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Steady-state Reynolds-averaged Navier–Stokes computations are presented for a range of UH-60A model-rotor
test cases in hover. The computationsare designed to assess grid-related effects on the numerical results and employ
1) structured overset grids with high resolution on the rotor blades, 2)a systematic variationof grid resolution in the
rotor wake, and 3) a systematic variation of outer-boundary locations. Computed rotor performance values agree
very well with experimental measurements and show little sensitivity to either grid resolution or outer-boundary
locations. However, the computations uniformly overpredict the blade sectional thrust near the rotor tip. This
overprediction of blade tip thrust is explained by an analysis of the circulation distribution in the computed rotor
wake system.

Nomenclature
a = vortex core radius, m
a1 = freestream speed of sound, m/s
CQ = rotor torque coef� cient, Q=[¼½1 R3.ÄR/2]
CT = rotor thrust coef� cient, T=[¼½1 R2.ÄR/2]
Ct = rotor blade sectional thrust coef� cient,

.dT=dr/=[0:5c½1.ÄR/2]
c = nominal rotor blade chord, m
c f = wall skin-friction coef� cient
FM = rotor � gure of merit, CT

p
.CT =2/=CQ

Mt = hover-tip Mach number, .ÄR/=a1
n = number of rotor blades
Q = rotor torque, N ¢ m
R = rotor radius, m
Re = � ow� eld Reynolds number based on Vtip and c
r = spanwise distance along rotor, m
T = rotor thrust, N
Vtip = rotor tip speed, m/s
x = coordinate direction along the rotor chord, m
y = coordinate direction normal to a viscous surface
yC = turbulent wall coordinate, yRe

p
.c f =2/

z = coordinate direction normal to the rotor disk, m
0 = vortex circulation strength, m2/s
½1 = freestream � uid density, kg/m3

Ä = rotor angular velocity, rad/s

Introduction

A LMOST all of the aerodynamic design problems associated
with rotorcraftinvolve interactionsbetween the rotatingblades

and their aerodynamic wake systems. Prediction of the rotor wake
is one of the most challengingproblems in rotorcraft computational
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� uid dynamics (CFD). Typically, the computed vortical wakes dif-
fuse too rapidly due to grid-related numerical dissipation.For gen-
eral unsteady rotor � ow� elds, current numerical schemes and com-
putational grids are unable to preserve the vortices long enough to
predict accurately the noise and airloads caused by blade–vortex
interactions.

Hovering rotor problems are generally less computationally de-
manding than their forward-� ight counterparts because they have
periodic and steady-state solutions in the rotor frame of reference.
As such, they are better suited for rotorwake grid-resolutionstudies.
The general question for this paper is whether rotorcraftCFD meth-
ods can model hovering-rotor performance with solutions that are
grid independent.Clearly, these grid-independentsolutionsmust be
accurate as well.

References 1–10 contain a sampling of published results for
hovering-rotor CFD simulations. None of these simulations pro-
vides a rigorous demonstration of grid independence in the � nal
results. By grid independence, we require that two separate results
with substantiallydifferentgrid resolutionsproducethe same results
for rotor performance [CT , CQ , and � gure of merit (FM)]. Ideally,
two grids that are substantiallydifferent should have mesh spacings
that differ by a factor of two in each direction. This requirement
leads to a factor-of-eightdifference in the number of points for the
two grids and places severe demands on available computational
resources.

Wake and Baeder3 provide the most complete comparisons to
date of Navier–Stokes CFD predictions and experimental hover-
performancedata.They presentextensivecomparisonsof their com-
puted results to the Lorber et al.11 experimental data. Lorber et al.
tested a 17.5% scale model UH-60A rotor and also a 3:1 tapered tip
rotor in hover. In addition to overall thrust, torque, and FM, the ex-
perimental data containblade sectional loadingand measured blade
elastic twist. The resulting data provide a detailed and comprehen-
sive study of a high-performancerotor in hover.

Although Wake and Baeder’s3 computed results showed reason-
ably good correlation with the experimental data, they used coarse
grids by today’s standards.Their analysisused two different single-
block grids consisting of 452,000 and 918,000 mesh points, re-
spectively. At the time, a 918,000 point grid stretched the limits
of available computational resources. However, Wake and Baeder
recommended improved rotor wake grids and higher-accuracy nu-
merical methods for future calculations.

