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Abstract

The viscous, three-dimensional flow field of a Iifting heli-
copter rotor in hover is calculated by using an upwind, im-
plicit, finite-difference numerical method for solving the thin
layer Navier-Stokes eguations. The induced effects of the
wake, including the interaction of tip vortices with succes-
sive blades, are calculated as a part of the overall flowfield
solution without using any ad hoc wake models, Compari-
son of the numerical results for the subsonic and ransonic
conditions show good agreement with the experimental data
and with the previously published Navier-Stokes calcula-
tions using a simple wake model. Some comparisons with
Euler calculations are also presented, along with some dis-
cussions of the grid refinement studies.

Introduction

The accurate numerical simulation of the flowficld of a lift-
ing helicopter rotor continues 10 be one of the most complex
and challenging problems of applied aerodynamics. This is
true in spite of the availability of the present day supercom-
puters of Cray-2 class and improved mumerical algorithms.
However, many advances have been made to date with the
use of simpler set of equations of fluid motion, such as the
potential flow equations, to model these complex flowficlds.
The equations have been simplified by coupling the solu-
tion scheme with an empirical wake model to bring in the
influence of the vortex wake. Solution schemes that use
this idea are often grouped under methods using wake mod-
¢ls and encompass the potential flow (Refs. 1-5), the Euler
{Refs. 6-8) and the Navier-Stokes methods (Refs. 9-12), In
contrast to these methods that use ad hoc wake models, there
ar¢ methods that compute the essential details of the induced
effects of vortex wake as a part of the overall flowfield so-
lution. These are called the wake capturing schemes and
have been demonstrated for the solutions of the potential
flow (Ref. 13), the Euler (Refs. 14-17) and the Navier-Stokes
equations (Ref. 18).
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The basic assumptions of potential flow methods restrict
their application to low supercritical speeds without the usc
of entropy corrections. Despite this feature, the potential
flow methods, coupled with a wake modeling, have been
very useful in the industrial environment for design anal-
ysis (Refs, 2-5). On the other hand, the Euler equations
contain the essential physics to describe convection of vor-
tical flows and do not have the restriction on the Mach num-
ber. But they still lack the essential ingredients to model the
separated flows and inviscid-viscous interactions associated
with shock-induced separated flows. Nevertheless, the Eu-
Ier methods have been used to model these complex vortical
flows by coupling with wake models (Refs. 6-8) as in poten-
tial flow methods. But the major drawback of these methods
is that they have proven to be more expensive in comparison
io the potential flow methods.

Even Navier-Stokes methods (Refs. 9-12) have been cou-
pled with wake models to calculate these complex flows.
Although these methods capture viscous effects adequately,
they remain limited by the wake modeling, which tends to
be restricted to simple geomeiries and planforms. In gen-
eral, a major disadvantage of these methods which use wake
modeling is that the technigue of prescribing a wake has to
be specialized for each blade shape and planform and there-
fore cannot casily handle arbitrary blade shapes with twist
ot taper.

Therefore, the weak link in the above wake-coupled method-
ologics has been the wake modeling. In contrast to the meth-
ods using wake modeling, several schemes have attempted
to capture the wake and its effect as a part of the overall
solution scheme. These methods range in complexity from
potential flow methods (Ref. 13) to a Navier-Stokes method
(Ref. 18). All of these inviscid methods (Refs. 13-17) uti-
lize finite-volume formulation for the solution methed., OfF
these different wake capturing schemes, the potential flow
scheme of Ramachandran ct al. (Ref, 13) appears to be the
most accurate. All of the Euler methods appear to compute
the flow in the tip region reasonably well. However, the in-
viscid methods still Jack the ability to capture accurately the
formation of a tightly-braided tip vortex structure, and there-
fore, the accuracy of the computed wake and tip-vortex core
may be questionable,

