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Navier-Stokes Computation of Wing/Rotor
Interaction for a Tilt Rotor in Hover

Ian Fejtek* and Leonard Robertst
Stanford University, Stanford, California 94305

A method has been developed to analyze the wing/rotor interaction of tilt rotor aircraft in hover. The
unsteady, thin-layer compressible Navier-Stokes equations are solved using an implicit, finite difference scheme
that employs lower upper-alternating direction implicit factorization. The rotor is modeled as an actuator disk
that imparts a radial and azimuthal distribution of pressure rise and swirl to the flowfield. The chimera approach
of grid point blanking is used to update the rotor boundary conditions. Results are presented for both a rotor
alone and for wing/rotor interaction where the thrust coefficient is 0.0164 and wing flap deflection is 67 deg.
Many of the complex flow features are captured, including the transition from chordwise to spanwise flow on
the wing upper surface, the fountain effect, the wing leading- and trailing-edge separation, and the large region
of separated flow beneath the wing. Wing surface pressures compare fairly well with experimental data although
the time-averaged download is somewhat higher than the measured value. Discrepancies with experimental
results are due to a combination of factors that are discussed.

Introduction

ILT rotor aircraft such as the XV-15 and the V-22 are

unique in that they combine the vertical takeoff and
landing capability of the helicopter with the efficient high-
speed cruise performance of fixed-wing turboprop aircraft. A
major limitation of the design, however, is the download in
hover that is produced by the rotor wake impinging on the
fixed wing. This download, which is approximately 10% of
the total rotor thrust, reduces payload carrying capability by
as much as 40%.! It was the objective of this work to exploit
current computational fluid dynamic techniques in order to
obtain a better understanding of the complex tilt rotor flow-
field in hover. Additionally, it was desired to develop a foun-
dation from which such download reduction mechanisms as
flap deflection and wing leading-edge tangential blowing could
be studied.

The tilt rotor flowfield has been observed experimentally to
possess many interesting features.? Because the rotor is only
about one wing chord above the wing, the flowfields induced
by the wing and the rotor are closely coupled. There exists a
large region of nearly stagnated flow on the wing upper sur-
face and a large region of unsteady, turbulent, separated flow
beneath the wing. As can be seen in Fig. 1, taken from Ref. 3,
the inboard-moving spanwise flow on the upper surface from
both wing halves meets at the vehicle centerline and is re-
directed upward, creating a recirculation pattern referred to as
the fountain effect. The rotor flow itself is very complicated.
The rotor imparts not only a vertical downwash to the flow-
field, but also, due to the rotational motion of the rotor, a
velocity tangential to the circumferential direction called the
swirl velocity. Regions of concentrated vorticity (tip vortices)
which trail from the blade tips, propagate in a helical motion
in the rotor wake, interacting with the following blades and
also with the wing.
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Accurate, simultaneous, numerical prediction of all of these
flow features still lies beyond the state of the art. To render the
problem tractable, simplifications were made. Only the wing
and rotor were modeled. Since accurate modeling of the flow
about the individual rotor blades is a complex task and a
tremendous computational drain (see, e.g., Ref. 4), the rotor
in this study was modeled as an actuator disk where the blade
loads are averaged over elemental areas of the rotor disk.
Because of the considerable extent of separated flow beneath
the wing, viscous effects are significant and the Navier-Stokes
equations are used to describe the flowfield. The form of these
equations and the method of solution employed in this study
are discussed briefly in the next sections.

Previous theoretical studies of airfoil and wing download in
hover have either solved simpler fluid dynamic equations or
restricted the analysis to two dimensions. Clark and McVeigh?
and Clark® applied a low-order panel method to this problem.
Many of the overall flow features were predicted. Because of
the nature of the equations solved (Laplace’s equation), how-
ever, their results must be viewed with some caution, as sepa-
rated flows cannot be accurately predicted with this formula-
tion without a priori knowledge of separation locations and
total or dynamic pressures in the wake region. References 7
and 8 describe discrete-vortex seeding methods used to calcu-
late the unsteady, two-dimensional flow around an airfoil at
an angle of incidence of — 90 deg by solving the vorticity
transport equation. The upper surface pressures were com-
puted fairly well but the lower surface base pressures did not
compare favorably with experimental results. Raghavan et al.’
performed two-dimensional Navier-Stokes computations on
the XV-15 airfoil at — 90 deg angle of incidence in a low Mach
number and low Reynolds number freestream flow. The mean
value of the computed cyclic download did not correspond
well with experimental measurements. This was again due to
difficulty in predicting the base pressure. It is anticipated that,
in three dimensions, due to a less-constrained flowfield than in
two dimensions, the vortex shedding and turbulence in the
wing wake will be reduced in strength, and a more accurate
prediction of the base pressures may be possible.