Over the past few years, new CFD techniques for hovering ro-
tors have been developed (Refs. 9 and 10). This current work builds

786



STRAWN AND DJOMEHRI 787

on the efforts of Wake and Baeder3 by applying improved numeri-
cal methods and much � ner grids to recompute the Lorber et al.11

UH-60A, model-rotor test cases. The objective is to control the grid
resolutionand boundaryconditionscarefully,to assesscurrentcom-
putational capabilities for modeling hovering rotors.

Computational Method
The Reynolds-averaged Navier–Stokes � ow solver used in this

study is based on a version of the OVERFLOW code developed by
Buning et al.12 OVERFLOW is a general-purpose Navier–Stokes
code designed for � xed-wing overset-grid computations on static
grids. Meakin13 has generalized this code to accommodate arbi-
trary relative motion between vehicle components and to facilitate
off-body solution adaption. The modi� ed code automatically or-
ganizes grid components into groups of approximately equal size.
This groupwise structure has been exploited to facilitate ef� cient
parallel computationsof multibody problems on scalable computer
platforms.14 On parallel machines, each processor is assigned a
group of grids for computation, with intergroup communications
performed using the message passing interface protocol. This code
is known as OVERFLOW-D and has been extensively tested on
IBM-SP and SGI Origin 2000 parallel computers.

The solution of hovering-rotor problems requires a number of
modi� cations to the OVERFLOW-D � ow solver. Reference 10 de-
scribes these modi� cations in detail, but the highlights are given
hereafter.

Rotational Grid Motion

Hovering rotors can take advantage of the � ow� eld being steady
when viewed from a blade-�xed reference frame. The source-term
formulation from Chen et al.15 is used to convert the rotating-blade
Navier–Stokes equations to a steady-stateproblem. Steady-stateso-
lutions require much less computational effort than their unsteady
counterparts, thus allowing for � ner grids to capture the details of
rotor wakes in hover.

Grid Overlaps

Two-cell overlaps have been added between adjacent grids. The
basic version of OVERFLOW-D uses second-order spatial differ-
encingwith one-celloverlapsbetweenadjacentgrids.This approach
ensures the continuityof � ow� eld information from one grid to the
next; however, it does not allow � ow� eld derivative information
to pass accurately between overlapping grids. To improve the ac-
curacy of the overset-grid approach, a two-cell overlap option has
been added to OVERFLOW-D. This two-cell overlap effectively
allows the exchange of both � ow� eld data and � ow� eld gradient
data between overlapping grids. It also allows the � ow solver to
be upgraded to a uniform fourth-order spatial-differencingscheme
throughout the computational domain. This fourth-order scheme
was used for all of the computations in this paper.

Periodicity

Periodicity allows for signi� cant computationalsavings by mod-
eling only a portion of the multibladed rotor domain. Our imple-
mentationof periodicityin OVERFLOW-D uses two layers of ghost
cells at both the periodic in� ow and periodic out� ow boundaries.
These ghost cells match point to point with their periodic counter-
parts in the interior of the computationaldomain, and these periodic
counterparts need not be located on the same processor. The ghost
cells are updated from interior points at the correspondingperiodic
boundary following each iteration for the � ow solver.

Hovering-Rotor Grid System

OVERFLOW-D provides for automatic generation of off-body
grids that are compatible with the near-body surface grids. These
off-body grids surround the near-body grids with uniform resolu-
tion and gradually become coarser on approaching the computa-
tional outer boundaries.Despite this convenienceof automatic grid
generation, additional control over the placement and spacing of
the off-body grids is required to improve the rotor wake resolu-
tion and to implement periodic boundary conditions for hovering

a) Off-body

b) Near-body grid systems

Fig. 1 UH-60A model rotor blade.

rotors. This requirement for greater control led to the develop-
ment of the off-body grid system shown in Fig. 1a for the UH-60A
model rotor. Because this experimentalrotor has four identical rotor
blades, periodicity is used to reduce the size of the computational
domain.

In Fig. 1a, a representativeoff-body grid with Cartesian uniform
grid spacing surrounds the near blade region. If the spacing of this
level one grid near the rotor blade is 1s, the spacingof the next sur-
roundinglevel two grid is 21s. The grid spacingcontinuesto double
for successivelevelsof off-bodygridsout to the computationalouter
boundary.The strategyof doubling the grid spacing for each higher
off-body grid level allows one to place the outer grid boundaries
far away from the rotor blade with an ef� cient distribution of grid
points.