The purpose of this study is to develop a calculation method
for the solution of Navier-Stokes equations for the complete
flowfield of alifting rotor, including the wake and its induced
effects. The vortex wake and its effects are captured as a part
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of the complete flowfield, and thus no arbitrary inputs are
necessary to describe the wake. Although this is not very
different in concept from the Euler wake-capture schemes
discussed above, the Navier-Stokes approach was needed for
the following reasons: 1) better tip-fiow simulation, which
involves resolving the biade-tip separation and the forma-
tion of a concentrated tip vortex, 2} accurate simulation of
strong viscous-inviseid interaction involving shock induced
separation at high blade tip speeds and high collective pitch
conditions, and 3} future modeling of retreating blade and
dynamic stall regimes in forward flight,

The numerical code used in this study is an improvement of
ihe version that was developed previously in related sindies
with wake modeling (Ref. 9). One fundamental differcnce
of the new numerical scheme is the use of Roe’s upwinding
in all three divections (Ref, 19). This featurs, coupled with a
simplified left-hand-side, has produced an efficient and ac-
curate numerical scheme. These additional changes in the
Navier-Stokes algorithm are based cn some of the nomer-
ical procedures described in Ref, 20 and will be described
briefly in the following sections.

Governing Eqguations

The governing differential cquations are the thin layer
Mavier-Siokes equations. These can be written in
conservatiofi-law form in a generalized body-conforming
curvilinear coordinate system as follows (Ref. 21):
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where v = , £ = (z,y,2,0), n = nlz,y,2,4) and ¢ =
¢{z,y,z,t). The coordinate system {z,y, z,¢) is attached
to the blade (see Fig. 1). The vecior of conserved quantitics
(2 and the inviscid flux vectors B F,and § ar given by
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where H = (¢ + p) and e = 0 or 1 for the Euler or the Navier-
Stokes equations, respectively. In these equations, U, V,
and W are the contravariant velocity components defined,

for example, as U = & + £;u + §yv + £,w. The Cartesian
velocity components are represented by u, v, and w and the
density, pressure, and the total cnergy per unit volume by g,
p, and e, respectively. The characteristic length and veloc-
ity scales are the rotor blade chord and the ambient sound
speed, and p and p are nondimensicnalized by their respec-
live ambient values, The guantities &, &y, &., £, elc. are
the coordinate ransformation metrics and J is the Jacobian
of the transformation. For the thin layer approximation used
here, the viscous flux vector § is given by
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where e is the Reynolds number, Pr is the Prandtl number,
4 is the ratio of specific heals, and o is the speed of sound.
The fluid pressure, p is related to the conservative flow vari-
ables, (7, through the nondimensional cquation of state for a
perfect gas,

pr(q—l){e—g(u2+v2~?w2)} {4)

For turbulent viscous flows, the viscosity cocfficient 4 in g
is computed as the sum of y;+ i, where the laminar viscosity,
141, 18 estimated using Sutherland’s law and the turbulent vis-
COsity, ¢, is evaluated using the Baldwin-Lomax algebraic
eddy viscosity model (Ref. 22).

Numerical Algorithm

A finite-difference, upwind, numerical algorithm is devel-
oped for the helicopter rotor applications. The evaluation
of the inviscid fluxes is based on an upwind-biased flux-
difference spiitting scheme for the right-hand side while an
LU-SGS (Lower-Upper - Symmetric Gauss-Seidel) scheme,
suggested by Jameson and Yoon (Refs. 23-24), is used for
the implcit operator. The van Leer MUSCL (monotone
upstream-centered scheme for the conservative laws) ap-
proach (Ref, 25) is used to cvaluate the conservative vari-
ables to obtain the second- or third-order accuracy with flux
lirniters so as to be TVD (total variation diminishing). The
upwind-biased scheme used on the right-hand side was origi-
nally suggested by Roe (Ref. 20 ) and later extended to three-
dimengsional flows by Vatsaet al. (Ref. 19). The chief advan-
tage of using upwinding is that it eliminates the addition of
explicit numerical dissipation and is known to produce less



dissipative solution (Ref, 19). This feature, coupled with a
fine grid description in the tip region, increases the accuracy
of the wake simulation. A similar algorithm was used in the
finite-volume Euler scheme of Ref. 17 to investigate the ex-~
act same problem studied here.

