynamic effects in the calculation
of blade response and loads. In Refs. 1 and 2, the authors cou-
pled finite-difference aerodynamic codes and rotor dynamic
codes in a loose manner to predict structural bending and
aerodynamic loads on an advanced geometry rotor blade. The
dynamic codes were used to predict angle-of-attack distribu-
tion and variation on the rotor disk for a trimmed condition
and then, using this information, the finite-difference codes
calculated the detailed flowfield including formation of
shocks on the advancing blade tips. From the correlation of
predicted results with flight-test data, it was shown that the
three-dimensional aerodynamics had a considerable influence
on blade dynamic response and loads, in particular at high
forward speeds. In both Refs. 1 and 2, only the three-
dimensional lift was included, and the three-dimensional
pitching moment was not included. However, it is well known
that blade pitching moment characteristics play an important
role on the torsional dynamics of the blade, more so for a tor-
sionally soft rotor. Also, in earlier studies the control settings
were not updated when using the three-dimensional aerody-
namics, which might influence the trim state of the rotor. In
the present study, the rotor response as well as rotor controls
are calculated using three-dimensional aerodynamics and both
the three-dimensional lift and pitching moment are included in
the coupled analysis.

Also, in the present study, the analysis is further extended to
study the dynamics of a rotor blade with swept tip, where the
three-dimensional aerodynamic effects can be quite signifi-
cant. Recently, Celi and Friedman® and Benquet and Chopra*
studied the dynamics of a Swegg—tjp rotor by incorporating a
proper structural modeling for the tip. In Ref. 3, authors
showed that frequently used equivalent sweep model (repre-
senting the tip element in terms of chordwise shift of aerody-
namic center and center of gravity) can lead to a considerable
deviation in results from those obtained using refined sweep
model. Both papers used quasisteady aerodynamics and linear
transformation relations between blade and tip elements. In
the present paper, a refined dynamic analysis of swept-tip
rotors in forward flight is formulated, including detailed
three-dimensional acrodynamics and nonlinear transforma-
tion relations between blade and tip elements.

Results are first calculated for an advanced geometry rotor
with a straight tip and correlated with the flight-test data.’
The data was obtained by Aerospatiale on a SA349/2 Gazelle
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helicopter dedicated to experimental research. It was an ad-
vanced geometry three-bladed articulated rotor. Results then
are calculated for this rotor with a swept-tip configuration and
the effects of three-dimensional aerodynamics are assessed.
The three-dimensional effects on blade response and loads are
discussed in terms of rotor controls, elastic blade response,
structural bending, and lift and pressure distribution. For-
mulation details and several other correlations and parametric
studies are available in Ref. 6.

Formulation
Rotor Dynamic Analysis

The baseline rotor dynamic analysis is a comprehensive
aeroelastic analysis based on finite-element theory in space
and time.”!! The blade is assumed to.be an elastic beam
undergoing flap bending, lag bending, elastic twist, and axial
deflections. Each blade is discretized into a number of beam
elements and for each element there is a continuity of displace-
ment and slope for flap and lag deflections, and a continuity
of displacement for axial and torsion deflections. There are
two internal nodes for axial displacement and one for elastic
twist resulting in a total of 15 degrees of freedom for each ele-
ment. The formulation for the blade equations of motion is
based on Hamilton’s principle. The analysis is developed for a
nonuniform blade having pretwist, precone, and chordwise
offsets of the center of mass, aerodynamic center, and tension
center from the elastic axis. '

Recently, the analysis was extended to model the advanced-
tip rotor, including swept and anhedral tips, for small angles.*
In the present paper, the analysis is further refined for swept
tips with large angles. In order to model the blade with a tip
sweep, special considerations are needed in the assembly of a
straight element and a swept element. It is assumed that the
geometric angle at the interface between the straight element
and the swept-tip element is preserved before and after defor-
mation. In the assembly of elements, suitable compatibility
conditions are introduced at the interface for moderate rota-
tions. Inertial and aerodynamic characteristics of the tip ele-
ment are modified to include effects of sweep angle’ 2

