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Abstract: The first generation vorticity embedding code, callegLbk -1, is capable of accu-
rately predicting the hover performance of realistic ratonfigurations with reasonable speed.
However, the solution process of this first implementati@hribt possess the robustness that
one requires in an engineering method. With the goal of primduan accurate and robust
analysis, a thorough re-examination and modification otoh& solution process has resulted
in a second generation embedding hover analysis, calledXdlA (HELIX -1, Army version).
This paper will review the various solution stage modificas which were required to satisfy
robustness requirements. Comparison with available daitegethe accuracy of these modi-
fications. As a result of the modifications, the originatihix -1 has evolved into a robust tool
capable of performing routine engineering analysis.

1 INTRODUCTION

Prediction of hover performance is a perennial problem tfravaft aeromechanics — a prob-
lem made particularly difficult by the high sensitivity offiow and induced-power to the wake
geometry and strength distribution. Therefore, hovergrernce analysis capabilities are pri-
marily limited by our ability to accurately predict impontiadetails of the rotor wake system.
An example of a hovering rotor wake is shown in Fig. 1, wheeertitor tip vortices can be seen
to follow helicoidal paths below the rotor disk plane. Altlgh the hovering wake geometry
is relatively simple, its influence on rotor blade loadingl grerformance is not easy to predict
because of the extreme sensitivity of loading to wake locatiMuch code development has
been devoted to hover performance predictions over thede&stdes. The problem, however,
is far from satisfactorily solved. This is because no methedcombines the dependability,
generality, operational simplicity and accuracy requisédn engineering method.

Hover performance prediction tools range from Lagrangiathmds (both prescribed and free-
wake, respectively) to Euler/Navier-Stokes Computatiddald Dynamics (CFD) methods.
Lagrangian methods are the current engineering methathate for hover wake prediction
because of their speed. However, these methods suffer frermanifold occurrence of wake
instabilities and the complex logic and procedures regquiceavoid these instabilities. The
most widely used methods are those in which wake trajectarie not free, but specified from
experimentally derived data sets. This approach obviateblesome convergence and robust-
ness problems. Of course, such methods suffer from accdificylties, because of inevitable
limitations of the available experimental wake data setséxtheless, many users would rather
correct for accuracy deficiencies rather than tolerate coatipnal robustness problems.



Figure 1. Example of tip vortex geometry of a hovering helicopter rotor.

CFD hover research has proceeded with a view to obviatingtmngplexity arising from wake
instabilities in Lagrangian solution techniques. It istagily an attractive idea to overcome the
difficulties resulting from wake convection and instaielt by simply solving the basic con-
servation laws. However, such CFD computations are contplichy the persistent problem
of minimizing numerical dissipation. To overcome this desh, most present CFD methods
require very dense grids and massive parallel computatiéwen if such computations main-
tained adequate wake resolution, they are not compatiltteaveryday engineering needs.

In response to the need for an improved engineering tooin!8i# & Ramachandran [1] de-
vised a unique methodology called “vorticity embedding’heTkey to this approach is de-
composition of the velocity field into irrotational and rotenal components. The irrotational
velocity field is determined by an Eulerian potential flom&sl The rotational velocity field

(or vortical velocity field) results from the shed wake andlétermined from a vortex-lattice,
free-wake. The crux of the method, described in the nexi@gas the procedure by which the
vortical velocity field is impressed upon the backgroundeiah field grid. An advantage of
this method is that the induced velocity is not computedgidire Biot-Savart law, but rather
through the potential solution. Therefore, the compurati@ffort is only slightly affected by

increasing the number of panels that represent the wake.

Since the vorticity embedding method is a Lagrangian metitosuffers from much of the
same known stability/robustness problems as standardx#attice methods. In addition, the
method exhibits some of its own instability mechanisms bseaof the necessity to simul-
tanously converge the Lagrangian wake integration and thierian potential flow solution.
The first generation vorticity embedding code, callegL X -1, is capable of accurately predict-
ing the hover performance of realistic rotor configuratiath reasonable speed [2]. However,
the solution process of this first implementation did notgess the robustness that one requires
in an engineering method. This paper outlines a thorougéxaerination and modification of
the total solution process which has resulted in a seconerggan vorticity embedding hover
analysis, called HLIx-1A (HELIX-I, Army version). The basic method is briefly reviewed fol-
lowed by a more in-depth discussion of the various solutiages modifications, which were
required to improve robustness.