The space-discretized form of the differential equation,
Eqg. (1), is
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where 7, k, and { correspond to the £, 7, and ¢ coordinate
directions, respectively.

The application of Roe’s upwinding (Ref. 19) to the nu-
merical flux of the inviscid terms results in the locally one-
dimensional form and can be written, e.g., in the £ direction,
as
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where A is the Roe-averaged Jacobian matrix and Q) and
Qg are the left and right state variables. The scheme de-
generates to the first-order accuracy if (J;, = @y and Qg =
();+1. Higher-order schemes can be constructed from a one-
parameter family of interpolations for the primitive vari-
ables, p, v, v, w, and p. For example,
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where V and A are backward and forward difference op-
erators, and s is a parameter that controls the construction
of higher-order differencing schemes. For example, 1o con-
struct the third-order scheme in the present method, k = %,
Koren’s differgntiable limiter (Ref. 27} is used. The limiter
1 is calculated as
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where a small constant, typically e = 10, is added to pre-
vent the division by zero. Similar formulae are used for the

other primitive variables. The viscous flux terms are dis-
cretized using second-order central-differencing (Ref. 21).

The time marching integration procedure uses the LU-SGS
method. The details of this scheme are described elsewhere
{Ref. 20). The final form of this algorithm can be written for
a first-order time accurate scheme as
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where At is the time step, RHS represents the discretized
steady state terms, e. g., Eq. (5}, and = refers to the current
time-level. Also, A* = (A + og), A~ = (A — ag),
og = |[Ul+ arg + ¢, & = 0.01 typically, and r; =

V€2 + €% + £,%. As aresult of the simplified form of the
Jacobian terms, e.g., A", the block diagonal matrix D re-
duces to a scalar diagonal matrix. Thus this method requires
only two (one forward and one backward) sweeps with scalar
inversions and leads to less factorization error. Lastly, addi-
tional source terms have been introduced to account for the
rotation of the blades becaunse of the blade-fixed coordinate
system used here,

The present numerical scheme uses a finite-volume method
for calculating the metwics, The chief advantage of such a
formulation is that the metrics, including the time metrics,
can be formed accurately (Ref. 28), and this approach cap-
tures the free-stream accurately (Ref. 17). To be compatible
with the present finite-difference numerical scheme, the met-
rics are evaluated at the grid nodes instead of the cell cen-
ters of a standard finite-volume method (Ref, 20). Also, the
time metrics are evaluated in the same manner as in a finite-
difference scheme, which is less expensive computationally
than rigorous evaluation of the time metrics, However, free-
stream subtraction is then required to restore accuracy to the
time-metric terms.

The flowfield of a hovering rotor is initially quicscent
(Ref. 29) and the evolution of the flowfield is monitored
as the blade is set in motion. To take advantage of
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the quasi-steady nature of the hovering rotor flowficld, a
locally-varying time step is used in the integration proce-
dure to accelerate convergence, as suggested in Ref. 30.

Crids and Boundary Conditions

Body-conforming grids were generated for the rotor blades
using an elliptic solver. Because of the cylindrical naiure of
the flow of a hovering rotor, a C-H cylindrical grid topol-
ogy was chosen, as in Ref. 17. In conirast to the experimen-
tal model rotor that has a square tip, the present aumerical
scheme approximaics ihis as a bevel tip because of the H-
topology of the grid in that direction (see Ref, 31),

The standard viscous grids used here had 217 grid points in
the wrap around (along the chord) direction with 144 points
on the body, 71 poinis in the spanwise (racial) dircction with
55 points on the blade surface, and 61 points in the norimal
direction. The grid was clustered near the leading and trail-
ing edges and near the tip region to resolve the fip vorlex. It
was also clustered in the normal direction to resolve the vis-
cous flow near the blade surface. There are about 15 points
in the boundary layer with a spacing of the first grid point
from the surface equal io 5x 10~ 3 chord (that wansiates to
ay’ =0(1). A coarse grid was constructed from this fine
viscous grid by removing every other point in all three di-
rections, The inboard plane near the axis of rotation was
located at a radial station equal to one chord. The grid outer
boundaries were set at 8 chords in all directions. The same
grids were used for the Euler calculations.