The outer-boundary location is controlled with a one-parameter
value that speci� es the distance from the top, bottom, and side
boundariesto the blade tip. Baseline calculationsfor this paperwere
located six blade radii from the blade tip in all directions with � ve
levels of off-body grid spacing.

Figure 1b shows the four grid systems used to discretize the near-
blade region.The bladehub has an inviscidsurface boundarycondi-
tion with a 149£ 29 £ 30 mesh in the longitudinal, azimuthal, and
normal directions. The presence of the hub provides an important
blockage effect that prevents the root vortices from rising above the
rotor plane (Ref. 10).

The blade tip and root cap grids each contain 129 £ 29 £ 55 grid
points, and the C–H grid on the main part of the rotor blade contains
209£ 112 £ 55 grid points in the chordwise, spanwise, and normal
directions on the rotor. All near-body grids extend approximately
0.6 chord lengthsbeyondthe bladeandhubsurfacesin all directions.
Overall, the four baseline near-body grids have a total of 2:1 £ 106

grid points. In addition to the geometric twist on the rotor blade, the
computational model also includes the experimentally measured
coning angle and elastic twist for each rotor thrust condition. All
viscous meshes have their � rst grid point off of the wall located at
yC < 1. The � rst three grid points away from the viscous surfaces
have uniform normal spacing.
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Fig. 2 Source-sink boundary idealization for a hovering rotor system.

Hover Boundary Conditions

The choice of boundary conditions for a given problem must
satisfy two criteria. First, the boundary conditions must reasonably
approximatethe physicalproblem.Second, theboundaryconditions
must be compatible with characteristicwave propagation theory for
the Euler and Navier–Stokes equations.Compatibility with charac-
teristic theory prevents the buildup of numerical instabilities at the
boundaries.

Most of the hovering-rotorcalculations in Refs. 1–10 specify the
outer-boundary values with an approximate source-sink condition
shown in Fig. 2. As described in Ref. 2, the rotor out� ow below the
rotor bladecan be idealizedby one-dimensionalmomentum theory:

We D ¡2Mt

p
CT =2 (1)

The radius of this out� ow velocity region is given by R=
p

2. How-
ever, in the present implementation, the out� ow velocity in Eq. (1)
is not prescribed directly at the bottom boundary. It is simply used
to estimate the in� ow boundary values.

For in� ow, a point sink of mass models the � ow into the compu-
tationaldomain.This sink is located at the rotor hub, and its strength
is adjustedto compensatefor the estimatedout� ow givenby Eq. (1).
This condition results in an in� ow velocity Wr toward the hub at all
boundaries:

Wr D ¡.Mt=4/
p

.CT =2/.R=r/2 (2)

By the use of these in� ow velocities, compatible density and
pressure � elds can be generated using isentropic relations between
the boundary � ow� eld and stagnation � ow at in� nity. These in� ow
boundary values are then combined with values from the � ow� eld
interior by prescribing the external entropy, tangential velocity, in-
comingRiemann invariant,and extrapolatingthe outgoingRiemann
invariant from the interior.

For the out� ow boundary, freestream pressure is prescribed, and
all other quantities are extrapolatedfrom the interior. The resulting
mass out� ow automatically adjusts to match the in� ow. Thus, it
is not necessary to prescribe the out� ow velocities at the bottom
boundary.

There is very little sensitivity in the � nal results to the value
of CT used in the boundary condition Eqs. (1) and (2). Typically,
the boundary condition CT value is adjusted to match the com-
puted blade value during the calculation.However, using a constant
boundary condition CT value from the experimentalmeasurements
produces virtually the same hover performance results.

These in� ow–out� ow boundary conditionsprovide a reasonably
realistic approximation of the physical boundary and allow for a
smaller computational domain than would otherwise be required
with prescribed zero-velocity conditions at the outer boundaries.

The philosophyis similar to an experimental hover chamber, where
doors or slats are opened in the ceiling and � oor to help prevent
recirculation in the rotor wake. In general, the use of this source-
sink boundaryconditionhelps to stabilizethe rotorwake in the CFD
computation and speed up convergence to a steady-state result.