2 METHODOLOGY

In this section, a general description of vorticity embedgdias originally implemented in the
HELIX-1 code, is outlined. In the course of enhancing this origmathodology, various tech-

niques within the iterative process have been modified taorgboth stability and accuracy
of the overall technique. Since these modifications arensite, they are only summarized in
this section. Detailed descriptions of these improvemeautsbe found in Refs. 3, 4, 5, 6 and
7.

2.1 HELIX-I Vorticity Embedding

The original HeLIX -1 code is a full potential flow solver that provides an inhehe coupled
solution of blade loading with a force-free vortex-lattiwake by means of vorticity embedding.
The potential solution with an embedded wake structureaibsithe need for large number of
Biot-Savart induced velocity calculations for the wake iogld velocity field, which allows
for significantly detailed modeling of the wake structurghout the associated increase in
computational costs. In traditional potential flow CFD impkntations , the shed circulation
is expressed as a potential discontinuity surface thataes with a grid plane. With such an
implementation, the only way to computationally descrilfeealy evolving wake is to employ
a dynamically evolving grid. However, the distortions i ttypical rotor wake sheets are such
that a wake-tracking grid would soon become topologicatipiiactical.

In vorticity embedding, the wake vorticity is “embeddedtarthe potential flow by virtue of
a convecting vortical velocity field],. The total velocity field is composed of three parts: the
free stream, potential (irrotational), and vortical (taiaal) velocity, i.e.,

V = Ve + 00+ Gy (1)

whereV,, is the unperturbed free stream (in this case, the rotoriooit velocity), the po-
tential part,[J¢ contains the velocity induced by blade(s) and wake, andaatioal velocity
components are contained in the teqy,which defines the wake structure. When this velocity
decomposition is inserted in the mass conservation equdtie result

0-pV=0 = 0O-(pOg) =-0-(pG,) (2)

is simply the standard steady (compressible) full-po&édmguation with the addition of a vor-
tical forcing function or a source term. For compressiblgbems, the density, is computed
using the Bernoulli equation,

1

o= [1+V%1M§, (\73—\72>]H. 3)

The vortical velocity field represents a typical singulasurface model of the wake sheet(s).
It is relatively straightforward to determine the wake getry by using a Lagrangian con-
vection method where the wake sheet is comprised of discner&ers [8]. These markers
represent a zero-thickness circulatory wake sheet enmgnfam the rotor trailing edge. The
surface defined by these markers is the basis for constnuatithe vortical velocity field. The
potential solver provides both the blade lift distributiand the convection velocities for the
Lagrangian marker integration. TheeH X -1 solution process then iterates between these two
parts: the non-homogeneous potential equation and the@hg@n wake trajectory integrations,
see Fig. 2.

Figure 3 shows a typical cylindrical grid used foeEHX -1 solutions. Each radial grid plane is

a two dimensional H-grid around the blade section. Thesgoset H-grids are then stacked
radially to form the complete rotor H-H grid. The H-grid tdpgy results in a double line

in the grid, where the upper and lower surface grids coalésceept on the blade surface).
The grid extends azimuthallyr@ N, around a reference blade, and periodicity conditions at the
azimuthal boundaries capture effects of the other blades example shown in Fig. 3 is for the
four-bladed UH-60A rotor, so the grid extends 90 degreeimath. The grids are concentrated
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Figure 2: An iterative solution method is devised wherein the wake is first described as a sin-
gularity sheet, then converted to vortical velocity field, which becomes a forcing function to the
potential equation

azimuthally and axially near the blade to improve blade ilog@alculations, and also radially
in the tip region to better capture the tip vortex location.