Aerodynamic loads for the dynamic analysis are calculated
using quasisteady strip theory. Noncirculatory aerodynamic
forces are also included. To include the effect of high angle-
of-attack flows, a dynamic-stall model proposed by Johnson!?
is incorporated. Dynamic stall characterizes the delay in flow
separation due to unsteady angle of attack, and the shedding
of a vortex from the leading edge of the airfoil when it gets
into a deeper stall condition. These effects are introduced in
the calculation of section lift, drag, and pitching moment. For
this, the time history of blade motion of the previous cycle is
used.

Aerodynamic coefficients are computed in the form of ana-
Iytical expressions as well as data tables. These are represented
as

C, = c(M,g,9) + c (o, M,q,9)x

C; = do(a,M,q,9) + di(a,M,q,9)
+ dy(aM,q.9)0* 6y

Crge = Jol.M,q,9) + fi(a,M,q,9)

where g and ¢ are arrays of nodal displacements and velocity
vectors, respectively. Equation (1) represents a set of non-
linear aerodynamic coefficients including effects of blade mo-
tion and Mach number.

The rotor response analysis consists of two phases, vehicle
trim and steady response, and both are calculated as one cou-
pled solution using a modified Newton method.
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Vehicle Trim

Propulsive trim, which simulates a free-flight condition of
the vehicle, is used to calculate rotor control settings. The
solution is determined from vehicle overall nonlinear equilib-
rium equations: three force (vertical, longitudinal, and lat-
eral), and three moment (pitch, roll and yaw) equations. For a
specified weight coefficient C,, and forward speed pu, the trim
solution evaluates the shaft tilt angles («;, ¢,), the pitch con-
trol settings (6, 6,., 0,,), and the tail rotor thrust.

These trim values are recalculated iteratively using the
modified hub forces and moments including the blade elastic
responses and three-dimensional aerodynamic effects.

Steady Response

The steady response involves the determination of time-
dependent blade ‘positions at different azimuth locations for
one rotor revolution. To reduce computational time, the fi-
nite-element equations are transformed into modal space as a
few normal mode equations using the coupled natural vibra-
tion characteristics of the blade. These nonlinear periodic cou-
pled equations are solved for steady response using a finite ele-
ment in time procedure based on Hamilton’s principle in weak
form. One rotor revolution is divided into a number of azi-
muthal elements and then periodicity of response is used to
join the motions of the first and last elements. The assembly’
of elements results in nonlinear algebraic equations, which are
solved using the Newton-Raphson procedure (for detail, see
Ref. 11).

After the blade response is obtained, structural bending mo-
ments at different spanwise positions are calculated using the
modal method.

Rotor Wake Modeling

For the induced inflow distribution on the rotor disk, a free
wake model'# is fully coupled in the rotor aeroelastic analysis.
The model can account for its self-distortion by updating its
geometry according to newly calculated inflow and blade cir-
culation. The geometry of the free wake is divided into three
regions; near wake, rolling-up wake, and far wake. The near
wake consists of a series of radial panels, each with linear cir-
culation distributions. The rolling-up wake consists of an in-
board linear circulation distribution panel, and a tip panel that
represents the rolling up of the tip vortex. The far wake is
modeled as one panel of linear circulation distribution, and a
concentrated tip vortex whose strength is proportional to the
maximum circulation value on the rotor blade. The helical ge-
ometry of the concentrated tip vortex is updated while the in-
board wake portions are not changed.

The free wake analysis is implemented in three stages. First,
blade motion and loading are calculated using a linear inflow
model. Next, wake-induced coefficients are calculated for an
undistorted wake geometry. The nonuniform inflow is calcu-
lated and is used to obtain blade motion and loading. Finally,
the free wake geometry is calculated. For this, the influence
coefficients are re-evaluated, and blade motion and loading
are again obtained using nonuniform inflow values. For sub-
sequent iterations, the free wake geometry is generally held
fixed, and only the strength of vortices are updated.