Computational Results
The UH-60A model-rotor hover performance was computed at

eightdifferentcollectiveangles.All caseswere runat the samehover
tip Mach number, which provided for signi� cant compressibilityat
the blade tips. The exact value of this hover-tip Mach number and
all experimental collective angles are subject to U.S. Army data
restrictions. As mentioned earlier, the measured blade elastic twist
was included in the grid generationfor each case.Each computation
used the near-body grid system described earlier, and the baseline
off-bodygridsused a uniform level-onegrid spacing (near the rotor)
equal to 0.1 chord. Four additional off-body grid levels pushed the
outer boundary locations to six radii beyond the blade tip in all
directions.

The baseline calculations used a total of 10:6 £ 106 grid points.
In addition,one of the moderate collective-anglecases was run with
the same 2:1 £ 106 point near-� eld grids, but with 64£ 106 total
grid points and a uniform level-one off-body grid spacing of 0.05
chords. Typical 10:6 £ 106 grid point computations were run on
32 processors of an SGI Origin 2000 parallel computer. Overall
thrust on the rotor was used to monitor the convergence to steady
state for the calculation.

Figure 3 shows a sample convergence plot for a typical case.
Typicalcalculationswere run for20,000–25,000iterations,although
thrust and torque values show little change after 15,000 iterations.
The code requires 35 h on 32 SGI Origin processors to complete
20,000 iterations, resulting in approximately 1120 processor hours
for each 10:6 £ 106 grid-point case. The 64 £ 106 grid-point case
required 138 h on 112 SGI Origin processors and approximately
40,000 iterations for convergence.Total computationaltime for this
case was about 15,500 processor hours.

Overall Rotor Performance

Figure 4 presentsoverall thrust and power results for the UH-60A
model rotor. Figure 4 shows excellent agreement between experi-
ment and computation for all but the lowest computed thrust level
at CT D 0:0022. For CT levels below 0.002, the rotor wake de-
scends very slowly, and the computational results either converge
very slowly, or not at all, due to the closeproximityof the rotorwake
system. These cases should be run with an unsteady CFD code to
obtain time-averaged results.

Note that the 64 million grid-point solution shows good agree-
mentwith both the10:6 £ 106 grid-pointcomputationsandalsowith
the experimental data. The overall predicted rotor performance is
grid independent in the sense that it does not change when the rotor
wake grid spacing is cut in half.

The FM plot in Fig. 5 provides a more sensitive comparison of
computational and experimental performance results. FM serves
as a ratio of ideal to actual rotor power. In Fig. 5, the maximum

Fig. 3 Typical thrust convergence history for a 10:6 £ £ 106 grid point
solution.
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Fig. 4 Thrust and power results for the UH-60A model rotor.

Fig. 5 FM results for the UH-60A model rotor.

Fig. 6 Rotor thrust as a function of collective angle.

differences between experimental and computed FM are less than
0.02. The FM values for the 10:6 £ 106 and 64 £ 106 grid-point
calculations match quite well, indicating that overall rotor perfor-
mance has little sensitivity to the rotor wake grid resolutionbeyond
10:6 £ 106 grid points.

Figure 6 presents a � nal measure of computed and experimental
performance results. Here, the rotor thrust is plotted as a function
of blade collective angle. Again, the computed results show good
agreement with the experimental values.

Blade Sectional Quantities

In addition to overall rotor performance,Lorber et al.11 also mea-
suredthe radialdistributionsof thrustalongthe rotorblades.Figure7
compares the computed and experimental radial thrust distributions
for a low anda high thrustcase.U.S. Army data restrictionspreclude

Fig. 7 Sectional thrust distributions for two thrust conditions.

Fig. 8 Chordwise pressure distributions at two radial stations (exper-
imental CT = 0.0074).

Fig. 9 Comparison of sectional Ct predictions for two different grid
resolutions in the rotor wake.

including the vertical scale numbers for all sectional quantities. For
each case in Fig. 7, reasonablygood agreementbetween experiment
and computation is seen over much of the blade, except for the tip,
where the rotor thrust is overpredicted in both cases. This overpre-
diction of thrust at the rotor tip is common to all of the computed
results.

Figure 8 shows blade sectional surface pressuresat two spanwise
locations for the high-thrust case. Note that the computedpressures
show good agreement with the data for r=R D 0:775, where the Ct

value matches the experimental result in Fig. 7. At r=R D 0:945,
the overprediction of Ct is re� ected in the overprediction of the
pressures at this location. The shape of the computed pressure plot
at r=R D 0:945 is consistent with a wake-induced in� ow angle that
is too high.