Governing Fluid Dynamic Equations
The partial differential equations used here to describe the
tilt rotor flowfield are the thin-layer Navier-Stokes equations.
Transformed into a generalized, body-fitted, curvilinear coor-
dinate system (&, 4, ¢, 7), and nondimensionalized with respect



2596 FEJTEK AND ROBERTS: INTERACTION OF A TILT ROTOR IN HOVER

Fig.1 Sketch of the V-22 in hover, showing the main flow features
(taken from Ref. 3).

to freestream ambient flow values, these equations can be

written in conservation-law form!? as
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The Cartesian velocity components #, v, w are nondimen-
sionalized with respect to the freestream speed of sound a..,
density p is normalized by p., and the pressure p and total
energy e by p.a2. The contravariant velocity components U,
V, W, the Jacobian J, and the metrics £, 9,, {;, etc., all result
from the coordinate transformation. The quantities 7y, 7xy,
etc., are the components of the shear stress, and 8, 8y, B, are
functions of the shear stress and internal energy. The Rey-
nolds number Re is based on the freestream sound speed a..
and the wing chord c¢. The system of equations is closed by
relating the pressure to the conservative flow variables
through the equation of state for a perfect gas:

P =(y— Dle — p/2(u* + v + w?)] @

where v is the ratio of specific heats. The dynamic viscosity u
is composed of two parts—a laminar viscosity contribution
estimated by Sutherland’s law, and a turbulent viscosity evalu-
ated here using the Baldwin-Lomax algebraic eddy-viscosity
model.

Numerical Algorithm

The numerical algorithm used in this work to solve the
three-dimensional compressible thin-layer Navier-Stokes
equations discussed earlier is an implicit, time-accurate
scheme referred to as lower upper-alternating direction im-
plicit (LU-ADI) factorization and developed by Fujii and
Obayashi.!!»12 The algorithm has been extended in this work in
a manner similar to the solution blanking of the chimera
technique adopted in Ref. 13. This allows desired regions of

the computational domain to be excluded from the implicit
solution. Values of the solution vector at these blanked loca-
tions are then updated explicitly using values obtained from an
independent analysis. This is a very convenient and effective
means of modeling the rotor, as is discussed in greater detail
later. The numerical algorithm is briefly outlined in the fol-
lowing.

The Beam-Warming method of approximate factorization
is applied to Eq. (1):

U + iyhd; A" — iy D; | )] + iyhd,B" — iy D;1,]
X [I + iyh8.C" — iyhRe ~16;J ~'M"J — i, D; 1 JAQ"
= —i,h[8,E" + 8, F" + 8,G" — Re '8, G']
—iy[D, ¢ + D, 1, + D, 110" 3

where I is the identity matrix, # the time step, and # the
previous time level. D; and D, are, respectively, the implicit
and explicit artificial dissipation terms required for numerical
stability. Also, & is a second-order central difference operator.
The algorithm is first-order accurate in time and second-order
accurate in space. The flux Jacobian matrices A, B, C, and M
arise from the local linearization of the flux vectors about the
solution vector at the previous time level. The equations are
solved in delta form where AQ” = AQ"*! — Q". The integer i,
is assigned a value of zero or one at every grid point. If i, =0,
then AQ" at this grid location becomes zero and the solution
at this point is updated explicitly; if i, = 1, the location is
not blanked and the implicit treatment of the solution remains
unchanged.

Each ADI operator forms a block tridiagonal matrix. Ap-
plying a matrix diagonalization introduced by Pulliam and
Chaussee,!* the matrix in each of the three directions can be
reduced to a scalar tridiagonal, thereby considerably enhanc-
ing computational efficiency. For example, in the £ direction,
the operator becomes

U +iphd, A" — iy D; 1] = Tell +iph&eAg — ipd ~'e:82J1T; " (4)

where second-order implicit smoothing has been prescribed.
Because of the hyperbolic nature of the flux Jacobian ma-
trices, A, for example, can be diagonalized by a similarity
transformation, i.e., Ay = T; AT, E", where T; is the transfor-
mation matrix and A, is a diagonal matrix containing the
eigenvalues of A. The implicit smoothing factor ¢; is a product
of a user-specified constant, the time step, and the spectral
radius of A,4.

The central differencing is decomposed into two one-sided
differences using the flux vector splitting technique of Steger
and Warming.!’ The ¢-direction operator becomes

= T5[1+ibA$A,j1. +ibVEA‘Z]TEAI (5)
where

AE =h/2(Ay = 1AL 1) = T e

and V; and A; are backward and forward differences, respec-
tively. The inverse of the Jacobian, J~!, is evaluated at the
center point j.