For the calculation of three-dimensional acrodynamics, the
influence of the near wake (up to 5 chords behind the blade) in
the free wake model is suppressed since it is calculated as a
part of the finite-element difference grid solution.

Finite Difference Three-Dimensional Aerodynamic Analysis

A finite-difference aerodynamic analysis based on three-
dimensional unsteady transonic small disturbance theory is
used to calculate the flowfield around the rotor blade.!s The
method is able to treat nonlinear flowfields associated with
unsteady transonic flows occurring at advancing blade tips at
high forward speeds. It can analyze blades of arbitrary plan-
forms using the grid mapping procedure.
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Initially, the classical unsteady transonic small disturbance
equation was used. Later, a modification was introduced into
the analysis to extend the domain of validity to large cross
flows and larger azimuthal sectors.!¢ This modification en-
hanced the computational efficiency as well as the numerical
stability of solution procedure for nonrectangular blade plan-
forms. This uncoupled aerodynamic code has been extensively
used to calculate detailed flowfields on rotor blades including
advanced tip shapes, and to correlate the computed results
with measured data from model rotors.!’-18

In the present paper, the finite-element dynamic analysis is
coupled with the finite-difference aerodynamic analysis in an
iterative manner. This coupled analysis is then used to calcu-
late three-dimensional effects as well as transonic flow with
shock waves on advancing blade tips for both straight-tip and
swept-tip blades. The modification for a swept-tip blade in the
three-dimensional finite-difference aerodynamic analysis is
modeled by the coordinate transformation. Time history of
the angle-of-attack distribution, obtained from the rotor
aeroelastic code, is used as input data for this finite-difference
code.

Solution Procedure

To improve the efficiency of the coupled analysis, three-
dimensional C; and C,, are used for the outer 50% of the
blade on the advancing side and for the outer 20% on the re-
treating side. The following procedure was used to couple the
rotor aeroelastic analysis with the finite-difference three-
dimensional aerodynamic analysis.

1) With prescribed input data, a vehicle uncoupled trim is
calculated using two-dimensional aerodynamic tables.

2) Using control inputs from the vehicle trim solution of
step 1, the blade nonlinear steady response is calculated.
Again, two-dimensional aerodynamic tables are used to obtain
the aerodynamic coefficients at different radial stations and
azimuthal positions.

3) Hub loads and moments are calculated using elastic rotor
response. Then, the vehicle trim values and blade responses
are recalculated iteratively using the modified hub forces and
moments. This step is repeated until a converged solution is
obtained.

4) Using the calculated effective angle-of-attack distribu-
tion from step 3, the finite-difference solution is computed.
The results give detailed pressure distributions on the blade
(spanwise and chordwise) at different azimuthal positions
along with three-dimensional C, and C,,.

5) First, only three-dimensional C, is included in the cou-
pling process along with two-dimensional C,,. Steps 3 and 4
are repeated until the finite-difference solution and rotor re-
sponses are converged for three-dimensional C,.

6) Then, the three-dimensional C,, is included along with

Table 1 SA349/2 Helicopter characteristics

Aircraft gross weight 4400 lbs

Number of blades, N 3

Radius, R 5.25m

Blade chord, ¢ 0.35m

Solidity, o 0.064

Lock number, v 5.13

Cr/o 0.067 (u = .14)
0.064 (. = .378)

Airfoil OA209

Rotational speed, 387 rpm

Rotating flap natural frequency 1.02/rev

Rotating lag natural frequency 0.54/rev

Rotating torsion natural frequency 3.72/rev

Fuselage lift coefficient, C; 0.00499

Fuselage drag coefficient, C[Df 0.0092

Fuselage pitch moment, Com —0.00086

Fuselage roll moment, C,, —0.0001

Fuselage yaw moment, C,,, 0.0001
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the converged three-dimensional C, value. For this, the three-
dimensional C; value is held fixed and steps 3 and 4 are
repeated until a converged solution is obtained. Finally, rotor
controls, blade response and loads are recomputed using both
three-dimensional C, and C,,.

