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1 ABSTRACT

The effects of improved aerodynainic modelling on rotor blade section and
root loads, and blade response. are investigaled. A non-linear aerodynamic model
based on an indicial method. is incorporated into a coupled rotor aeroelastic analysis.
The aerodynamic analysis consists of three phases: a linear atfached low solution.
a separated flow solution, and a dynamic stall solution. A [ree wake model is also
included into the analysis. Blade responses and loadings are calculated using a linite
element {formulation in space and time. A modified Newton iterative method is used
to calculate blade response and trim controls as one coupled solution. Results show
thal at high speed flight conditions, non-lincar eiflects dominate blade section fovces.
and significantly aflect hlade root loads. These elfects are amplified at higher thrust
conditions. Compressibility eflects considerably influence the extent of separaled
flow on the rotor disk. Inclusion of the free wake analysis had only a limited effect
on blade response and hlade loads for a high speed flight condition.

2 INTRODUCTION

The modelling of aerodynamics for rotorcrafl applications has undergone in-
creased scrutiny in recent vears due to the necessity to hetter predict the dynamic
characteristics of rotorcraft. The past lew years has seen the emergence of a mul-
titude of highly complex CFD codes aimed at accurate predictions ol rotary-wing
acrodynamics [1.2]. The requirement of an aerodynamic model to be computa-
tionally “reasonable”, in order to be implemented into a comprelicnsive aeroclastic
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analysis, however. precludes nse of such codes. Teclinological advances in compniing
puwer continually expands this “reasouable™ range. hut significant inprovements are
still required. Thus, analvsts are faced with the problem of balancing technological
complexity. accuracy, and computational leasibility.

In the past five years, significant gains have been made in the methodologics
of acrodynamic modelling. Several approaches have been undertaken. One approach
is to capture the global unsteady effects on a rotor by use of a dynamic inflow morlel
[3]. This method is limited to low frequency eflects, and thus cannot predict de-
tailed flow phenomena. This method was utilized 1n a dynanic analysis of a rolor
in forward flight by Panda and Chopra [4]. In order to better deline the aerody-
namic complexities. several approaches concentrated on a blade-element analysis.
Several theovies, constrained by the assumption of harmonic motion, e.g. Loewy
theory, and Greenberg theory, were generalized to arbitrary wotions i Reflerences
[5.6]. Recenlly, a finite state time-domain acrodynamic model was included in an
acroeclastic stabillly and response analysis [7]. One limitation presents itsell in these
approaches, only incompressible, atiached flow is considered. One other approach
involved a synthesization of experimental data {8}. This method encompassed any
and all physical leatures ol a “real™ flow, however, needed expensive prerequisile ex-
perimental testing. and a large muuber of empirical coefficients to be incorporaled
into a dynawic analysis. Additional wethodologies are discussed in relerence [9].

The approach taken in this investigation is the use of an unsteady acrordy-
namic model that overcomes the shortcomings of other models, yel remains of the
same order ju computational cost, The improvements iuvolve accurate predictions
ol altached flow, as well as separaled and dynamically stalled flow, consideralion
ol compressibility ellects, and need limited prerequisite information of airfoil char-
acteristics. A model postulated and refined by Beddoes, [10]. and Leishman and
Beddoes, {11]. utilizing an indictal response method has been validated over a wide
rapge of conditions. The indicial response method involves the caleulation of the lift
and pitching moment respouse to a step change of airfoil angle of attack, and then
suing the contributions of past arbitrary changes using Duliamel’s principle of super-
position. This method. thus captures the effects of the angle-of-attack time history,
Clompressibilily eflects are inlierent in the model. The complete model requires oniy
static airfoil data, and limiled unsteady data. The parameters derived from the
unsteady data, however, are nol sensilive to airfoil shape, and thus need not be
recalculated for all airfoils. The linear, aitached {low phase of this model Lias heen
utilized 1t a dyvamic analysis investigating higher harmonic control actuation power
requirements [12]. This aerodynamic refinement showed a slight improvement over
quasi-steady strip theory, in predicting 3P vertical hub shear on a 1/6 dynamically
scaled Boeing CH-17D rotor model. A modified version of the complete non-linecar
mode! was also incorporated into a dynamic analysis, {13]. Although this analysis
was restricted to a flap-only bending condition. significant non-linear effects were
apparent at high speed, high thrust conditions.
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The blade-element methodologies discnssed to Lthis poinl accound for only
shed wake effects. To complete the overall acrodynamic model. trailed walke effects
must be considered. The combination of shed and trailed vorlicity create a wake
structure thal significantly alfects a rotor blades™ acrodynamic environment. Barly
analyses simplified the wake model to a uniform inflow distribution. A first order
improvement to this model is assumiug a linear distribution of inflow. such as the
Drees wake model [14]. Recent literature has empliasized the need for further refine-
ments to improve correlalions to an acceptable level. Current technology provides
several models, from classical skewed helices to free wake calculations. and conmpar-
isons liave been made on their respective abilily to predict rotor inflow over a range
of light conditions. Two recent papers have made a compreliensive study on the
validity of current wake models. Reference [i-’)] examines five models; Scully’s {ree
wake it CAMRAD, UTRC’s free wake, generalized wake, and classical skewed helix
wake. and Beddoes model. Surprisingly, all showed only limited success. Discrep-
ancies, in all the models, appeared in utderpredicting the amount ol rolor upwash
on Lhe disk at higher speeds, and in being able to predict the Jocation ol maxinun
downwash. Reference [16] invesligated two models, (Scully and Sadler), at a low
speed condition. Results showed a superiority of Scully’s model, althongh it showed
linmitations in predicting the formation of the Lip vortices in the rolliug-up wake re-
gion. One otber reference, {17], investigated several wake options within CAMRAD.
At high speed, dilferences belween a prescribed wake and the Scully [ree wake were
insignificant. Toth of these optious greally Improved correlation over a uniform
inllow distribution.