Employing first-order-accurate differencing, and rearranging:

= Tgl: —ip AL T+ (A~ A7) + ibA;jH] 7' (6)
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By applying diagonally dominant factorization,'®

Ly +Dyg+Us=La+D)D7 (Da + U +OME) (D
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The second-order error is consistent with the previous approx-
imations.
Finally, the &-direction ADI operator becomes

Ty [Ly + D4) [D7' (D4 + UDIT;!

lower bidiagonal upper bidiagonal

= Tg[[ + lb(VgA; - A;J)][I + iph |AA ']_l
X[I +ip(AeAy + A;j)] T{l ®)

A similar procedure is followed for the # and { directions.
The matrix inversion for each direction has been reduced to a
product of a lower and an upper scalar bidiagonal matrix. It
is implemented by performing a forward sweep followed by a
backward sweep. The procedure is modified in the { direction
because the flux Jacobian matrices C and M are not simulta-
neously diagonalizable.!® The implicit viscous terms in the
{-direction ADI operator are neglected, and the split diagonal
matrices AZ are modified slightly to ensure numerical stabil-
ity.!? Neglecting the matrix M does not affect the converged
steady-state solution (AQ”—0) because the right-hand side
of Eq. (3) remains unchanged. Obayashi and Guruswamy!’
used the LU-ADI solution algorithm similar to that described
here to validate the method for viscous flows, which are also
unsteady.

The numerical computation of the flux derivatives and
transformation metrics using central differences for three-di-
mensional problems introduces small errors due to violation
of flow conservation. Typically, freestream values of the
fluxes are subtracted from the governing equations to achieve
perfect freestream capture.!® In the present hover computa-
tion, however, where the flow at the far-field boundary is
nonuniform and near zero, an approach suggested by
Vinokur!® and implemented for plume flows with nonuniform
freestream by Obayashi'® is more appropriate. By computing
the metrics and Jacobian at each point by using a finite vol-
ume approach over a distance of two grid cell widths in each
direction, and by evaluating the flux derivatives using second-
order-accurate central differencing, freestream preservation is
ensured.

An artificial dissipation model®® based on a nonlinear com-
bination of fourth-order and second-order smoothing to re-
duce oscillations near flow discontinuities without introducing
excessive diffusion is used for the right-hand side of Eq. (3).

Grid Generation

The three-dimensional grid used for the computations dis-
cussed here was generated by stacking vertical, parallel, two-
dimensional grids at spanwise locations along the wing and
beyond the wingtip. A Poisson equation solver?! was used to
create the smoothed two-dimensional grids and to cluster the
points near the airfoil and the rotor. O-grids were selected as

Fig. 2 Cross-sectional cut through mesh showing the concentration
of grid points around wing and rotor.

Fig.3 Cutaway view of mesh showing wing and rotor locations.

they offered the most desirable grid point distribution for this
type of flowfield where large flow gradients occur around
both the leading and the trailing edge.

Figure 2 is a view of one of the typical two-dimensional
grids used to make up the complete three-dimensional grid.
Although only one zone, the smoothing was actually carried
out independently on two separate meshes to obtain the de-
sired grid spacing in the location of the rotor: 1) an inner grid
whose inner boundary was the airfoil surface and whose outer
boundary was the circumferential grid line containing the
flattened upper portion used to define the rotor location, and
2) an outer grid enveloping the first grid and extending to a
circular outer boundary 15 wing chords from the airfoil.

The V-22 wing is of constant cross section with a squared
wingtip. To minimize discontinuities in the three-dimensional
grid, the wing cross section was gradually reduced to a point
on the outer 3% of the wing semispan, using five parallel
two-dimensional grid planes. The grid, outboard of the
wingtip, collapses to a singular line. This and other features of
the grid can be better appreciated in Fig. 3, a perspective
cutaway view of portions of the three-dimensional grid. The
vertical grid plane in the foreground is the plane of symmetry.
The outer edge of the rotor disk is superimposed on the grid to
help visualize the position of the rotor with respect to the
wing. The grid size is 73 X 47 x 70. There are 73 points that
define the airfoil cross section in the ¢ direction. Forty-seven
two-dimensional grid planes are stacked in the spanwise 7
direction, 23 of which are on the wing. The { index extends
normal from the wing surface through the plane of the rotor,
where it has a value of 46, to the outer boundary, where it
reaches a value of 70.