Results and Discussion

Results are first calculated and correlated for a straight-tip
three-bladed rotor of the SA349/2 Gazelle helicopter for level
flight conditions at two different flight speeds, 30 m/s (p =
.14) and 80 m/s (u = .378). Results then are calculated for this
rotor with a 30-deg swept-tip configuration and the effects of
three-dimensional aerodynamics are assessed. Some important
structural and aerodynamic characteristics of this rotor are
shown in Table 1. Other characteristics are given in Ref. 5.
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Table 2 Correlation of trim controls

p = 0.14, Cy/0 = 0.067 p = 0.387, Cy/0 = 0.064
Two-dimen- Three-dimen- Two-dimen- Three-dimen-
Pitch Flight sional aero sional aero Flight sional aero sional aero
angle data free wake free wake data free wake free wake
N 6.93 5.58 5.78 14.42 14.29 14.92
010 1.45 0.54 0.57 2.21 1.53 1.74
0y 1.04 1.23 1.25 -9.35 —8.8 —8.61
4 5
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Fig. 3 Correlation of lift coefficients (x = 0.378): a) Radial station at 0.88R; b) Radial station at 0.97R.
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For the calculation of blade response, the blade is dis-
cretized into eight beam elements and each beam element con-
sists of fifteen nodal degrees of freedom. For normal mode re-
duction, eight coupled rotating natural modes are used,
comprised of three flap, two lag, two torsion and one axial
modes. For periodic response, one revolution is discretized
into eight time elements and each time element represents a
fifth-order-polynomial distribution of motion. These approx-
imations appear to yield satisfactory converged results (four
significant digits). .

To investigate the three-dimensional transonic aerodynamic
effects on dynamic response, three-dimensional lift and mo-
ment coefficients calculated from the finite-difference code
are included in the dynamic code. The convergence study of
coupling of dynamic and aerodynamic codes is shown in Fig. 1.
It shows flap response at the blade tip for one rotor revolution
at a high speed flight condition (u = .378). First, the dynamic
blade response and loads are calculated using quasisteady aer-
odynamics and two-dimensional data tables (without cou-
pling). Using the angle-of-attack distribution from the aero-
elastic code as input, three-dimensional finite-difference

aerodynamics is computed. Then, with three-dimensional lift
distributions from the computational fluid dynamics (CFD)
code, the dynamic response and the rotor controls are recom-
puted until converged solutions are obtained (indicated by the
first iteration curve in Fig. 1). For subsequent iterations, up-
dated angle-of-attack distributions from the aeroelastic code
are used. It is observed that the coupled solution converges
after three iterations for three-dimensional lift. After the con-
vergence in lift is achieved, then the three-dimensional C,, is
included in the coupling process along with converged three-
dimensional C,. It is also found that two iterations are suffi-
cient for achieving the convergence in three-dimensional C,,.
After the fourth iteration, the variation in tip flap response is
quite negligible and therefore is not presented.

Straight-Tip Blade

Calculated vehicle trim values are correlated with the flight
data in Table 2 for two level flight conditions, a low speed (u
= 0.14) and a high speed (u = 0.378). The predicted and
measured results agree very well for collective pitch, but there
is a slight disagreement for the cyclic pitch angles. The calcu-
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Fig. 7 Lift variations of swept-tip blade (u = 0.378, tip sweep = 30 deg, outer 10% R): a) radial station at 0.9R; b) Radial station at 0.97R.

lated collective pitch angle with three-dimensional aerodynam-
ics is higher than the one calculated with two-dimensional aero-
dynamics, and improves the correlation. To achieve the desired
thrust, more collective pitch setting is needed with three-
dimensional aerodynamics because of reduced lift at the tips.
For the high-speed case, including the three-dimensional aero-
dynamic effects in coupled trim solution helps the lateral cy-
clic pitch correlation. This improvement is most likely due to
the fact that the transonic condition occurring at the advanc-
ing blade tip is well represented in the three-dimensional aero-
dynamic modeling.