The original H=LIX -1 code was successfully applied to hover and axial flightqrerance pre-
dictions of several well-known rotor configurations [2]. elimduced lift and drag are directly
calculated from the potential flow solution by performinggsure integration over the blade
surface. The profile drag is calculated using a non-intargdiash-McDonald boundary layer
model. Although the performance predictions agreed weh experimental data, the solutions
were sometimes susceptible to wake instabilities, andholtquired user intervention. More-
over, the predicted wake geometries did not always follovli-leown empirically observed
trends.

The following sections describe the three integral partheffree-wake solution process: the
wake integration algorithm, the potential solver and theigal velocity construction. Each
section highlights the enhancements from the original @m@ntation. A description of a new
“lifting-surface” mode is also included. Incorporationtbese enhancements into the original
code has resulted in the second generation code caledxHIA.

2.2 Wakelntegration

The aforementioned deleterious traits associated witbrilgenal HELIX -1 code appeared to be
associated with the explicit treatment of the wake trajgciategration. Therefore, initial en-

hancement efforts focused on improving the wake trajedtdegration algorithm. The original

code employed a first-order, backward Euler trajectorygirgtgon, which is known to admit a
number of instabilities. The enhanced code utilizes a stooder, predictor-corrector method,
similar to the University of Maryland Free-Wake [8].

To assess the effectiveness of this modification, UH-60Aehperformance predictions for both
versions are compared in Fig. 4. Both predictions compardy faell with the experimental

Figure-of-Merit (FM) data reported in Ref. 2, see Fig. 4(ahwever, notice that the modified
code results appear to follow the trend of the data better tih@se resulting from the original
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Blade planform 148 x59 x 33
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Figure 3: Typical HELIX-I grid geometry for a four-bladed rotor with 148 x59x 33 grid cells in the
azimuthal, axial and radial directions, respectively. A constant radius section shows the H-grid
surrounding a blade cross-section. Grid is stretched near the rotor blade in axial and azimuthal
directions, and near the blade tip in the radial direction.

code. To better understand these trends consider the aefinftFigure-of-Merit

¢’
FM =" 4
o (4)

whereCr andCq are the rotor thrust and torque coefficients, respectividtg torque includes
contributions from both the induced drag as well as the grafilag. Since HLIX-I is an
inviscid analysis, the profile drag is obtained from an aryilsource (in these cases a Nash-
McDonald boundary layer approximation). Perhaps, a battsessment of the wake integration
enhancement is to compare trends for the ideal FM, which doesiclude the profile drag.

Figure 4(b) shows the trends comparison for the ideal FMce&Sihe ideal FM is not measurable,
the figure includes the trend based on combined blade elémamentum theory (BE/MT). Itis
noteworthy that the original EL1X -1 predictions do not follow the essentially linear deciegs
trend with increasing rotor thrust. However, the modifiedewith improved wake integration
does show the expected trend. Even though the agreemergatutdvalues is not great, these
encouraging early results propelled further work on tre. bt -1 code leading to development
of enhancements to the potential solver and vortical vglaanstruction.

2.3 Potential Solver
The original HeLIX -1 code employed a semi-implicit, finite-volume, potensalver. In vari-

ous test problems, it was determined that the convergedabéity of the solver was excessively
grid dependent which necessitated restrictive grid quabntrol. Therefore, the original algo-
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Figure 4: Example showing effect of initial modifications to the wake trajectory integration algo-
rithm.

rithm was subsequently replaced with a fully implicit solsased on the AF-1 algorithm [9].

This solver and its convergence characteristics, as imgiéaad in the current version of the
code, are described in Refs. 3 and 4. The finite volume fornoulatecessitates an additional
grid coupling term in order to eliminate the problem of “oeiden decoupling.” The enhanced
algorithm takes advantage of these compensation termatoygseneir coefficients to increase
the order of accuracy and convergence rate of the solvernaitthange in the computational
stencil.