Figure 9 compares the sectional blade thrust for the 10:6 £ 106

and 64 £ 106 grid-point calculations with experimental data for a
moderate thrust case. Both predictionsare consistent with Fig. 8 in
that they show an overprediction of thrust near the blade tip. Two
important conclusions can be drawn here. First, the two computed
results show similar sectional thrust distributions except near the
blade tip. Second, although the changes in grid density affect the
blade-tip loading, these tip-loading changes do not substantially
change the overall blade performance, as evidenced in Figs. 4–6.

The � ner-grid case has less grid-related dissipation in the rotor
wake, and the tipvorticesshouldhavehigherpeak-to-peakvelocities
than their coarser-grid counterparts. Given similar vortex trajecto-
ries, thesehigherpeak-to-peakvelocitiesshouldcause slightlymore
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Table 1 Experimental and computed
performance for the UH-60A model rotor

Conditions CT CQ FM

Experiment 0.00706 0.000572 0.73
2R BCa 0.00689 0.000558 0.72
3R BC 0.00668 0.000548 0.70
6R BC 0.00675 0.000542 0.72
9R BC 0.00674 0.000547 0.72

aBoundary conditions.

Fig. 10 Computed sectional thrust with different computational
boundary locations (10:6 £ £ 106 grid points).

upwash near the blade tip and more downwash inboard of the � rst
vortex passage below the rotor. These expectations are consistent
with the Fig. 9 results near the radial location of the � rst vortex
passage (r=R D 0:9). Everywhere else, the two computations show
similar results for sectional thrust.

Boundary Condition Effects

One important issue is whether the hovering-rotorboundarycon-
ditions described earlier have a signi� cant effect on the computed
results. Boundary condition effects can be estimated by running
the same hover calculation and systematically varying the outer-
boundary locations. All computations keep the same blade geom-
etry, near-body rotor and hub grids and off-body level-one grid.
The outer boundary locations are varied by altering the sizes of the
off-body grids for levels two and above.

Figure 10 shows computed and experimental blade sectional
thrust for the moderate thrust case. Computed results are presented
for caseswith outer boundarieslocated2, 3, 6, and9 bladeradii from
the rotor tip in all directions.As shown in Fig. 10, the boundary lo-
cations have little effect on the blade sectional thrust distributions.

The overall rotor performance for these four boundary locations
is presented in Table 1. Note that the blade CT and CQ values show
little changebeyondthe 3R boundarylocations.Because these large
changes in boundary locationhave little effect on the computations,
it is assumed that the implementationof the hoveringrotorboundary
conditions, described earlier, also has little effect on the computed
results.As a rule, theoutercomputationalboundarylocationsshould
be located at least 3R from the rotor blade tip in all directions.

Rotor Wake Geometry

Lorberet al.11 presentedexperimentalmeasurementsfor thewake
geometry (vertical descent and radial contraction)for many of their
test cases. In addition to the experimental data points, they also
present approximate generalized curve � ts for the experimental
wake trajectories.

Figures 11 and 12 show the Lorber et al.11 derived wake tra-
jectories for the moderate thrust case. Also shown in Figs. 11 and
12 are computed results from the 64 £ 106 grid-point simulation
of the same case. Computational vortex centers were determined
by analyzing contours of vorticity magnitude on two-dimensional
azimuthal wake cuts behind the rotor blade. The vortex centers

Fig. 11 Vertical tip–vortex descent.

Fig. 12 Tip–vortex radial contraction.

coincide with local maxima in vorticity magnitude. Both the ex-
perimental curves and the computed results contain a fair amount
of uncertainty in their plotted values.

Despite these uncertainties, generally good agreement is seen
between the experimental and computational vortex trajectories. A
key factor in these hovering rotor simulations is the vertical miss
distance between the tip vortex and the rotor blade at 90 deg wake
age. In Fig. 11, the experimental value for this miss distance is
approximately0.4c, and the computedvalue is about 0.2c. Thus, the
computed vortex passes slightly closer to the rotor blade at 90 deg
wake age. After this point, however, the vertical decent rates are
very similar.