Calculated flap angles are correlated with the flight data in
Fig. 2. Analytical results using two-dimensional quasisteady
aerodynamics with the free wake and the three-dimensional
aerodynamics (three-dimensional C,,C,,) with the free wake

are presented along with test values. For the high-speed condi-
tion, flap response obtained using the three-dimensional aero-
dynamics shows better agreement with the test data than using
the two-dimensional aerodynamics. For B,, the three-
dimensional value is smaller than the two-dimensional value
because of reduced lift at the tips. Noticeable improvements in
predicting the disk tilts (8;;, and B,.) with three-dimensional
aerodynamics are observed for the high-speed case (u =
0.378).

High Forward Speed (p = 0.378)

In this section, results are calculated for the high-speed level
flight condition, where large three-dimensional effects are ex-
pected. A thrust level C;/¢ of 0.064 is used. As expected for

- this high-speed condition, the results obtained using the free
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wake model are similar to those obtained using the linear wake
model (Drees), and therefore, results obtained with the free
wake model are presented only.

Figure 3 shows the lift coefficient variation (in terms of non-
dimensional lift, M 2C,) for two radial stations located respec-
tively at 88% and 97% of the radius. For comparison, the un-
coupled dynamic code (two-dimensional aero) and the coupled
code (three-dimensional aero) are presented together with the
flight-test data. It is observed that three-dimensional effects
are quite significant and correlation with data improves with
inclusion of three-dimensional aerodynamics.

Structural bending moments at the 80% radial station are
plotted in Fig. 4. For comparison, three sets of analytical
results are plotted along with the flight data: results with two-
dimensional-C; and two-dimensional-C,,, with three-
dimensional-C,; and two-dimensional-C,,, and three-
dimensional-C; and three-dimensional-C,,. Flap bending, lag
bending and torsional moment variation with azimuth angle
are determined using a modal approach. There are some dif-
ferences between two analytical results obtained using three-
dimensional aerodynamic effects. Including three-dimensional
effects in pitching moment shows significant differences and
helps to improve the correlation for torsional moment. Consid-
ering the fact that mean values of bending moment in data were
not available, the overall correlations appear satisfactory.

Comparison between the measured chordwise pressure dis-
tributions and the calculated results obtained from the three-
dimensional finite-difference code are shown in Fig. 5 for a
station near the tip (.97R). Generally, good agreement be-
tween predicted and measured pressure distributions are
observed in almost all azimuthal lgcations. Also, the shock ap-

pearances on the upper surface of the blade, particularly
around 60- and 90-deg azimuthal position, are well captured.

Low Forward Speed (p = 0.14)

Results are obtained for a low-speed level flight condition
(1g) with thrust level C;/0 of 0.067. Lift and response varia-
tion results along azimuth showed that there is only a slight ef-
fect of three-dimensional aerodynamics on these results for
this low-speed condition. However, the free wake effects are
quite noticeable at this low advance ratio. Predicted results
with the free wake model show much improved correlation
with flight data in terms of harmonic contents, as compared to
those obtained with a linear inflow distribution.

Figure 6 shows structural bending for one complete revolu-
tion at a 80% radial position. Since three-dimensional aerody-
namic effects are small as compared to free wake effects, only
two-dimensional aerodynamic results obtained using the free
wake are plotted in this figure. Calculated results with the free
wake model show improved correlation with data as compared
to those with the simplified wake model. The higher harmonic
contents in the data are well predicted with the free wake
model.

Swept-Tip Blade

Results are calculated for a helicopter blade with a swept-tip
planform. The outer 10% of the blade tip is swept back (oppo-
site to rotation) by 30 deg and the same OA209 airfoil shape is
used.