Boundary Conditions

In the current implementation of the solution algorithm, all
boundary conditions are applied explicitly. Because of the
symmetry of the flowfield in hover about the configuration
centerline, only one-half of the tilt rotor was modeled. A plane
of symmetry was specified by simply mirroring the interior
flow solution about the wing root grid plane. No-slip
boundary conditions were specified for the wing surface. Pres-
sure at the surface was extrapolated from values in the flow
interior by assuming zero normal pressure gradient. Also,
because of the adiabatic conditions, density at the wall was
obtained using zero-order extrapolation. The total energy was
then calculated from Eq. (2). Beyond the wingtip, the values
of O on the singular line were determined by averaging the
flow properties computed at the grid locations adjacent to and
surrounding the singular line. The periodic boundary of the
O-grid was updated at each spanwise grid location by averag-
ing the flowfield solution at the grid points on both sides of
the periodic boundary.

Typically for nonzero freestream flows, the outer boundary
of the computational domain is divided into inflow and out-
flow regions as determined by a characteristics-type approach
for evaluating consistent boundary conditions. In this hover
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Fig. 4 Top view of grid points in rotor plane superimposed with the
outline of the subdivided actuator disk.

case, however, where the flowfield is being driven solely by the
rotor situated near the center of the computational domain,
the entire outer boundary was treated as an outflow boundary.
The only constraint imposed on the outer flowfield, then, was
the static pressure, which was set to its freestream ambient
value. All other flow properties at the outer boundary were
obtained by zero-order extrapolation.

Rotor Model

The rotor is assumed to be an actuator disk—the blade
loads are time and space averaged over elemental areas that
comprise the entire rotor disk. Classic momentum theory/
blade element analyses applied to actuator disk models of
propellers and rotors (see, e.g., Glauert? or Prouty??) assume
that there is no slip-stream contraction and that the flow
through the rotor disk has no radial component. They gener-
ally allow only radial variations of torque and thrust. The
momentum theory/blade element analysis presented here, on
the other hand, allows the computation of slip-stream contrac-
tion. A radial component of flow is permitted, although, for
the purpose of evaluating the aerodynamic forces on the rotor
blades, only the axial and tangential flow components are
taken into account. Also, the method discussed in the follow-
ing computes both azimuthal and radial variations of torque
and thrust.

Figure 4 is a view of those points of the computational grid
that lie in the plane of the rotor. Superimposed on the figure
is an outline of the wing and also the rotor disk, which has
been subdivided uniformly into 10 radial and 18 azimuthal
segments. At each time step of the solution procedure, at each
elemental area on the rotor disk, an average of each of the
flow properties is determined from the most recently com-
puted Navier-Stokes solution at all points within the elemental
area. Momentum theory/blade element analysis is then ap-
plied, which yields updated flow properties that are then spec-
ified at all points within the given area, for the next pass
through the Navier-Stokes solver. This approach allows the
incorporation of the effects of blade geometry, airfoil aerody-
namic characteristics, blade twist and pitch (collective) angles,
and rotor rotational speed, as described in the following. In
this way, the influence of the rotor can be described by distri-
butions of local pressure rise through the rotor and local swirl
velocity. This approach has similarities with the method de-
scribed in Ref. 24, where two-dimensional blade section char-
acteristics are employed in the rotor model. In Ref. 24, how-
ever, source terms are added to the incompressible
Navier-Stokes equations to compute the three-dimensional,
time-averaged, rotor flow in forward flight.

Relative flow angles and resultant aerodynamic forces act-
ing on an elemental area of the rotor disk are shown in Fig. 5.

The analysis has been generalized here to include ascending
and descending flight. The swirl velocity above the rotor disk
is zero, and immediately downstream it jumps to V,. There-
fore, in the rotor plane, the swirl is assumed to be V,/2. Each
elemental area dA4 sweeps through an angle dy and possesses
aradial width dr (i.e., dA = r dy dr). The elemental thrust d7°
acting on dA is equal to the total load generated by all three
blades on an annulus of the rotor disk (situated a distance r
from the axis of rotation), multiplied by the factor dy/2=,
which represents the average time spent over each elemental
area. This yields

dT =B g [L cos(¢ + a;) — D sin(¢ + ;)] )

where B is the number of blades, and L and D are, respec-
tively, the aerodynamic lift and drag forces produced by a
rotor blade segment of width dr. Referring to Fig. 5, the angle
¢ is zero in hover, and the angle «; is the induced angle of
incidence. In terms of the aerodynamic force coefficients,
L = YpVZE.Cic dr and D = YopV2%Cyc dr, where Vi is the
effective local velocity and c is the local blade chord. Both «;
and V4 are in the plane normal to the radius and are deter-
mined from the most current Navier-Stokes solution. C; and
C, are two-dimensional aerodynamic coefficients of lift and
drag, respectively. In the current implementation, they are
determined from a look-up table comprised of actual wind-
tunnel test results for the airfoil sections that define the V-22
rotor blade. C; and C, are functions of the local angle of
incidence « and the local Mach number. The pressure rise
through the rotor at each elemental area is then given by
Ap =dT/dA.