To demonstrate the effectiveness of the solver enhancerfieipiarticular, the inclusion of com-
pensation terms), an ordered approach was utilized to sowerarchy of problems beginning
with the most simple and ultimately working up to a full hoygoblem [3]. The most simple
flow problem was “no flow at all”, a seemingly ridiculous contgtion performed by bisecting
an entire computational grid with an unvarying circulatgireet. Because the circulation sheet
has no variation and no edges, there is no vortex-induced @@mputing this was not trivial,
however, and revealed a number of solver problems assdaiatie vortical velocity construc-
tion The next level of difficulty is to put an edge on the sh&®hen this edge extends entirely
across the computational region in a straight line it regmésa 2D vortex or a line vortex, with
its well-known analytic solution. Making the sheet edge raleirepresents the flow about a
vortex ring, whose solution is also known. The final specifiedmetry sheet would be for a
spiral sheet extending from a leading-edge line (a “liftimg”") to a grid boundary. This is the
classical prescribed wake problem, which can be built upfteewake problem by allowing
the strength and location of the vortex sheets to vary. Agradhmple test problem was set-up to
calculate the 2D flow around an airfoil section or a flat-pldtmg-surface to examine loading
calculations. Convergence trends for these test probleesuanmarized in Fig. 5.

Notice that the solver without the compensation terms saignificantly slower convergence
for all test problems. Also, the convergence progressidelieriorated as the complexity of
the flow field increased — compare the vortex ring and helicievsheet in Fig. 5(a). With
the addition of the compensation term, however, the comverg rate was the same for a given
grid for all test problems. This is an encouraging resulélose it shows that the potential flow
convergence does not depend on the complexity of the waketste in the vorticity embedding
procedure.
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Figure 5: Effect of compensation terms on the potential solver convergence for a hierarchy of
test problems.

2.4 Vortical Velocity Construction

The real key to the success of the vorticity embedding liethénvortical velocity field,Gy,
which is constructed to emulate the wake singularity s@(gc It must be noted that this field
is not the induced velocity of the wake, but only a representatibthe wake structure. It
is a “carrier field,” that contains sheet circulation distion in a form compatible with the
potential equation. In order to represent the wake sheet(s)discrete Eulerian grid used for
the potential solver, it is necessary to represent it as @ fjeantity. Therefore, it must have
a finite thickness. Ideally, the vorticity should be conisted within an infinitesimally small
distance around the wake sheet, since it is devised to mgrasurface singularity. However,
the discrete nature of the solution means that the vortaaty at best be restricted to a region
of 2 grid intervals around the wake sheet. This is the objeatf the new vortical velocity
formulation.

There are many ways in which the vortical velocity field coble constructed. Circulation
conservation requires only that the line integral of vdalpeiormal to, and passing through
the vortical velocity field (and the underlying wake markkest) must equal the local sheet
circulation. An efficient algebraic vortical velocity cdnsction process has previously been
described in Ref. 4. This formulation satisfies the circolatconservation requirement, but
does not restrict the vorticity to a thin region. Typicalhetvortical velocity field layer thickness
was of the order of 8 to 10 grid intervals, and the vorticitguking from this field was also
spread over that distance. The original implementationgushis formulation occasionally
displayed anomalies that were traced to elongated tipxsttactures, which were about 2 grid
intervals wide (as th§; field was “cut-off” at the edge of the sheet) and about 8 gridrivals
high (theqy field thickness). This was corrected by a special treatmértiie edge of the
wake sheet described in Ref. 5, where the vorticity at the tiprgf the vortical velocity field
was “reshaped” so as to compress it within 2 grid intervals. il8\Viis approach produced
reasonably robust solutions, it was eventually discovénatideficiencies remained and were
manifest as excessive grid sensitivity of the solution.

This grid sensitivity problem led to the development of a newtical velocity formulation.

The original formulation of Refs. 4 and 5 was essentially aemsion of a formula for a vortex
sheet of constant strength. The new formulation is morergéaad includes effect of variation
of circulation strength along the wake sheet, in the formrofdditional tangential velocity
component. In principle, this can be considered as a geratiah of the special tip “reshaping”



treatment discussed in Ref. 5. However, the formulation islnsimpler, and is given succinctly
as

Gr= TavglA —[ / D)\] or (5)
N—— S avg
normaltosheet -

tangential to sheet

whererl is the sheet circulation (may be a function of distance alivegsheet) and is the
Clebsch function, a normal distribution function