The effects of three-dimensional aerodynamics on the vehi-
cle trim solution of the swept-tip blade are summarized in
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Table 3 Trim controls of 30 deg swept-tip rotor

p = 0.14, Cr/0 = 0.067

p = 0.387, Cy/o = 0.064

Two-dimen- Two-dimen- Three-dimen- Two-dim;n- Two-dimen- Three-dimen-
Pitch sional aero sional aero sional aero sional aero sional aero sional aero
Angle linear wake free wake free wake linear wake free wake free wake
6 6.38 6.54 6.76 15.22 15.3 16.42
01, 1.03 0.98 0.47 2.83 2.5 2.1
01s 1.37 1.79 1.73 —-11.27 —11.02 -10.2
¥ = 30 ¥ = 120

———— LOWER SURFACE (Swept Tip)
- UPPER SURFACE (Swept Tip)
1 b —— LOWER SURFACE (Straight Tip)
—— UPPER SURFACE (Straight Tip)

1 1 L

¢] 2 4 .6 8 1
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Fig. 9 Pressure distributions of sewpt-tip blade (u = 0.378, tip sweep = 30 deg, outer 10% R).

Table 3. For comparison purposes, three sets of analytical
results are presented: results with two-dimensional aerody-
namics and linear inflow; with two-dimensional aerodynamics
and free wake; and with three-dimensional aerodynamics and
free wake. For the low-speed condition (u = 0.14), there is a
slight difference in collective angle results between two- and
three-dimensional calculations, which is also observed in
straight-tip results (Table 2). However, the three-dimensional
aerodynamic effects on the prediction of lateral cyclic pitch 8, is
quite significant, even for low-speed flight condition. The lateral

cyclic pitch obtained using three-dimensional aerodynamics is
almost half of that using two-dimensional aerodynamics. This
discrepancy is probably due to a large radial flow on the swept
tip. For the high-speed condition (u = 0.378), the three-
dimensional effects on the trim solution are quite considerable.

High Forward Speed (u = 0.378)

Results are presented for a helicopter blade with a swept-tip
flying at a high forward speed of u = 0.378. For this case, a
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Fig. 10 Lift variations of swept-tip blade (p = 0.14, tip sweep = 30
deg, outer 10% R): a) Radial station at 0.9R; b) Radial station at
0.97R.

thrust level Cr/o of 0.064 is used, and the free wake model is
adopted.

Figure 7 presents the lift coefficient variation with azimuth
angle for two stations located respectively at 90% (junction)
and 97% radial positions. There is a considerable difference in
calculated results between two- and three-dimensional aerody-
namics, especially at the 97% radial station. As expected, the
three-dimensional aerodynamic effects are larger near the tip
than at inboard station. The lift variation of the swept blade is
somewhat different from that of the straight blade. This is due
to two reasons: there is a change in local velocity normal to the
blade because of sweep, and a change in aerodynamic pitching
moment originating from the aerodynamic center offset from
the elastic axis.

Structural bending moments at the 80% radial position for
this swept-tip blade are shown in Fig. 8. With three-dimen-
sional aerodynamics, the flap bending moments contain a
larger 4/rev vibratory component as compared to the two-di-
mensional prediction. This is caused by the flap-torsion cou-
pling due to sweep at the tip. Due to large three-dimensional
aerodynamic effects on torsional dynamics, the coupling ef-
fects are more distinct in the three-dimensional flap bending
moment. The effects of three-dimensional aerodynamics on lag
bending moments and torsional moments are also significant.

Figure 9 presents the chordwise pressure distributions for
the swept-tip blade for a station near the tip (.98R). For com-
parison, the results from the straight-tip blade are also plot-
ted. It is observed that the intensity of transonic flows is much
reduced on the swept-tip blade as compared to the straight-tip
results for almost all the advancing side (0 deg < ¥ < 120
deg). But the intensity of shock is slightly increased around ¥
= 150 deg for the swept-tip blade because of delayed super-
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Fig. 11 Structural bendings of swept-tip blade (» = 0.14, tip sweep
= 30 deg, outer 10% R): a) Flap bending moment at 0.8R; b) Lag
bending moment at 0.8R; c) Torsional moment at 0.8R.

critical flows, which was also observed in the wind-tunnel test
on a isolated swept-tip blade.!¢ However, the decrease of tran-
sonic flow intensity on the advancing side is certainly the main
reason for use of the swept-tip planform for high-speed flight.