Figure 1 shows the coarse grid that was used in the compu-
tations. Becanse of the symmetry of the hovering flow and
the periodic boundary condition described below, the calcu-
iations could be performed for only one blade. Figwe 1a
shows the cylindrical nature of the grid in the plane of the
rotor, and Fig. 1b shows an isometric view of the grid bound-
ary for a single blade. For clarity, the figure shows only the
blade and side boundarics, The bottom surface and other
grid line are omiited. Also shown is the coordinate system,
where z is in the chordwise direction, y is in the radial di-
rection, and z is in the normal direction. The blade motion
is counterclockwise.

All the boundary conditions are applied explicitly. The ra-
dial inboard and far-field boundaries, as well as the upper
boundary of the cylindrical mesh, are updated by means of a
characteristic-type boundary condition procedure, although
the Roe’s upwinding used in the numerical procedure would
otherwise treat the boundaries in a 1-D characieristic scnse
anyway. At the wall a no-slip boundary condition is used
for the viscous calculations. The Euler calculations use an
extrapoiation of the contravariant velocitics at the surface.

The density at the wall is determined by a zeroth-order ex-
trapolation. The pressure along the body surface is calcu-
lated from the normal momentum relation (see, for exam-
ple, Ref, 21}, The total energy is then determined from the
equation of staie,

To capture the information in the wake region of the blade,
a periodicity condition is used to swap the information, after
inferpolation, at the front and back boundaries of the cylin-
drical grid topology (see Fig. ib). This is aiso done in an
explicit mamner. At the bottom boundary, the scenc of the
far-field wake, an approximate condition based on the noi-
mal velocity 15 used. For an outflow condition, all conscrved
flow guantities arc extrapolated from the grid interlor except
for the energy, which is caleulated by prescribing the free-
stream pressure. For inflow at this boundary, the free-siream
{ambient) conditions are specified.

Resulis and Discussion

The test cases considered in this study correspond to the ex-
perimental model hover test conditions of Caradonna and
Tung (Ref. 29). The experimental model consists of & two-
bladed rigid rotor with rectangular-planform blades with no
twist or iaper. The blades are made of NACA 0012 airfoil
sections with an aspect ratio of ¢, Three experimenial condi-
tions were chosen from among the data: 1) tip Mach number
My, = 044, collective pitch § = 8°, and the Reynolds num-
ber based on the tip speed, Re = 1.92x 106 2) My, = 0.877,
f = 8° and Re = 3.93x10°; and 3) My, = 0.794, 0 = 12°
and Re = 3.55x 10°.

Fine Grid Navier-Stokes Resulis

Surface pressures are shown in Figs. 2-4 for the three ex-
perimental conditions considercd. These calculations were
done on 23 fine grid consisting of nearly one million points.
Figare 2 shows the surface pressures for the conditions of
My = 044, 0 = 8°, and Re = 1.92x10%. In this figure,
the present calculations are compared with the experimen-
tal data of Ref. 29 and the results from a previous Navicr-
Stokes calculation that used a simple wake model (Ref. 9).
The present calculations agree well with the experimental
data for ail radial stations. There are some improvements in
the results at y/ A = 0.50 and 0.96 over the previous resuils
from Ref. 9. It should be pointed out that the calculations
of Ref. 9 used a O-O grid topology with nearly 700,000 grid
points having a grid clustering similar to the present grid.