The preseut analysis utilizes the free wake model [rom CAMRAD [18]. Al-
though it has shown discrepancies iu predicling experimental data. it is among
the current state-of-the-art wmodels available. lucorporation of this wodel into our
dynamic analysis has provided us several wake options. In conjunction with the
blade-element. wodel discussed earlier, the present aeroelastic analysis includes a
highly sophisticated, yel computationally feasible aerodynamic prediction capabil-
ity. The structural model is of comprable sophisticalion, thus creating an overall
model with advanced prediction capabilities. The present study will investigate the
inflluence of several key parameters on bhlade loadings and responses, and determine
the significance of the refined aerodynamics. Fulure eflorts should lead to a cor-
relation study, to ulthmalely determine the validity of these reflinements, as well as
an investigation inlo blade stability characteristics and incorporation of still belter
wake 1models as they become avaifable.
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'3 ROTOR ANALYSIS

The present investigation utilizes an analysis which solves the coupled. non-
linear periodic equations of blade motion and six trim equilibrium equations. The
analysis is hased on a finile element approximation in both space and time. Each
blade is assumed to be an clastic beam undergoing flap bending, lag bending. elas-
tic twist and axial deflection. The blades are discretized into a number of beam
elements, each having (ifteen degrees of freedom. To reduce computational time. a
large number of finite element equations are transformed to the modal space ax a [ew
normal mode equations (6-8 modes are normally used). The periodic, non-finear.
response solution is determined by using a temporal finite element discretization.
Fourth order Lagrangian shape functions are utilized within each time element. The
finite efement in time formulation is based on Hamilion’s weak principle. Result-
ing normal mode equalions are ullimalely solved as a set of non-linear algebraic
equations. The solution is obtained utilizing an jterative, modified Newton method

[4.19].

Concurrent with the solution of the blade equations of motion, is the solution
of 1he vehicle triin equations. The vehicle is {rimmed on all axes [or both force and
moment equilibrium (6 equations). The modilied Newton solution method allows
the two solutions lto be coupled to produce a unigue solution that satisfies both
blade and vehicle equilibrium equations. The force summation method is used to
determine hub forces as a swu of inertial and aerodynainic loadings {20].

3.1 AERODYNAMIC MODEL

The aerodynamic modelling consists of two primary phases; a blade-element
scheme, and a global wake scheme. The blade-element aerodynamic inodel is formu-
lated to allow either quasi-steady strip theory, or unsteady two-dimensional aerody-
namics. The unsteady acrodynamics consist of three parts, a linear attached flow
solution, a separated flow solution, and a dynamic stall solution, based on the work
of Leislhunan and Beddoes [11].