For the radial contraction in Fig. 12, the experimental and com-
putational trajectories are very close through 180 deg of wake age.
After this point, the computed vortex shows more contraction than
the experimental result. One possible explanation for this discrep-
ancy is that the � oor of the experimental test facility was located
only 3R below the plane of the rotor. A small ground effect in the
experiment could have reduced the contraction in the experimen-
tal wake system, whereas the out� ow boundary conditions in the
computation are much closer to a free-air environment.

The 10:6 £ 106 grid-point result at the moderate thrust condition
has virtually the same vortex trajectory as the 64 £ 106 grid-point
result. Vortex centers are much more dif� cult to pick out from the
coarser-gridresults,however.Figure 13 shows a comparisonof vor-
ticity magnitude contours for this case on a cutting plane that is
60 deg behind the rotor blade. Note that the 64 £ 106 grid-point ro-
torwake showsmuchhigherpeakvorticitylevels than the10:6 £ 106

computation. Also, four or � ve individual vortices are seen in the
64 £ 106 grid-pointresult,whereas the 10:6 £ 106 result only shows
two distinct vortices.

Figure 14 shows a section of the computed vortex wake system
on the 64 £ 106 grid. The vortex sheets plus a number of individual
tip vortices are shown. The vortex sheets descend much faster than
the tip vortices,which is consistentwith experimentalobservations.
Figure 14 also shows that the tip vortices distort as they descend in
the wake. As they descend, they lose their symmetry because they
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a) 10.6 M grid pts b) 64 M grid pts

Fig. 13 Uniformly spaced contours of vorticity magnitude for the
UH-60A model rotor on a 60-deg cutting plane behind the rotor blade.

Fig. 14 Computed vorticity magnitude contours on a cutting plane
located 45 deg behind the rotor blade (64 £ £ 106 grid points).

are subject to a shearing force at the edge of the vortex-induced
downwash.

Effect of Turbulence Models

All computationsshown thus far used the OVERFLOW-D imple-
mentation of the Baldwin–Barth16 one-equation turbulence model.
This model solves a turbulent transport equation for eddy viscosity
with damping functions added in the near-wall regions.

In addition, the moderate thrust case was also computedusing the
Baldwin–Lomax17 algebraic turbulence model. This computation
used the same 10:6 £ 106 grid thatwas usedfor theBaldwin–Barth16

calculations. Figure 15 compares the sectional thrust distributions
on the rotor blade for the two cases. The Baldwin–Lomax17 model
predicts a much higher peak sectional thrust value near the rotor tip,
with much lower sectional thrust toward the rotor hub. The overall
integrated thrust and power for the Baldwin–Lomax model also
differ substantially from the Baldwin–Barth16 result.

To put these computationaldifferencesinto perspective,both tur-
bulencemodelsweredevelopedprimarily to match two-dimensional
boundary-layerphysics.In addition,thecomputationssolvethe thin-
layer Navier–Stokes equations, which means that they only model
viscous forces normal to the rotor surface.

Our hovering rotor calculations are much more complex than
this assumed two-dimensional boundary-layer physics. First, the

Fig. 15 Comparison of sectional thrust for two turbulence models
(10:6 £ £ 106 grid points).

tip-vortex rollup process is highly three dimensional. Both turbu-
lencemodelshavedif� cultiesmodelingthis typeof threedimension-
ality, and typical grid systems cannot resolve it because they only
use viscousspacingin the directionnormal to the blade surface.Sec-
ond, in our calculations, the vortex at 90 deg wake age passes very
closebelowthe followingrotor blade.Part of this tip vortex interacts
with the rotor boundary layers, embeddingstreamwisevorticityand
adding three dimensionality to the � ow� eld near the rotor tip.

In general, one-equation turbulence models such as Baldwin–
Barth16 are more robust than the Baldwin–Lomax17 algebraic
model for complex geometries and three-dimensional � ow� elds.
The Baldwin–Lomax model uses the near-wall vorticity distribu-
tion to obtain a turbulent length scale, and this vorticity distribution
is clearly affected by the close proximity of the preceding blade
vortex.

Analysis and Discussion
A major outstanding question for the computed results is why

they consistently overpredict the sectional thrust near the blade tip
compared to the experimental data. Usually, it is tempting to at-
tribute these discrepanciesto CFD grid problems such as boundary-
condition effects, grid skewness, or lack of wake resolution. How-
ever, the computations in this paper were designed to address
these grid-related issues directly and to eliminate them as potential
problems.