Figure 3 shows a comparison of surface pressures for the
condition of My, = 0.877, 8 = 8° and Re = 3.93x10°. At
this transonic flow condition, the present calculations show
excellent agreement with the experimental data for all radial
stations. In contrast to the calculations of Ref. 9, the present
results show shock locations and shapes that are well cap-
tured. The inboard regions of the fow are also predicted
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more accurately; this indicates that the present computed
wake is superior 10 the approximate wake model of Ref. 9,

Figure 4 shows a comparison of surface pressures for the
condition of My;, = 0.794, § = 12° and Re =3.55x 10°, Be-
cause of the high collective pitch, this case is more severe
in terms of the shock strength and shock-induced boundary
layer separation, even though the tip speed is slightly less
than the previous case. The results show good agreement of
the calculations with the experimental data, especially near
the tip.

Figure 5 shows the extent of shock-induced boundary layer
separation for the transonic cases discussed above. These
are delineated as surface particle flow details and are cre-
ated by releasing fluid particle tracers at one grid point above
the surface and forcing them to stay in that plane. Such a
view mimics the sarface oil flow details measured in a lab-
oratory experiment, Figure Sa shows the details of this flow
for the case of My, = 0.877 and @ = 8°, The separation
and reattachment locations are apparent in this figure. it is
seen that this fow condition produces a mild shock-induced
separation in the outboard part of the blade. In contrast,
the shock-induced separation and viscous-inviscid interac-
tion are much stronger for the case of My, = 0.794 and § =
12°. The surface particle flow pattern for this more severe
case is shown in Fig. 5b. As seen, the extent of the separa-
tion is much larger for this flow condition than for the case
of Fig. 5a. It is interesting, however, to note that the sepa-
tation patterns in the tip region are approximaiely the same
for these cases,

A general comparison of the present resuls with the experi-
mental data can be made by examining the bound circulation
distribution. Figure 6 shows such a plot of dimensionless
circulation, I' /Q R?, as function of v/ R for § = 8° case and
tip speeds of (.44 and 0.877, corresponding to the data pre-
sented in Figs. 2-3. Here r i3 the radial distance from the
rotation axis, R is the radius of the rotor, £ is the constant
angular velocity of the rotor, and I" is the circulation. The
integrated local lift valucs are used from both the coarse and
fine grid calculations to compute the dimensionless circu-
lation shown in Fig. 6. Also shown are the integrated data
from the cxperiments, which were reported to be essentially
independent of tip speed. The calculations show a fair agree-
ment with the experiments, except in the inboard part of the
blade. This suggests that only the near-field effects of the tip
vortex are captured as well as desired. There are two possi-
ble reasons for the poor agreement in the inboard part of the
blade. First, the vortex wake becomes diffused in the far-
field grid, so its induced effect is significantly diminished,
Second, the inboard plane boundary condition may be in-
dequate. In contrast to the experimental observation, the
present calculations show some dependency on the blade tip

speed.

In the tip region the agreement is also not very good. This
may be due to the bevel tip that is used in the compu-
tation compared to the square-tipped blade in the experi-
ments. Overall, however, the surface pressure distributions
appear to agree better with the experiments than the bound-
circulation distribution. Relatively minor discrepancies in
the pressure distributions near the leading edge, where the
experimental ransducer locations are relatively sparse, seeim
10 translate into significant differences in the circulation dis-
fribution,

The chief advantage of the Navier-Stokes methods is to pre-
dict the separated flow in the tip region and the associated
detailed structure of the tip vortex. The prediction of the
overall shed-wake geometry is the most important step in
the process of accurate modeling of the complete hover flow-
field. The ability to keep this shed wake (including the vor-
tex structure) intact from diffusing due to the numerical dis-
sipation is a more complex issue. The ability to convect this
shed wake without numerical dissipation determines if the
inflow in the inboard parts of the blade is correct.