3.1.1 Attached Flow

The attached flow aerodynamics are calculated using an indicial response
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method, hased on the principle of superposition {21]. The indicial response scheme
determines the aerodynamic loadings due to a step change in the airfoil downwash
at the three-quarter chord position. This indicial response is then convoluted over
time using the Dubhamel integral. The indicial response is idealized into contributions
from both circulatory, and non-circulatory loadings. The circulatory lift component
is given by,

UIP( )
da

Le(s M) = —%Pccwra(ﬁf)ur(ﬁ) [éc( Al)up(0) +f pcls — o M)——do| (1)

wheve ur is Uie chordwise velocity component, up is the downwasl al three-quarter
chord, and (7 is the 2-dimensional compressible lifl curve slope. Circulatory lift
is defined in “s-time”, whiclt is the distance the airfoi]l travels in semi-chords. This
is transformed into “azimuthal time”, i.e, a function of azimuihal angle. ¢*. The
circulalory indicial function, ¢¢ is expressed as,

b8, M) = 1 — Aje n=MDs _ 4 —ba(1-M%) )

This function is similar to the classical Kussner function [22], and represents the lift
deficiency due Lo shied vortices in the near wake.

The nupulsive or nou-circulatory lift is sinilarly expressed as.

()up(o')

Li(s, M) = —épsz(s) [cp;(s Mup(0 +f or{s — o  Al) i do (3)
with the impulsive indicial function as
4 o /T!
¢r(s. M) = e (1)

e

where Ty is a Mach dependent time constant [21]. This function is based on a time
history of the non-circulatory loading due to presstire wave propagalion, with an
initial value computed from piston theory. The total lift is the sum of these two
components,

L{s, M) = Le(s, M) + Li(s, AL) (5)

The implementation of equations (1) and (3} is carried out by expressing
these equations in a discrete ime form. Such a form is compatible with the finite
element discretization solution. The lift equation hecomes.

CUTC[,‘(AI)(\E},, + i(Aarr DL”) 13;

Cnr = A

(Ag, — D) (6)

l\.:lw

with,
Qg = _upn - ‘X—?l . ):l (T}
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where X, and Y, are lift deficiency functions which represent the deficiency in
downwash due to unsteady effects. DI is a time history impulsive angle of altack
{function, and D) is a time history impulsive pitch rate function. Ty and T, are
Mach dependent time constants. Clomplete details can be found in [10,11.21].

The unsteady pitching moment aboul the quarter chord is. similarly to lift,
a sum of circulatory and non-circulatory loadings. Circulatory contributions de-
rive from the offsel of the circulatory lift from the guarter chord {(w,.), and the
induced pitching moment eflect associated with the pitch rate induced camber. Non-
cirenlalory conlributions are impulsive moments due to angle of attack changes and
pitch rate. This yields,

—T 1

Ca = FET (G- Tac)CG 4+ CUNap ML To, )+ Ci e M. T, (8)

where, gg is an effective pitch rate, 3 is the Prandtl-Glauert correction factor. C“'f\n

and ( }”: are impulsive moment contributions due to angle of attack and pitch rale.
respectively, and Ty,, and Ty,, are Mach dependent time constants [21].

The unsteady drag can be derived from this lilt force component. and the
airfoil chordwise {orce [23]. The chordwise [orce arises [rom the component of lift in
the chordwise direction, scaled by a leading edge suction efliciency factor ().

Cr =neCnsinag ("N

Due to the combination of decaying non-circulatory loading, and the build up of
circulatory loading, tlre important result of a non-zero pressure drag uncer unsteady
{orcing conditions is obtained. Pressure drag tends to its static value in the limit of
the unsteadiness decaying to zero. The total drag is the sum of this pressure drag
and the airfoil viscous drag.

Cp =[Cnsina - Crcosal + Cp, (10)

These components are transformed into a discrete time form with appropriate time
history functions and time constants. These three components, lift, drag, and pitch-
ing moment are incorporated into the analysis scheme and determine the unsteady
attached [low solution.