1

-5 SH<-—a
ASwa) =1 3sin(33) -a<s<a (6)
+3 S >a

where$§, is the normal distance from the wake sheet, amglthe specified thickness. Note that
the first term in Eq. 5 is normal to the sheet becausaries only along a direction normal to
the sheet, as given by Eq. 6. The original formulation of Réfand 5 included only this first
term in Eq. 5. This term is sufficient to ensure that the catiah in the flowfield around the
wake sheet is conserved, independent of the grid distabwnd the thickness,

The second term of Eq. 5 is tangential to the wake sheet beadubke gradient of the sheet
circulation. This term compresses the vorticity represerty the vortical velocity field into
a thin layer (of the order of the grid interval) independehthe thicknessa. The circulation
strength drops to zero at the sheet edge giving a large atronlgradient and a correspondingly
large second term in Eq. 5. The behavior of this term at thestgssentially the same as that
of the tip “reshaping” process in Ref. 5. Therefore, this newrlulation can be viewed as a
generalization of that process.

To demonstrate the modeling aspects of this new formulakan 6 shows a cross-section of
the shed rotor wake in a— z plane just behind the blade. For clarity, only the portion of
the wake emanating from the preceding blade is shown in tlkeefigOverlaid on the vortical
velocity field (denoted by vectors) are the Lagrangian marked contours of the resultant
vorticity field. In Fig. 6(a), only the first term of Eq. 5 is us& construct the vortical velocity
field. Because of the large thickness of the vortical velotigid layer, the vorticity is also
spread over a large thickness. Therefore, the contoursearynmperceptible, except close to
the tip. Furthermore, the tip vortex is seen to be stretchtxan oblong region, which was the
motivation for the previous “tip reshaping” formulation.

Figure 6(b) demonstrates the effect of including the secondchpression” term in Eq. 5. In
this case also, the vortical velocity remains spread ovargelregion, as in Fig. 6(a). Yet, the
vorticity is confined to a thin layer that is clearly dicertafrom root to tip, centered around
the underlying wake marker sheet.

To illustrate the grid sensitivity of the “reshaping” fortation, Fig. 7 shows UH-60A hover
performance predictions using a baseline grid with two gadations. The first grid variation
utilizes the same number of grid points as the baseline gitid avsmall change in the radial
spacing along the blade span. The second grid variationtas2ore grid points in the radial
and axial directions. The variation in Figure-of-Merit &8de considering the relatively small
variations in the grid distributions.

To demonstrate the effectiveness of the new formulatioh wstaccompanying vorticity com-
pression, UH-60A hover performance predictions were regakeasing the same baseline grid
and its varations. Clearly, as shown in Fig. 8, the comprassidhe vortical wake thickness
greatly reduces the sensitivity of the performance presistto small variations in the grid.
We suspect these results are somewhat indicative of whdieearpected to occur in any CFD
computation where the wake sheets can possibly diffuse aodnbe too thick or completely
disappear. Of course, this is easily avoided in the presethod because the potential flow
solution is inherently free of diffusion.
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Figure 6: Vorticity “compression” achieved by the new vortical velocity formulation.
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Figure 9: Typical HELIX-1A grid geometry for a four-bladed rotor with 148 x59x 33 grid cells in the
azimuthal, axial and radial directions, respectively. A constant radius section shows the H-grid
surrounding a flat lifting-surface representing the blade section.

2.5 Grid Effects

In spite of the above improvements, it was still extremeffjalilt to generate a surface-conforming
grid that would resolve both the local blade flow and the wa&e.fl The primary difficulty
seems to arise from the blade leading edge region where topdlegy is singular. A further
complication, although not as severe as the leading edigesdrom the cylindrical pie-shape
of the grid, which requires significant grid stretching néee blade tip region because of the
increased streamwise arc-length. Since the H-grid is iftealake convection, this topology

is retained. However, to alleviate the problems associaiddsurface-conforming H-grids a
“lifting-surface” approach that utilizes an auxiliary rhet to predict profile power require-
ments was employed to resolve the local blade flow.