Figure 7 shows a near-field view of the tip vortex particle
path trajectory for the experimental conditions of My, =
0.794 and & = 12° corresponding to Fig, 4. Thesc trajectories
are generated by releasing particles of fluid in the vicinity of
the tip of the blade on both surfaces and allowing them to
move freely in time and space. 1t is apparent from this that
the particles released right on the tip become braided and
stay together in the vicinity of the core. As observed before
{Ref. 31), the process of formation of the tip vortex involves
braiding of fluid particles from both upper and lower sur-
face of the blade. As the process of braiding of fluid parti-
cles from upper and lower surfaces continues, the tip vortex
lifts up from the upper surface and rolls inboard in the down-
stream wake.

After identifying the fluid particles in the vicinity of the core
in Fig. 7, fewer particles were released on the tip of the blade
in the proximity of the quarter-chord region to trace out a
trajectory of the tip voriex path. Figure 8 show two views of
this trajectory. The computed tip vortex trajectory in space
for a single blade s shown in Fg. 8a. Figure 8b shows a
view of the tip vortex looking from the top which highlights
the contraction of the wake. The contraction of the wake at
18(° and 360° azimuthal positions is approximately 12.8%
and 18.2% of the radius, respectively, in agreement with the
experimental observation of 12.5% and 17% for this flow
condition.

Fine Grid vs. Coarse Orid Results

The results presented in the preceeding sections were calcu-
lated on a fine grid of nearly one million points, The initial
test calculations were made primarily on a coarse Navier-
Stokes grid of 109x36%31 size. This grid was generated
by removing every other point from the fine grid in all three
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directions. The outer dimensions of the grid and the grid
topology are thus the same as for the previous fine grid,

Figure 9 shows a comparison of surface pressure distribu-
tions for the fine and coarse grids for the experimenial con-
dition of My, = 0.877, = 8° and Re = 3.93x 108, It is sur-
prising to see such good agreement of the coarse grid resulis
overall with those of the fine grid and with the experimenis,
In the regions where the shocks are very strong, there are
slight differences as expected, The results inboard of /R
= (.50 show a bigger difference as seen from Fig, 6, These
quasi-stoady sesults for the coarse grid ook about ong honr
of CPU {central processor unit) time on the Cray-2 supor-
COMILET,

Buler ug, Mavier-Siokes Resulig

As discussed earlier, there have been several aticmpis (o cap-
ture rotor wakes uging Buolor methods (Refs. 14.17), The
voriex formation in the tp region of 2 wing or a helicopter
blade is a result of complex three-dimensional separaied
fiow, and it is not clear how the Euler methods are able i
mimic viscosity and separation 10 produce a vortex stroc-
ture, Nevertheless, these Fuler methods have been able
predict the pressure distributions and spanwise blade load-
ing reasonably well for the outer part of the blade. Against
this background, a limited comparison of surface pressures
has been made for the Euler and Navier-Stokes methods cal-
culated on the same fine grid of about one million points.
It may be noted that the Euler version of the code did not
exhibit any stability problems with this fine Navier-Stokes
grid,

A typical comparison of the Buler resulis with the Navier-
Siokes resulis is presented in Fig, 10 for the experimentsal
test condition of My, = 0.877, 6 = 8°, and Re = 3.93%10°.
Because it neglects viscous-inviscid interaction, the Eu-
ler method overpredicts the shock wave strongth and posi-
tion for y/ R > 0.80. Othorwise, the Euler resulis are in
good agreement with the Navier-3tokes results, which shosw
mild shock-induced separation for this flow condition (sse
Fig, 8a). The overall agroement of surfhce prossures cer-
tainiy does not reflect the details of the flow nesr the blade
surface, especially the scparation pattern and vortex wake
details as predicted by the Navier-Stokes meihiod, The de-
tails of the wake structure need Lo be investigated fucther,