3.1.2 Separated Flow

The second phase of the unsteady blade-element acrodynamic model involves
corrections to the attached flow solution due Lo flow separation. A method. based
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on Kirchlioll theory, has heen implemented [10]. Kirchholl theory relates the normal
force coeflicient in terms of the trailing edge separation point. f.
1+ 7 r

> o

Oy =C (M) [-—-——" (11)

i

I

Thus. if the separalion point is known, it is easy to determine the normal force,
Accordingly, if the normal force and angle of atlack are known from experiment,
the separation poinl behavior can be implied. This, however, is a static resull. and
must he modified to represent unsteady conditions. Two physical phenomena have
been identified that affect separation point bebavior [LU]. The {irst is a lag associaled
with the leading edge pressure response, beyond the norinal force lag associated with
unsteady forcing conditions. The second is the effects of the unsteady houndary
layer. Thus, the methodology is as Tollows; calculate a pressure lagged, “effective”
angle of attack, and use this value in the static airfoil separation point relation to
obtain a lagged separation point. The final step is Lo apply a boundary layer lag
to obtain the unsteady separation point. This value is inserted into the Kirehholl
relation, equation (11}, to oblain the unsteady separated llow normal force,

Tlhe calculation ol a separated flow cliord force, and thus a drag force, equa-
tion (10}, is deduced from Kivchhofl theory, i.e.,

Cr = 9eCl(M)y/To? (12)
I'urther delails are given in reference {11].

The final part of the separated flow selution involves determinalion of pitch-
ing moment characteristics due to flow separation. Kirchheff theory has no general
expression for pitching moment behavior, Thus, an empirical curve fit must be nli-
lized to represent the varialion of airfoil center of pressure, as a [unction of separation
point,

C . . -

M — Ko+ Bby(1— f) + Kysin{rf?) (13)

Cwn
where, o1, and R, are empirical parameters, obtained from stalic data. This
resull, rearranged, gives the separated pitching momeut behavior. These thiree parts
sum to yield the separaled Hlow solution.

3.1.3 Dynamic Stall

The third and final phase of the unsteady blade-element aerodynamic model
is a semi-enmpirical method for dynamic stall. Several physical phenomena must
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be modelled Lo accurately represent the aerodynamic loadings on the airfoil: the
magnitude of the vortex induced Lft, the conditions upon which it separales from
the leading edge, and the time history of the vortex as it lraverses the chord and
dissipales into the wake. Investigation into experimental data [L1] shows that an
acceptable model relates the excess vortex lift to the difference between the attached
flow lilt and the separated flow IifL contribution. This excess lift 1s allowed to decay
expouentially, while simultaneously being incremented at each step. Numerically,

this can be represented as,
2
. 1
Cv =C§ [1 - (———"l'gﬂ) ] (1)

Chy,, = F{Ch, . Ch:

I Vis

Cv,_)) (15)

where, Cy is termed the excess lift due to the vortex, and Cp,. 1s the corresponding
increental value of lift due to the entire time history eflect of the dynamic stall.
The criteria upon which the vortex will separate from the leading edge is a [unction
of the leading edge pressure gradient and the airloil characteristics. A leading edge
pressuwre pavaneter is calculaled based on the pressure Jag behind the airfoil normal
force, (", For every airfuil, a limit value of this patameter can be deternnned, (L.
The onset of vortex separation at the leading edge is indicated when ) exceeds
(', The final effect that needs to be modelled is the rale of vortex travel across
thie chord. This rate has been shown experimentally to be approximately half of the
free streain velocity [11]. This rate is also Mach dependent. As the vortex reaches
the airfoil trailing edge and passes into the wake, its effect on the airloads is quickly
recdluced. Monitoring of the magnitude of the vortex induced lift, ayd its duration on
the airfoil chord, yields an accurate 1eplesentdtion of the airfoil Lift Chcllﬂ(l(“ll%llt‘-‘-
under dynamically stalled conditions.

As a direct resull of this dynawmic stall process, the pitching moment char-
acteristics of the airfoil are also changed. This variation is effectively modelled by
representing Lhe variation of the atrfoil center of pressure, alt of the quarter-chord.

as, .
C.Przwi[lﬁ-sm{ (1,—--0 J)}] {16)

where, 71 is the non-dimensional titne aller the shedding of the vorlex, and Ty, is
the total time for the vortex to traverse the chord. The incremental pitchiug moment
is then simply the vortex induced lift times the offsel of the center of pressure from
the quarter-chord position, i.e.,

C'l\.{‘.- = _C‘-Pl' C‘i\"‘.' ( ] T)

A nmumber of modifications to the model are conducted to account. for “inter-
actional” eflects amoug the individual elements of the model. These modifications
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are principally carried out through modifying just two time constants. one eaclh as-
sociated with trailing edge separation, and vortex lift. These changes include the
effects of separation suppression due to moderate pitch rates, and the acceleration
of trailing edge separation due to either vortex separalion al the leading edge or a
change in pitch direction during vortex travel down the airfoil chord. Reattacliment
is also modelled by monitoring the lcading edge pressure, (', aud adjusting the rate
of reattachment depending on its value. (reattachment is initiated when (7)) becomes
less than ('}), as well as the location of any vortices in the flow. Appropriate logic
for these plienomena is incorporated into the algorithm [11]. These modifications.
in conjunction with the three pliase blade-element unsteady aerodynamic model.
result in a complete, non-linear aerodynamic model. Il is importaul to note that
this solution needs only minimal prerequisite information aboul the airfoil betng
modelled, is an efficient and accurate procedure, and can be formulated in a form
compatible with a temporal finite element solution.