Figure 9 shows a typical cylindrical grid now used foEHX-1A solution. Each radial grid
plane is a two dimensional H-grid around the blade sectidres& sectional H-grids are then
stacked radially to form the complete rotor H-H grid. The ktdgopology results in a double
line in the grid, where the upper and lower surface gridsesxa. The grid extends azimuthally
211/Ny, around a reference blade, and periodicity conditions aafirauthal boundaries capture
effects of the other blades. The example shown in Fig. 9 ish@four-bladed UH-60A rotor,
so the grid extends 90 degree in azimuth. The grids are ctiated azimuthally and axially
near the blade to improve blade loading calculations, asmraldially in the tip region to better
capture the tip vortex location. The ‘lifting-surface’ medf HELIX -1 A represents the blade by
a flat lifting surface along the blade chord as shown in Figlt 8hould be noted that the use
of a lifting surface grid is not inherent to the method. Ratlgeiod results obtained with this
simple grid make it difficult to justify a more detailed gritMoreover, when a hybrid solution
is required, a surface-conforming grid is unnecessary.

The flat-plate airfoil solution is numerically equivaleotthin airfoil theory. Note that such a

10



thin airfoil representation cannot compute chordwisedand, hence, drag; thin airfoil theory
gives identically zero drag. In the case of blade surfacgezaning grids, sectional forces
can be easily calculated by pressure integration. Pregsiegration over the flat-plate would,
however, result in a net force normal to the chord axis rdgasdof the incident flow angle.
Instead, the magnitude of the sectional lift can be obtaired the bound circulation using the
Kutta-Joukowski theorem. However, the direction of theudctor is harder to find because the
effective inflow is unknown.

A simple approach to estimate the inflow distribution is talfihe an effective angle of attack
from the bound circulation through Kutta-Joukowski theonr@nd thin airfoil theory, i.e.,

L= PVl MovI— M2
C = a ( = Yeff2D = Y (7)
V1—M2 ®

A better approach to estimate the local inflow is using theséieger-L model, which is a panel
method with a single chord-wise panel. The blade bound laticun is assumed to be at the
guarter chord and the flow tangency condition is satisfied @irdrol point located at three-
quarter chords. As shown in Ref. 5, the sectional lift andyo®tl) drag coefficient are then
given by

2

G = Vo 005(9 - BaefLSD) (8)
22 .

Cq = Voc Sin (9 - Baeﬁ,BD) 9

whereaes 3p is the effective angle of attack aifidis the Prandtl-Glauert factor. Performance
calculations can now be performed with the lifting-surfacedel using the estimated angle of
attack given by the Weissinger-L model and the normal fomeffcient given by the Kutta-
Joukowski theorem.

It should be noted that an even simpler
blade representation, referred to as the

“lifting-line” mode, has previously been 0s
! . UL LA LN LA AL B I
developed wherein the leading edge of ST —
the wake sheet represents the blade. For [T sascinega
this model, the blade bound circulation | o e iy

must be specified from external informa-
tion. This mode of operation, initially de-
veloped for debugging purposes, is ide-
ally suited for a hybrid computation pro-
cess where the bound circulation is derived
from an inner Reynolds Averaged Navier-
Stokes (RANS) solution.

Figure of Merit
o
~
T

3 RESULTS

/
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Good validations has been obtained using %3005 0004 0005 0006 0007 0008 0009 001
model UH-60A rotor data of Lorbet al. Rotor thrust coeficient, C -+

[10]. This particular data is remarkable for

its completeness, containing performance, Figure 10: Comparison of predicted isolated ro-
detailed surface pressure and wake trajec-tor hover performance with data (Model UH-
tory data. The importance of having all 60A, Mip = 0.63).

these data is that comparison with inte-

grated performance alone leaves room for

many counteracting errors. CFD (in addi-

tion to many other methods) can show very

good performance prediction without correctly predicting vortex passage location below the
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Figure 12: Tip vortex trajectories compared
with experimentally determined error bands
(Model UH-60A rotor, Ct /0 ~ 0.085 Myjp =
0.63).