Note that from Fig. 5, a =8 + 6 — (¢ + «;), where 8 is the
local blade twist relative to that at the 75% span location, and
8 is the blade pitch angle setting. A simple iterative root finding
scheme is employed at each time step of the Navier-Stokes
solution to determine 8 for a desired thrust coefficient Cr.

The local tangential (or swirl) velocity V; is determined in a
similar fashion. The elemental torque dQ, referring to Fig. 5, is

dQ =B -gi: [L sin(¢ + ;) + D cos(¢ + a)lr (10)

Another expression for dQ can be derived by considering the
conservation of angular momentum. The torque produced by
an elemental area of the rotor disk on the fluid is equal to the
rate of change of angular momentum (the mass flow multi-
plied by the net circumferential change in velocity multiplied
by the moment arm r):

dQ = Lp(r dy dr)(V, + @

mass flow

Vi r )

velocity change

where V, is the component of the local induced velocity nor-
mal to the rotor disk and, for hover, ¥V, =0. Given dQ
computed from Eq. (10), V; can be obtained from Eq. (11).
Now that the pressure rise Ap and swirl velocity ¥, have
been computed, they are applied as interior boundary condi-
tions, as described later. It is noted that, to avoid problems

Voo + Ve

direction of
rotating blade

Fig. 5 Relative velocities and forces at an elemental area of the rotor
disk.
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associated with starting transients, the solution procedure is
initiated by assuming that the rotor is uniformly loaded and
the swirl is zero, i.e., Ap = T/A and V, = 0 for all elemental
areas of the actuator disk. When the computed rotor down-
wash is well developed, the nonuniform rotor loading model is
applied, and Ap and V, are determined as described earlier.

Because rotor thrust is a function not of absolute static
pressures, but of the change in pressure through the rotor
disk, two adjacent horizontal layers of grid points are used to
specify the desired flow conditions. As previously mentioned,
a chimera-like approach is taken where the two layers of rotor
grid points, i.e., those points closest to the plane of the rotor
and that lie within the rotor radius, are blanked out of the
implicit solution process (i.e., i is set to zero), and their flow
values updated explicitly. The lower and upper layers of rotor
grid points (separated by a vertical distance of 1% wing chord)
are referred to in the following discussion as L and L + 1,
respectively.

An approach similar to that used in Ref. 25 is adopted here
to define a consistent set of boundary conditions for the rotor.
Consideration of the characteristic velocities of the flowfield
indicates that, for a subsonic inflow boundary, four flow
properties must be specified and one can be extrapolated from
the interior solution domain. The rotor grid points of layer L
are considered to be an inflow boundary. The x component of
velocity is a combination of the u velocity at L + 1 plus the
component of swirl in the x direction. Similarly, the y compo-
nent of velocity is a combination of the v velocity at L + 1 plus
the component of swirl in the y direction. They are given in the
following, assuming a counterclockwise rotation of the rotor
as seen from above (as for the V-22):

uly=uly, = V,siny
(12)
v|L=v|L+1+V,COS¢

The angle ¢ is the angular location of a given rotor grid point
with respect to a horizontal line extending aft from the rotor
axis of rotation (see Fig. 4). The pressure is defined to be
ply=pl; .1+ Ap. Because of the relatively light loading of
the rotor in hover, the induced flow is of a low subsonic Mach
number—i.e., the flow is near incompressible. In the absence
of experimental data giving the total pressure or total temper-
ature rise through the rotor, the density p is assumed, with
negligible error, to be freestream ambient. The mass flow
normal to the rotor disk pw | is updated by applying zero-or-
der extrapolation using the solution at L — 1.

The row L + 1 of rotor grid points is considered to be an
outflow boundary where four flow properties are extrapolated
and one is fixed. The density p, the mass fluxes pu and pv, and
the total energy e are updated using zero-order extrapolation
from the solution at L + 2. Mass continuity through the rotor
disk is ensured by setting pw l; . ;= pw ..

Discussion of Results

Rotor Alone

Before considering wing/rotor interaction, the ability of the
method to predict the flowfield of a rotor alone was examined.
A Cartesian grid was created whose outer boundaries extend
five rotor radii from the rotor axis of rotation in the horizon-
tal and vertical directions. The grid has dimensions of
47 x 47 x 47 with most of the grid points clustered in the
region of the rotor disk. On each of the two principal axes on
the rotor disk are defined 26 points along the rotor diameter.
The grid spacing is stretched vertically from a minimum of
0.01R at the plane of the rotor to 0.4R at the top and bottom
boundaries (R is the rotor radius). Although a cylindrical grid
would be more appropriate for the axisymmetric rotor alone
flowfield, a Cartesian grid is used here because it is more
representative of the grid point distribution used to resolve the
rotor flow in the wing/rotor computations discussed later.