3.2 IMPLEMENTATION INTO ROTOR ANALYSIS

As mentioned earlier, the formulation of the aerodynamic model is compat-
ible with the finite elemient in time solution technique. The discrete time algo-
rithm “steps” through each temporal Gaussian integration point around the az-
imuth. Time-history effects are maintained by saving previous step inlormation.
The temporal finite element solution requires the response solution to be periodic.
Consequently, the aerodynamics must also attain periodic time histories. Satisfac-
tion of periodicity, as well as trim conditions, determine the final converged solution.

3.3 ROTOR WAKE ANALYSIS

The wake model refinements included in this rotor analysis include a linear
(Drees) inflow model [14], and a free wake (Scully, Johnson) mode} [24.25]. The
geomelry of the {ree wake model 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 circulation distributions. The rolling-up wake consists of an inboard linear
circulation distribution panel, and a tip panel that represents the rolling up of the
tip vortex. The far wake is simply one panel of linear circulation distribution. and a
concentrated tip vortex, of strength proportional to the maximum circulation value
on the rotor blade [18]. See Figure 1. The inboard vorticity is far less siguilicant
than the tip vortices due to a small circujation gradient inboard on the blade. Thus.
a more approximate model can be used. Conversely, the tip vortex requires a refined
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model, i.e. a free wake model, to yield accurate resulls. The model used in (his
analysis prescribes Lhe inboard wake with large core radii vortices, and allows the
Lip vorlex geometry Lo vary. Vortex filaments with linear vorticity distribuiions are
used. The extent of each region of the wake can be prescribed [L8]. See Fignre 2.

Tuax —
FAR WAKE
re0
Tmax
fau Pmax
HOLLING UF
WANKE
Y]
r my
ot [ [‘"
T2
|1 faw T NEARWAXE
L ™
Figure 1. Figure 2.

The present analysis concentrates on the high speed (ight regiine. Al such a
condition, the problems of blade-vortex interactions are limited, and are commonly
found on the “sides”™ of the rotor disk. Several modifications are utilized at these
locations. First, the azimuthal step size is reduced, and secondly, since lilting line
theory cannot represent {le effects of chordwise variations in inflow, a lilling surface
correction is used. One final modification was driven by experimmental results showing
a decreased influence of the vortex alter such an interaction. A method of letting the
vortex core “burst” or increase in radius after an interaction effectively models this
phenomena, though the actual mechanics of the process are not fully understood
[24]. Since shed wake effects are represented in the blade-element modelling, they
are not accounted for in the wake model. For more details on the wake model. see
[18,24,25].

4 RESULTS

The baseline rotor configuration is a four bladed hingeless rotor with funda-
mental rotating frequencies of flap, 1.13. lag. 0.70. and torsion, 447 per/rev. The
Hight condition is a high advance ratio, ¢ = 0.35, with a hover tip Mach number
of 0.7. The thrust coeflicient over solidity. (/e = 0.07. Baseline wake model
allributes include a tip vortex core size ol .03 R, and four radial inflow calculation
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points, with the outermost point localed at X = 0.92/2. The rotor blade airluil is
a NACA 0012 section. The rotor blade aspect ratio is, radius/chord = 18 Addi-
tional rotor information is given in Table 1. A parametric study is undertaken to
investigate the influence ol linear unsteady aerodynamics, non-linear nnsteady acro-
dynamies, thrust, Maclh nuber, tip vortex size, and radial inflow point location.
(lomparisons are made between the Drees wake model, and the free wake model.

NOTE: Iu the figures, for hlade respouse and root loads, the linear solution
is the attached flow solution. and the non-linear solulion is the complete model.
including separation and dynamic stall. All results are using Drees wake. excepl
where noted. The blade seclion results compare the linear unsteady solution. the
non-linear solution, without dynamic stall, i.e. just separation eflects. and the
complete modcl, including dynamic stall. In the figures involving separation point.
a value of 1, means no separalion, i.e. the separation point is al the trailing edge.
More and more separation exists as the value decreases toward zero, at the leading
edge of the airfoil.