Low Forward Speed (p = 0.14)

Figure 10 presents the variations of lift coefficient with time
at 90 and 97% of the radius. For comparison, three sets of an-
alytical results are presented; two-dimensional aerodynamics
with linear inflow (Drees), two-dimensional aerodynamics
with free wake, and three-dimensional aerodynamics with free
wake. Again, the free wake effects are quite noticeable at this
low advance ratio, which is also found in straight-tip results.
Results with the free wake model contain the high-frequency
components as compared to those obtained with a linear in-
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flow distribution. It is also observed that unlike straight-tip
results, there are some three-dimensional aerodynamic effects
shown in this figure. When one looks at the lift variation at the
97% radius (Fig. 10b), one observes noticeable three-dimen-
sional effects on lift, especially around ¥ = 180 deg. This is
due to high three-dimensionality of swept tip, caused by the
radial flow.

Figure 11 shows structural bending for one cycle at a 80%
radial position. Again for comparison purposes, three sets of
analytical results are presented; two-dimensional aerodynam-
ics with linear inflow (Drees), two-dimensional aerodynamics
with free wake, and three-dimensional aerodynamics with free
wake. It is observed that the three-dimensional aerodynamic
effects are small as compared to free wake effects for this low-
speed condition. Structural bending variations of swept-tip
blade is quite different from those of straight-tip blade (Fig.
6). When one compares the two-dimensional results alone,
there is a 4/rev vibratory component in flap and lag bending
moments variations in swept-tip blade, which are not shown in
straight-tip results. This is due to strong structural couplings
caused by sweep. This points out the importance of accurate
dynamic modeling of swept-tip blades.

Conclusions

A new methodology has been developed to study the in-
fluence of three-dimensional aerodynamic effects on helicop-
ter response and loads by coupling a rotor dynamic analysis
with a three-dimensional finite-difference acrodynamic analy-
sis. The coupling process has been done in a consistent manner
by using the calculated three-dimensional lift and moment
characteristics from a CFD code in the dynamic analysis pre-
diction. Trimmed control values and elastic rotor response are
updated including three-dimensional aerodynamic effects.
Analytical results are correlated with the flight-test data ob-
tained on a SA349/2 Gazelle helicopter. The following conclu-
sions are drawn from this study:

1) For the trim solution, predicted and measured values for
collective pitch agree very well, although there are some differ-
ences for the cyclic pitch. Inclusion of three-dimensional aerody-
namic effects generally helps the correlation for trim controls.

2) For a low forward flight condition (¢ = .14), the wake
plays a dominant role as compared to three-dimensional aero-
dynamic effects on blade response and loads. Using a refined
wake model helps to improve the rotor loads correlation.

3) For a high forward speed condition (u = .378), thereis a
considerable influence of three-dimensional derodynamics on
blade response and loads. The correlation of aerodynamic
loads is improved with the inclusion of three-dimensional
aerodynamics, particularly near the outboard section of the
blade.

4) Inclusion of three-dimensional effects in pitching mo-
ment appears quite large and helps to improve the correlation
for torsional moment in the high-speed case.

5) For a swept-tip blade, the intensity of transonic flows on
the advancing side is much reduced as compared to the
straight-tip result.

6) The effects of tip sweep on the blade structural bending
moments are quite large in the high-speed case.

This paper is a step toward the development of an advanced
comprehensive helicopter analysis encompassing current ad-
vances in both structural and aerodynamic modeling. In spite

AIAA JOURNAL

of it being computer intensive, its benefits must be appreciated
as a powerful tool to validate simple design-oriented analyses.
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