One possible cause for these sectional thrust discrepancies is the
difference in computed and experimentalmiss distancebetween the
tip vortex and the rotor blade at 90 deg wake age. The experimental
vortex passes under the rotor by 0:4c and the computation shows
it passing under the rotor by 0:2c. The smaller miss distance in the
computation may cause enough additional upwash near the rotor
tip to explain the loading discrepancies between experiment and
computation.

To address this question,a Scully18 velocitydistributionwas used
to model the tip vortex and to estimate the change in induced angle
of attack on the rotor at r=R D 0:95 when the vortex miss distance
is moved from 0:2c to 0:4c. Differences in Ct at r=R D 0:95 were
then estimated from these induced angle-of-attackchanges.

In this test, the 90-deg wake age vortex passes beneath the ro-
tor at r=R D 0:90, and the vortex strength 0 was approximated two
ways. First, it was estimated from the computed maximum bound
circulation on the rotor, and second, it was estimated by integrat-
ing the vorticity around a two-dimensional azimuthal slice of the
CFD-computed vortex. Sectional lift changes on the blade were
then estimated from simple two-dimensional linear aerodynamic
theory. Both estimates used the computed value of 0:4c for the vor-
tex core.With these assumptions,the change in vortex miss distance
only accounts for about 25% of the experimentaland computational
Ct discrepancies at r=R D 0:95 that are seen in Figs. 9 and 10. If
anything,one would expect threedimensionalityto further diminish
these estimated miss-distance effects.

If not the vortex miss distance, then a more likely explanation
for the overprediction of rotor tip thrust involves the interaction
between the � rst vortex passage beneath the rotor and the vortex
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Fig. 16 Possible mechanism for vorticity transfer from preceding
blade vortex to newly developing tip–vortex.

rollup at the blade tip. In the 64 £ 106 grid-point calculation, the
vortex rotational core size is approximately 0:4c at 90 deg wake
age. The computed vortex radius at this point is about double what
one expects to see in the physical problem. This larger computed
size is presumably caused by grid-related diffusion. The center of
this vortex passes beneath the following blade at about r=R D 0:90,
with a vertical miss distance of 0:2c. A comparison of this vertical
miss distance to the vortex core radius indicates that a substantial
rotationalportion of the vortex hits the blade and/or passes above it.
In the experiment, this interactionprobably does not occur because
the rotational vortex core radius is smaller, and the vertical miss
distance is greater.

Figure 16 shows a possible explanation for this situation. When
the preceding blade vortex hits the rotor, its vorticity merges with
the boundarylayer and partof it migratesalongwith the trailingvor-
tex sheet toward the newly developing tip vortex. Thus, the newly
developing tip vortex gets a boost in circulation, whereas the pre-
ceding blade vortex loses circulation in this transfer. As a result,
the new tip vortex has a higher circulation value and, most likely,
a larger rotational core size. The higher circulation means that its
subsequentinteractionwith the followingrotor blade providesmore
inducedupwash near the blade tip, leadingto higher sectionalthrust
there. This proposed explanation assumes that the total circulation
in a vortex is generally conserved. Even when the vortex core size
increases due to numerical dissipation, the integrated vortex circu-
lation should remain constant.

Although this hypothesis cannot be proven directly, three obser-
vationsfrom the computedresults support this explanation.All three
observationsrely on numerical integrationsof vorticity to obtain the
circulationin the tip vortices.These integrationswere performedon
two-dimensionalcuttingplanesat variousazimuthalangle locations
behind the rotor blade, such as the one shown in Fig. 13b. These
integrationsare most accurate when the grid resolution is high, and
so the 64 £ 106 grid-point case was used for most of our numerical
results.

The � rst observation is that the computed tip vortex circulation
for <90 deg wake age is higher than one would predict from the
blade loading distribution. Assuming that all of the blade bound
circulation rolls up into the tip vortex, one would estimate a vortex
strength, 0=.Vtipc/, equal to 0.26. Integration of the computed re-
sults, however, gives a vortex strength of 0:335§ 0:030, from 5 to
85 deg wake age, and these numbers are consistentwith the hypoth-
esis that the newly developed tip vortex has been augmented by the
vortex circulation from the preceding blade.

The second observation is that the computed tip vortex strength
dropsfrom0:335 § 0:03 to 0:22 § 0:06after its � rst passagebeneath
the followingblade. Because circulationfor the overall vortex wake
system must be conserved, the obvious question is, “Where did the
circulationgo after the � rst blade–vortex interactionat 90 deg wake
age?” Most likely, it migrates through the shear layer to augment
the circulation in the newly formed vortex at the rotor blade tip.