Figures 6-8 show various features of the computed flow-
field for the V-22 rotor operating at a thrust coefficient of
0.0164 with a tip Mach number of 0.72 (these values are
typical for a tilt rotor in hover). Figure 6 shows the projection
of the velocity vectors onto a vertical plane through the rotor
centerline. The cross section of the rotor disk, whose dimen-
sions have been normalized with respect to rotor radius, has
been superimposed on the plot. Note the changing flow angles
as the rotor disk is approached from above. Grid points were
concentrated near the rotor tip to help resolve the edge of the
rotor wake. Beneath the rotor, however, the flow velocity
drops rather gradually to the quiescent conditions outside the
rotor wake. This diffusion of the flowfield is due to a combi-
nation of numerical and artificial dissipation. A finer mesh
would be required to better resolve the shear layer formed
between the inner and outer flowfields.

Figure 7 shows the Mach contours in a vertical plane
through the rotor centerline. Note the flow acceleration from
a quiescent state above the rotor to a maximum velocity below
the rotor. The maximum induced velocity closely approxi-
mates that calculated using simple momentum theory assum-
ing an effective uniform pressure rise. The flowfield is driven
solely by the pressure rise at the rotor disk. Far above the
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Fig. 8 Two views of particle traces in rotor wake showing the effect
of swirl.
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Fig. 9 Comparison of calculated and measured induced velocities
about one wing chord below the rotor disk.

rotor, the pressure is freestream ambient, and below the rotor
as the wake reaches its maximum speed, freestream ambient
pressure is again approached. The presence and influence of
the nacelle and rotor hub have been neglected in these compu-
tations. The current rotor model assumes that, in the region of
the hub, the blade chord c and twist 8 are linear extrapolations
of their actual values at the edge of the hub at r/R =~ 0.09,
inboard to the rotor centerline at r/R = 0.

Particles were seeded into the flowfield at every grid point
on the rotor centerline immediately above the rotor. Figure 8
shows two views of the particle traces clearly demonstrating
the effect on the flowfield of the swirl imparted at the rotor
disk. The wake contraction is clearly evidenced. The traces
terminate as the flow exits the lower computational boundary.

The comparisons discussed in the following are made with
experimental results obtained from a test of an isolated 0.658-
scale V-22 rotor in hover mode, at the Outdoor Aerodynamic
Research Facility (OARF) of NASA Ames Research Center,
and reported in Refs. 2 and 26. Figure 9 is a plot of the
induced velocity as a function of radial location. The induced
velocities are those in a horizontal plane below the rotor at a
vertical location that corresponds to the position of the wing
of the V-22 tilt rotor configuration. The velocities are normal-
ized by V,,, the ideal induced velocity at the rotor disk in
hover, where ¥V, = R~V C7/2 and wR is the rotor tip speed.
The results for two different thrust coefficients are presented.
Experimental tests® have shown that the radial distribution of
induced velocity is sensitive to the thrust coefficient. For the
twist distribution of the V-22 rotor blades, as Cr and the
corresponding blade pitch angle increase, the local aerody-
namic blade loading becomes greater in the outboard region of
the rotor, thereby inducing greater velocities in the outer por-
tion of the rotor slip stream. At low thrust coefficients, the
inboard region is more highly loaded. As can be seen from
Fig. 9, these trends with Cy are predicted numerically, al-
though the absolute velocities differ somewhat from the exper-
imental measurements. The computed velocities extend to the

rotor centerline because, as previously mentioned, the nacelle
has not been modeled. The Cartesian mesh, used to resolve the
cylindrical rotor flow, contributes to the numerical diffusion
of the slip-stream shear layer, preventing a more accurate
prediction of induced velocities.

Figure 10 shows a comparison of rotor figure of merlt
between computational and experimental results. Figure of
merit is a measure of hovering efficiency defined as the ratio
of the minimum possible power required to hover (induced
power) to the actual power required to hover (induced plus
profile power). The experimental values of figure of merit are
predicted reasonably well by the numerical computation over
a range of rotor thrust coefficients.

The precedmg results show that, despite the 51mp11flcat10ns
inherent in the rotor model and the less than optimum grid
resolution, the current actuator disk model of the rotor simu-
lates the expected overall flowfield behavior fairly well.