Figure 11: Comparison of predicted span-
wise loading with data (Model UH-60A rotor,
Miip = 0.63).

blade, e.g., Ref. 11. Only when wake trajectory and radiatligtribution are well predicted
can one have reasonable confidence in performance (FBf)somparisons. Figure 10 shows
a comparison of computed and measured performance in téfanguoe-of-Merit as a function

of rotor thrust coefficient. HLIX-IA solutions with three grids are shown. The baseline grid
is 126x 107x 33 in the azimuthal, vertical and spanwise direction withpdits on the blade
surface in both the chordwise and spanwise directions. khgril used 25% more points in
each direction, while the8 grid used twice the number of points in each direction. Clgarl
the performance computations are nearly grid independahtgave good confidence in the
predictive capabilities of the ELIX-IA code.

Although the integrated performance predictions usimgI{ -1A compare very well with data,

it is the additional comparison of wake trajectory and rhlifiadistribution (Figs. 11 and 12)
that demonstrates its fundamental soundness. Figure Wsshoomparison of computed and
measured sectional thrust for four collective pitch sginFigure 12 shows a comparison of
tip vortex radial and axial trajectories for one represeveacase at a collective pitch setting of
10 degrees that correspondsGp/o ~ 0.085. The good agreement between predictions and
data for all these basic features of hovering rotor flowfieldvake, loading and performance
— attests to the validity of the vorticity embedding methasda engineering analysis tool.

To further validate the methodology,BHix-1Awas exercised to predict the performance for
a tapered-tip rotor (a tip replacement for the previousiywnomed UH-60A model rotor, see
Ref. 10). This rotor has a 3:1 taper near the blade tip (liyfanin 0.823% /R). The grid for
computing such a blade was rather large (almost six timegpagpared to the typical grid
described earlier. Note that this increased grid size wasneant for solution resolution, but
was dictated by potential solver stability consideratj@ssdescribed in Ref. 5. only 25 points
were used on the blade surface in both chordwise and spadweszions. The resulting grid
was about 2.5 million nodes and required over 6 hours of CP¥ piar case.

The performance polar for this rotor operating at a tip Magimbher of 0.55 is shown in Fig. 13.
At lower thrust levels, the predictions compare very wellhwthe measured data. However,
at higher thrusts, the predictions lack the characterttop in Figure-of-Merit seen in data
because of tip stall [10]. Although the profile drag obtairiemn C81 table look-up models
some increase in power because of stall, the resulting fdgsis not captured by the potential
flow solution. This can also be seen in the spanwise loadimgpanisons shown in Fig. 14,
which compares the measured and computed sectional thstrébation. At lower thrusts, the
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Figure 13: Comparison of predicted spanwise
loading with data (3:1 tapered tip rotor, Mjp =
0.55).

Figure 14: Comparison of predicted spanwise
loading with data (3:1 tapered tip rotor, Mjp =
0.55).

predictions and data show a good agreement, whereas at thghst the agreement gets worse,
especially in the tip region where the potential flow compates are not applicable due to the
presence of stall. In such cases, a hybrid solution metloggahust be employed with an inner
RANS blade loading solution capable of capturing separatsgstand stall.

The final data set presented for validating theLik -1A solutions is obtained from of an inter-
esting rotor test performed in 1937 by Knight & Hefner [12hig test measured performance
of four different rotor configurations, having 2, 3, 4 and &d#s. These blades were untwisted
and used a NACAO0O015 airfoil section. The reason for the ladiade twist was to permit the
testing of a simple scaling law based on solidity that woelduce the data for these different
number of blades onto a single curve. We use a similar scalsigg blade number instead of
solidity, that gives the following functional relations

Cr .[©

N (%) -
o 5]

v -olie) -

The HeLIX-1A code has been employed to show that the rotor thrust andeddocque (i.e.,
torque without profile drag) do indeed scale as predicted. g2oison of HELIX -1 A rotor thrust
predictions is shown in Fig. 15, which gives the thrust aswfion of the collective pitch in the
K-H similarity form, Eq. 10. This figure shows that for all astconfigurations and for both test
and computation, all values @Fr/Ng lie on a single line and the test and computational values
are reasonably close. Because the profile power does notweithalsolidity or blade-number,
Knight & Hefner proposed a modified torque coeffici@(g,, which does not include the zero-

lift profile drag (Cq,) contribution. When the torque results are plotted in the KiHilarity
form as the modified torque coefficient agaighy, the different rotors again fall on a single
curve as seen Fig. 16, and compare very well with the expatahdata.