A third observation from the computations offers an explanation
for the large differencesin blade loading for the two different turbu-
lence models in Fig. 15. When the circulation values are compared
for the � rst two vortices in the cutting plane shown in Fig. 13b, the
Baldwin–Barth16 result givesvalues of 0.335 and 0.22 for the vortex
strengths at 60 and 150 deg wake age, respectively.By contrast, the
Baldwin–Lomax17 result gives vortex strengths equal to 0.43 and

0.16 for these same two vortices. The Baldwin–Lomax computa-
tion has a stronger vortex at <90 deg wake age, and a weaker one
at >90 deg wake age. The choice of turbulence model probably af-
fects the amount of vorticity that migrates from the inboard to the
outboard vortex in Fig. 16. Thus, the Baldwin–Lomax result has
a higher vortex strength for <90 deg wake age, and this leads to
the stronger interaction with the following rotor blade as shown in
Fig. 15.

Conclusions
Calculations in this paper have been designed speci� cally to ad-

dress numericalissues for hovering rotors.Near-bodygridsuse con-
sistent high-density viscous meshes with substantial variations in
rotor wake grid size to assess the solution quality. Uniform fourth-
order central differencinghas been added to OVERFLOW-D to fur-
ther improve the numerical accuracy. The computed results have
been tested over a wide range of outer-boundarylocations.

The good news is that overall integratedrotor performanceagrees
very well with experimentalmeasurementsand shows little sensitiv-
ity to eithergrid resolutionor outer-boundarylocations.In this sense,
the results in this paper demonstrate that careful attention to numer-
ical grids and boundary conditions can provide grid-independent
results for integrated rotor loads.

The bad news is that the computations consistently overpredict
the blade sectional thrust distributionsnear the rotor tip. An expla-
nation is postulated for this sectional-thrustoverpredictionin terms
of vorticity migration and is backed up with integrated vortex cir-
culation values from the computed results. One way to study this
phenomenon in more detail would be to use a simpler CFD geom-
etry, such as a vortex generator placed upstream of a � xed wing.

The computations point to two possibilities for improving the
agreement between computed and experimental radial loading dis-
tributions. First, a small increase in the computed vortex miss dis-
tance at 90 deg wake age should signi� cantly reduce the migration
of vorticity toward the developing tip vortex and improve the corre-
lations with the experiment.Obviously,unresolvedmodeling issues
in the computation may affect the vortex miss distance; however,
the test facility in the experimentmay also have an in� uence on the
rotor wake geometry.

Lorber et al.11 performed their experiment in a test facility
4.5 rotor diameterswide, 6.3 diam long, and 3.2 diam high. Louvers
and doors in the walls were opened to minimize the effects of rotor
wake recirculation. This test facility is considerably smaller than
the computationaldomain for the calculations.One way to estimate
the facility effects on the near-wake geometry would be to run the
CFD calculation with outer-boundaryconditions and locations that
more closely match those in the experimental facility.

A second possibility for correlation improvement centers on re-
ducing the vortex rotational core size for <90 deg wake age. A
smaller vortex core would minimize the viscous interaction with
the following rotor blade and prevent the migration of vorticity to-
ward the newly forming tip vortex.

Certainly, grid-related diffusion plays a role in causing our com-
puted vortex cores to be larger than their experimentalcounterparts.
However, lack of grid resolution is probably not the only cause for
the overprediction of vortex core size. The computed results indi-
cate that, once the tip vortex has fully rolled up (>15 deg wake age),
its core size does not change appreciably until it hits the following
blade. Perhaps it is the entrainment of additional vorticity from the
inboard blade–vortex interaction that enlarges the vortex core at its
inception.This bringsusback to vortexmiss distanceand turbulence
modeling issues.

Resolution of these questions requires additional focused stud-
ies on the combined effects of turbulence models, grid size, and
outer-boundarymodeling. In spite of these outstandingissues, quite
a bit has been learned from this study regarding grid and boundary
conditioneffects for rotary-wingCFD hover performanceand blade
loading computations.These lessons provide an overall assessment
and understanding of the quality of our current numerical simula-
tions. They also help to focus our future efforts on research areas
with a high payoff toward improved solution accuracy.
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