Wing/Rotor Interaction

The results discussed in this section are from computations
of wing/rotor interaction in hover. The geometry of the V-22
wing/rotor configuration is used as a basis for the numerical
model. There are, however, notable differences. To simplify
the grid generation, the fuselage, tail, nacelle, and rotor hub
are not modeled. The 6 degrees of forward sweep of the V-22
wing is also' not modeled. The wing and rotor are assumed
to be coplanar when they are actually angled 6 degrees with
respect to each other. The nacelle is not modeled, and the
rotor axis of rotation is placed at the wing tip (55%c aft of the
leading edge)—not displaced outboard a distance equal to the
nacelle half-width as in the actual configuration. This is in
anticipation of future comparison of results with those ob-
tained from NASA Ames tests of a simplified 0.16-scale wing/
rotor configuration (which has no nacelle). The rotor radius of
the numerical model is therefore reduced by the nacelle half-
width to keep the extent of the rotor disk which lies above the
wing essentially the same for both the actual and the compu-
tational configurations. Normalized by the wing chord, the
effective rotor radius is 1.98, the effective wing semispan is
2.45, and the rotor height above the wing is 1.10 (an average
of the varying height of the V-22 rotor disk above the wing).
The wing is of constant chord with an airfoil section having
a thickness/chord ratio of 0.23. To allow comparison with
available experimental results, a flap deflection of 67 deg was
selected. The grid, described previously, has over 240,000 points.

The results discussed here are for a case where the rotor
thrust coefficient is 0.0164 and the rotor tip Mach number is
0.72. The Reynolds number based on wing chord ¢ and the
ideal induced velocity in the rotor plane V, is 2.6 x 10°.

Figure 11 is a perspective view of the computed velocity
vectors on the near-vertical computational grid plane that runs
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Fig. 10 Comparison of calculated and measured values of figure of
merit for a range of thrust coefficients for the isolated rotor.
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through the wing midchord line. The viewpoint is outboard of
the wingtip and ahead of and above the wing. Flow accelera-
tion through the rotor disk is clearly evidenced as is the flow
stagnation on the wing upper surface. Close examination of
the region below the wingtip shows the existence of a standing
vortex. A recirculating-flow pattern is also visible above the
wing adjacent to the plane of symmetry. This fountain flow is
more clearly seen in Fig. 12, which shows the instantaneous
particle traces in a vertical plane in the wing root region,
Limited experimental flow visualization obtained in a 0.658-
scale V-22 wing and rotor test at the NASA Ames OARF?
indicates that the recirculation pattern has a larger radius. The
vertical component of velocity was observed to be positive
(upward) as far as two chords above the wing, as compared to
about one chord in the present computation. The difference
can at least partially be explained by the presence of the large
wing/fuselage fairing in the experimental model, which tends
to increase the portion of the flow that is redirected upward.

Figure 13 is a perspective view of the computed oil flow
pattern on the wing upper surface, as seen looking toward the
flap from beyond the wingtip. The flow is primarily chordwise
in the outer region of the wing and becomes more spanwise
inboard. At the wing centerline, the flow is redirected fore and
aft as indicated by the oil traces and also vertically upward to
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Fig. 11 Perspective view of the velocity vectors for wing/rotor inter-
action in a vertical plane running spanwise through the wing mid-
chord.
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Fig. 12 View of instantaneous particle traces in a vertical plane
through the wing midcherd showing the computed fountain effect.
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Fig. 13 Perspective view of oil flow on wing upper surface showing
partial-span separation on the deflected flap.
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Fig. 14 Instantaneous velocity vectors at 2y/b = 0.53.

form the fountain flow. Flow visualization from the OARF
test?® indicates that the two-dimensional behavior extends to
the wingtip, whereas the computation yields considerable
spanwise flow over the tip. This discrepancy may be due, at
least in part, to the flow straightening effects of the nacelle
and large, flat model support structure used in the test. In the
three-quarter semispan region, where the flow is primarily
chordwise, the flow separates on the flap due to the adverse
pressure gradient, and a region of flow reversal can be seen on
the upper surface of the flap in Fig. 13.

Figure 14 is a typical view of the projection of velocity
vectors onto a vertical, chordwise plane at a mid-semispan
location—here corresponding to 2y /b = 0.53 (b/2 is the wing
semispan). Note the leading-edge-to-trailing-edge bias to the
flowfield due to rotor swirl. The location of the stagnation
region is well forward of the midchord region—in the absence
of swirl, computations have shown the rotor flowfield is near
symmetric about a vertical line through the midchord loca-
tion. The vortices shed from the leading and the trailing edge
are clearly visible in the wake region beneath the wing. Figure
15 is a magnified view of the velocity vectors at the wing
leading edge at this spanwise station, clearly showing the flow
separation.