4.1 Baseline Case - Drees Wake Model

The baseline results are a comparison among. quasi-steady, linear (attached)
unsteady, and non-linear (separation and dynamic stall) unsteady aerodynamics.
Figures 3,4 and 5 show the blade tip response for flap, lag, and torsion respectively,
Flap motion is primarily 2/rev, while lag and torsion are 1/rev motions. Non-linear
eflects resull in a phase shift in flap response, and increased higher harmonic content,
especially in the torsional retrealing side response. The corresponding blade root
vertical shear and flap bending moment, Figures 6,7, show amplified phase eflects.
as well as an increase in vertical shear oscillatory amplitudes on Lhe retrealing side.
Examining the aerodynamic normal force and pitching moment at the tip, Figures
8.9 respectively, depict the flow being dominated by separation effects. with only
limited dynamic stall. The separation is most evident on the advancing side. near
the tip, while inboard, the flow remains attached, Figure 10.

4.2 Baseline Case - Free Wake Model

Inclusion of the free wake analysis at this flight condition yvields only small
changes in the results. Figures 11,12 show the variation in blade tip response magni-
tudes. Blade section aerodynamic forces are only slightly changed, see Figures 13.11.
as compared to Figures 8,9 respectively. Similarly, blade root. loads also show only
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small changes. Figures 15.16. It shonkl he noted that resulis are also oblained for
a prescribed wake geometry, based on Landgrebe’s model for maximum civenlation
[26]. Discrepancies belween the prescribed and [ree wake models are insigniticant.
concurring with Reference [17]. thus prescribed wake results are nol shown.

4.3 Compressibility Effects

To determine compressibilily effects. the flight condition is changed to a
tip Mach nnnber of 0.55. A free wake analysis is used [or these results. Results
show that the separation effects, which dominated the flow at the tip region in
the baseline case, are significantly reduced, Figures 17,18 as compared to igures
13,14, At the reduced tip Mach number, blade response shows a reduction in lag
response magnitade, Figure 19, and torsional oscillations. Fignre 20. Flap response
is primnarily unallected, and therclore not presented. Blade loads also exhibit rednced
oscillatory amplitudes, Figures 21,22,

4.4 Tip Vortex Core Size and Inflow Point Location

Tip vortex core size, and the location of points al which the [ree wake inflow
is calculated, are varied to determine their sensilivity on rotor loadings. First the
four inflow calculation point locations were varied, the outermost point varying
from 0.881 < X € 0.96/1. Tor each case, the tip vortex core size was varied [roni.
0.00275R < reope < 0.03R. None of these cases showed any significant eflects. 1f
the vutermost inflow point is moved to the tip. {X = 0.9917), near the vortex core,
however, results are significantly altered. The lollowing results are for a modilied tip
vortex core size of 0.00275R, (5% chord). with the oulermost inflow calculation point
at X = 0.99R. Figures 23,24 present section normal force and pitching moment
results, respectively. These fignres show increased separation on the retreating side,
plus a simall region of dynamic stall at ¢ = 260 deg. as compared to the hascline
case, lignres 13,14, Blade flap response magunitude is decreased. Figure 25, and
torsional response magnitude is increased wilh decreased oscillatious, Figure 20.
Blade root loadings ave also altered, particularly an increased peak-to-peak vertical
shear, Figures 27,28, Therelore, judgement is required in the selection of the tip
vortex core size, and inflow point locations, in order Lo altain accurale results.
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4.5 Increased Rotor Thfﬁst

In order to magnily the non-linear aerodynamic effects. the baseline flight
condilion is changed to a higher thrust coefficient. (from er/o = .07 tocpfa = .10).
As expected. the overall magnitudes in response and loadings are increased. More
interesting. Lhougly, is the amplification of both separation and dynamic stall eflects,
At the tip, there is large separalion elfects around the entire azinnith, as opposed
Lo just the advancing side in the baselive case, Fignre 29, as conpared Lo Figare 8.
Yortex lilt coutributions to the total blade normal [orce are increased. In the tip
section pitching moment plot, Figure 30, three regions of dynamic stall are apparent.
two lesser stall regions, ¥ = 215 deg, and ¢ = 310 deg. and a large stall region al v =
260 deg. Inboard on the blade, the dynamic stall regions are at different azinnithal
locations, # = 220 deg. and ¥ = 290 deg. Figures 31.32. Figure 33 shows that Lhe
separated flow region is spreading inboard. Blade responses, see Figures 34.35 and
36. show a corresponding increase in non-lincar effects. including phase shifts and
increased higher harmounic content, as well as an increased lag response maguitude.
Blade root loads also show substantial non-linear eflects, Figures 37,38,