Figure 17 shows comparisons of FM versus scaled colleciiea pngle for the four rotor con-
figurations, and it is seen that they are all well predictedc&the profile power does not scale
with blade-number, the FM curves do not coalesce togethawn donsider Fig. 18 which plots
the ideal (induced) Figure-of-Merit as a function of theledacollective pitch. Ideal Figure-of-
Merit is defined as the ratio of ideal power to the induced ppwéhout including the profile
drag. Itis seen that now all curves collapse fairly closeitoa single curve. This demonstrates
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Figure 16: Variation of rotor induced torque
(modified) with collective pitch setting for the
Knight & Hefner rotors.

Figure 15: Variation of rotor thrust with collec-
tive pitch setting for the Knight & Hefner rotors.
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Figure 17: Comparison of the Figure-of-Merit
variation for the Knight & Hefner rotors.

Figure 18: Comparison of the ideal Figure-of-
Merit variation for the Knight & Hefner rotors.

not only the efficacy of a little-known scaling, but also tbathe vorticity embedding method,
as implemented in ELIX-1A, is consistent with the flow equations that constitute the<af
the scaling.

4 SUMMARY & CONCLUSIONS

This paper has presented a new implementation of the wyrgonbedding method, called
HELIX-IA, for the computation of free-wake, rotor hover performantée combination of
its robustness, versatility, modeling accuracy, and spesek it a credible engineering tool for
rapid investigation of blade geometry design space. Confel@anHeLIX-1Ais demonstrated
by good comparisons with available data and the generabtobss of the method.

The single most important validation data base is the mod&l60A data since it includes
extensive data for the wake and loading. Experience hasrshioat without the ability to
accurately predict these, there is no basis for trust in #v@pmance prediction. Throughout
the development cycle of the variougHX -1 A variants, comparison with the UH-60A data has
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been the main yardstick of progress. We have shown that thexHlA compares reasonably
well with the wake, loading and performance data for the WA-@lade. In addition, we
have shown that this comparison is relatively insensitivgrid variations. Both the Figure-
of-Merit and the ideal Figure-of-Merit (which is not dirgctmeasurable) were found to be the
most sensitive indicators of progress. Good comparisofsgufre-of-Merit were not usually
obtained until wake geometry and loading were predictedistently well. When this occurred
it was always found that the ideal Figure-of-Merit had a eloteristic decreasing trend with
thrust.

Another valuable set of data (and analysis) is now almoste&dsyold. This is from the multi-
blade-number rotor test of Knight & Hefner (K-H). In the peesation of their data, K-H em-
ploy a surprisingly little-known similarity scaling, whiaeduces the results of all the different
blade numbers onto a single curve for both thrust and a pisogefined torque, an astonishing
simplification. Many of the K-H configurations and test cdrmudis have been modeled with
HELIX-1A, and the comparison with data is good. Figure-of-Merit ie ofithose quantities
that does not reduce to a single curve since the profile poaes dot scale. However, the
ideal Figure-of-Merit, containing no profile power, doeduee closely to a single curve. When
computed with HLIX-1A this curve has the characteristic shape discussed préyidiee K-

H scaling is very important in the evaluation of CFD hover noethas it provides one simple
curve for ideal Figure-of-Merit that infers the generalli#pof a method to accurately compute
the wake, blade loading and induced power which is what we@xp an engineering method.

Finally, we have seen limitations of the present method doffigurations where stall can occur.
This shows the need for a future inner viscous blade solatisgttoupled to the ELIX-1A code
which is an ideal wake solver to use for this purpose. Prevaitempts to hybridize (utilize an
inner viscous solver to compute blade loads) th. Bt -1A code have relied upon the original
HELIX -1 technology. Now, given the accuracy and robustnessefii-1A, future variations to
the hybrid code can concentrate on enhancements that impeewlution of the viscous flow.
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