Figure 16 is a comparison of computed and measured wing
surface pressures at three different spanwise locations: 2y/
b = 0.145, 0.705, and 0.891. The edge of the rotor disk passes
over the wing at 2y/b = 0.20, and so 2y /b = 0.145 is outside
of the rotor wake and in the region of the recirculating foun-
tain. The pressures are relative to freestream ambient and are
normalized by rotor thrust loading 7/A4. Also, x/c is the
distance from the leading edge, normalized by the undeflected
flap wing chord. Because of the unsteadiness in the wake that
causes small amplitude periodic fluctuations in download, the
pressures have been time averaged over one period of oscilla-
tion of the download/thrust ratio DL/T. The experimental
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SEPARATION

Fig. 15 Magnified view of instantaneous velocity vectors around the
leading edge at 2y/b = 0.53.
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Fig. 16 Time-averaged wing surface pressures at a) 2y/b = 0.145,
b) 2y/b = 0.705, and c) 2y/b = 0.891.
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Fig. 17 Comparison between computed and measured values of nor-
malized time-averaged download/thrust per unit span.

results are taken from a 0.658-scale V-22 wing/rotor test at the
NASA Ames 40- x 80-ft wind tunnel.”” The upper surface
pressures are fairly well predicted except in the outboard re-
gion of the wing where the computation shows significant
spanwise flow toward the tip. This accounts for the reduced
pressure on the upper surface at 2y/b = 0.891 compared to
experiment. The base pressure at 2y/b = 0.705 agrees very
well with the experimental measurements. At 2y/b = 0.145,
however, the computed base pressure is higher than measured
experimentally. This is consistent with the computed weaker
fountain flow, which encourages later flow separation on the
wing leading edge. At 2y /b = 0.891, the computed base pres-
sure is lower than the corresponding measured values due to a
larger extent of three-dimensional flow predicted for the lower
surface near the wingtip.

Figure 17 compares the computed and measured?’ time-av-
eraged download/thrust per unit span normalized by the total
time-averaged download/thrust. This figure shows the span-
wise variation of the effect of the rotor flowfield on the wing.
The computed distribution generally follows the shape of the
experimental distribution. As mentioned previously, the edge
of the computed rotor wake is diffused, and this contributes to
the more gradual download gradient spanwise in the region
0.2<2y/b <0.5. Greater grid point density, particularly in the
region of the edge of the rotor slip stream, is required to
compute the spanwise download distribution more accurately.
The local increase in download/thrust near the wing center-
line, produced by the change in momentum due to the flow
turning away from the surface in the recirculation fountain, is
predicted by the computation. There is insufficient experimen-
tal data to observe this effect.

The computed total download/thrust (DL /T) is higher than
measured. At a flap setting of 67 deg, a DL /T of 0.091 was
measured in the test reported in Ref. 26. This compares to
0.113 obtained computationally. This discrepancy can be at-
tributed to several factors. The actual rotor plane and wing are
not coplanar, as mentioned earlier. This is expected to con-
tribute to the lower measured download, relative to the com-
puted value. Grid refinement studies are required to determine
the solution sensitivity to the number and distribution of grid
points. The size of the grid used in this study was determined
by the eight megaword limit on computer memory per user
on the NASA Ames Cray Y-MP computer at the time these
computations were performed. The Baldwin-Lomax turbu-
lence model employed in this study is not particularly suited to
this computation as it was developed for relatively benign
airfoil flows at low angle of incidence. Also, the thin-layer
Navier-Stokes equations do not fully represent the complex
separated flow in the region beneath the wing.
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Conclusions

Computations of wing/rotor interaction about a simplified
tilt rotor configuration in hover have been performed. The
unsteady, thin-layer Navier-Stokes equations are solved using
a time-accurate, implicit, finite difference solution algorithm.
The results obtained are very encouraging. The ability of the
actuator disk representation of the rotor to predict the mean
characteristics of the rotor flowfield has been demonstrated.
The major flow features of wing/rotor interaction for the tilt
rotor configuration are computed by the numerical method.
Differences between computed and experimental results can
be partly attributed to differences in geometry between the
actual and the numerical models. Further grid refinement is
required to better resolve the circumferential edge of the rotor
wake. Better comparisons with experiment could also be ob-
tained by modeling more fully the actual geometry including
the fuselage, nacelle, and rotor hub. Improved representation
of the separated flow region beneath the wing would require
solution of the full Navier-Stokes equations and development
of a more suitable turbulence model. Despite these limitations,
the method, in its current state of development, can provide a
useful tool for the study of the relative effects of flap deflec-
tion, direction of rotor rotation, circulation control by blow-
ing, etc., on wing download.
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