Conclusions

The lifting hovering rotor flowfield is calculated by means
of an implicit, completely upwind, finite-difference numer-
ical procedure for the solution of thin layer Navier-Stokes
equations using a cylindrical C-H grid topology and body
fixed coordinates. The vortex wake and #s induced effects
are captured as a part of the overall numerical solution by
the use of a periodicity condition, and the method therefore

does not use any ad hoc wake models. The present numeri-
cal results are in good agreement with the experimental data,
and they represent an improvement over the previously pub-
lished Navier-Stokes results that used a simple wake model.
Therefore, the method is promising. However, several im-
portant issues such as drag, power, and the detailed wake
geomeltry remain 1o be examined in detail.

The good agreement of the surface pressures predicted by
the Buler method with those of Mavies-Siokes results seems
10 suggest that the details of sweface flow including sepa-
retion and fip voriex details arg not important for predici-
ing airloads. This needs further investigation, The robust-
ness of the present methodology for Buler calculations is also
demonstrated. Comparison of coarse and fine grid resulis in-
dicaie that the farfield wake effects are not as well captured
wiih coarse grids. The numerical method is fairly efficient
and runs at 148 MFLOPS on the Cray-2 supercomputer. The
cuasi-sieady Navier-Siokes calculations presented here for
coarse and fine grids rook approximately 1 hour and 15 hours
of CPU time, respectively, on this machine.
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Fig. 1 Coarse C-H cylindrical grid topology for a two
view showing the grid boundaries for a single blade.
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- Navier-Stokes captured wake results - Present
--—= Navier-Stokes prescribed wake results - Ref, 8
® O Experimental data -~ Ref. 29
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Fig. 2 Comparison of surface pressures for a lifting hovering rotor; My, = 0.44, 8 = 8%, and Re = 1.92x 108,
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Navier-Stokes captured wake results — Present
- === Navier-Stokes prescribed wake resuits - Ref, 9
@ O Experimental data — Ref. 29
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Fig. 3 Comparison of surface pressures for a lifting hovering rotor; My, = 0.877, ¢ = 8°, and Re = 3.93x10°.
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Fig. 4 Comparison of surface pressures for a lifting hovering rotor; My, = 0.794, 0 = 12°, and Re = 3.55x 10°.

@ O Experimental data — Ref. 29
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Fig. 5 Computed surface particle flow detail highlights the shock-induced boundary layer separation for the Aow
conditions of a) My, = 0.877, 6 = 8°, and Re = 3.93x10%, and b) My;p = 0.794, 0 = 12°, and Re = 3.55x 10°.
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--=«== Navier-Stokes coarse grid
~n-we  Navier-Stokes fine grid
—wwe  Navier-Stokes coarse.grid
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¥ Experimental range 0.44 = Mﬁp = 0.877

Navier-Stokes fine grid, } Mtip = 0.877
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Fig. 6 Comparison of bound circulation distribution for the case of collective pitch § = 8° with tip speeds of
My = 0.44 and 0.877.

Fig. 7 Calculated tip vortex particle flow details showing the ncar-ficld view for the condition My, = 0.794, 0 = 12°,
and Re = 3.55x 105,
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Fig. 8 Calculated tip vortex trajecotry for the flow conditions of Fig. 7; a} view showing the captured tip vortex
path and its vertical descent, and b) view highlighting the contraction of the wake.
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Navier-Stokes captured wake results — Fine grid (217 X 71 X 61)
~=~~ Navier-Stokes captured wake results — Coarse grid (109 X 36 X 31)
® O Experimental data — Ref, 29
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Fig. 9 Comparison of surface pressures with coarse and fine grids for the case of M, = 0.877, § = 8°, and
Re =3.93x105.



Navier-Stokes captured wake resuits — Present
=== Euler captured wake resuits — Present
® O Experimental data - Ref. 29
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Fig. 10 Comparison of surface pressures for Euler and Navier-Stokes solutions; My, = 0.877, ¢ = 8°, and
Re =3.93x10°.
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