5 DISCUSSION

The inclusion of linear and non-linear unsteady aerodynamics has yielded a
specirum of interesting results. For all flight conditions investigated, the differences
between quasi-steady and linear unsteady aerodynamic models are small. Small
phase shifts and response atlenuations are apparent. Non-linear ellects are of more
significance. The baseline. high speed, low thrust, flight condition yields resuits
dominated by flow separation effects. These effects are concentrated at the hlade
tip, and are greater on the advancing side of the rotor disk. The NACA 0012 airfoil.
al the higlh tip Mach numibers associated with this {light condition. (as high as M
= (.945 on the advancing side), stalls at very low angles of atiack resulting in Jarge
amounts of separation. Reducing the hover tip Mach number from 0.7 to 0.55,
equivalent to yreducing Lip speed from 770 {t/sec to 600 {t/sec. Himits the maximum
Mach number to M = 0.74 on the advancing side. This all bul eliminates flow
separation everywhere on the disk.

Increasing the tlirust level, from rp/o = .07 to .10, greatly amplifies the
ellects of the non-linear aerodynaiics. At the blade element level, two eflects are
apparent. One, the region of flow separalion has spread to all azimuthal locations
of the rotor disk, as well as spreading iuboard from the tip. Secondly. regions of
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farge dynamic stall exist on the retreating side of the disk. These regions appear
al different azimuihal stations, for different radial Tocations. These two effeets com-
bine to cause increased higher liarmonic content and pliase shifts of the blade root
fuadings.

The [ree wake model implemented condaing many parameters that govern
wake geometry and distortion. To determine acceptable parammeters, a correlation
is carried out with results jn Refereuce [27]. All values are then held constant
throughout this investigation, except Lip vortex core size. and the radial location
of inllow calculation points. The haseline configuration utilizes the values of these
two parameters, determined from Reference [27]. and the correlation study. Resilts
show thal {or the baseline llight condition. inclusion of the free wake analysis yields
only small changes in blade response suggesting that the disk inflow has heeu slightly
redistributed. Location of the inllow calculation points at the blade tip, near the
vortex cote, however, showed significant eflects. Large changes in blade response
magnitudes suggest a change in the mean imflow value over the disk. This also
leads to different peak-to-peak shear loads. To determine the significance of these
changes. a corvelation study with flight test data is required.

An important factor which changes as a result of these parametric varialions
is the velicle trim controls. I'hese values are given in Table 2. Several interesting re-
sults arc noticed. Non-lincar acrodynanics requived a much higler collective control
input over linear or quasi-steady acrodynamics for all cases. The reduced tip Mach
number case showed little change in controls. The baseline free wake case reguired
reduced magnitudes of collective and cyclic controls, yel the modified tip vortex and
inflow point case required increased magnitudes of collective and lougitudinal cyelic
control, and a decreased lateral cyclic control. The increased thrust case, as would
be expected, required larger control inputs.

6 CONCLUSIONS

The [ollowing conclusions are drawn from this investigation:

s

1. A non-linear acrodynamic model has been successfully incorporated into
a coupled rotor aeroelastic analysis.

2. Incorporation of new wake model optious, including a free wake model,
fhias also heen completed successfully.

3. At high speed conditions, non-linear aerodynamic ellects dominate out-
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hoard blade section forces. and significantly aflfect blade response and blade root
loads. These effects are amplilied at increased thrust levels.

4. Compressibility effects significantly alfect the extent of separated flow on
the rotor blade.

5. For the baseline configuration, prescribed and {ree wake models give sim-
ilar results to the Drees wake model.

6. Free wake modelling is insensitive to Lip vortex core size when inflow
calculalion points are located away from the blade tip. Varying tip vorfex core size.
witli an inflow point located al the blade tip, however, substantially modifies the
mean inflow on the rotor disk.

7. Trim controls are affecied by these parametric variations and must be
considered as a factor in these results.
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