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Effect of External Components on V-22 Aircraft
Forward-Flight Aerodynamics

Tsze C. Tai ¤

U.S. Naval Surface Warfare Center, West Bethesda, Maryland 20817

The effects of protuberances, forward-looking infrared, AAR47 sensor fairing, and refueling boom on V-22
forward � ight aerodynamics using computational � uid dynamics are investigated. The multizone Navier–Stokes
method is applied to the � ow over a complete V-22 wing–fuselage–nacelle con� guration, with and without external
components. The angle of attack varies from 0 to 16 deg in forward � ight. A slight increase in drag is found at
0-deg angle of attack for an aircraft con� gured with the external units; this effect decreases as the angle of attack
increases from zero to moderate values. However, at high angles of attack, the added � ow disturbances due to
attachments seems to worsen tail buffeting and lift-to-drag ratio. The numerical results are in general agreement
with recent � ight test data.

Introduction

T HE aerodynamics of the V-22 aircraft were primarily de-
termined through experiments during the early stages of

development.1 ¡ 3 Because of its vertical takeoff requirement, the
aircraft was designed from the inside out and, thus, had design
restrictions that adversely affect its aerodynamic performance. A
comprehensive review on the V-22 Osprey aerodynamic develop-
ment during the past 15 years is given by McVeigh et al.4 Recently,
the use of computational � uid dynamics (CFD) has been explored
by the present author to analyze the complex aerodynamics of the
V-22 aircraft.The overall � ow� eld about the aircraft in eitherhover5

or forward-� ight mode6 ¡ 8 has been simulated and analyzed us-
ing a multizone, thin-layer, Navier–Stokes solution. The aircraft
aerodynamics in hover-to-transition � ight mode was explored by
Meakin.9

Attentionis directedtoward the forward-� ightmode in thepresent
work. Previous analyses6 ¡ 8 were based on a clean aircraft con� g-
uration. In reality, however, there are various external geometric
components or fairings of electronic devices mounted on the fuse-
lage andwing surfaces,as well as some isolatedunits for thepurpose
of military operation. These protuberancesdirectly affect the aero-
dynamic performanceand control of the aircraft.The applicationof
CFD serves as an effectivemeans to evaluate these effects,whereas
on the other hand, the use of wind-tunnel tests or free-� ight tests
might be inconvenient and costly.

In the present paper, the aerodynamic effects of an external
forward-looking infrared (FLIR) sensor, an AAR47 sensor fairing,
and the refueling boom on the V-22 aircraft in forward � ight are
evaluated.The work is an extensionof existingV-22 CFD modeling
developedby the present author during the past � ve years.6 ¡ 8 As in
the previous work, the steady-state Navier–Stokes solution is car-
ried out in a structuredgrid with the externalgeometric components
incorporated.Unlike the overset Chimera scheme,10 the incorpora-
tion of the external geometries is performed seamlessly so that grid
overlappingand solution interpolation, the two main disadvantages
of the Chimera scheme, are avoided completely. The current V-22
aircraft con� guration during the engineering manufacturing devel-
opment phase also include two vortex-generatingstrakes placed on
the forebody ahead of the wing and two wing fences just inboardof
the nacelles.4 The effects of strakes and wing fences are not consid-
ered in the present work.
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Simulation Method
The simulation method has been described in an early paper.6 A

brief overview of the method is given here.

Grid Generation

A structured,curvilinear,body-conforminggrid is employed.The
surface grid is constructed from the manufacturer’s blueprint with
re� nement based on data provided by Boeing Defense and Space
Group. Figure 1 shows the surface grid for the clean con� guration.
Although shown in Fig. 1, the tail sections are excluded for simpli-
� cation in the present work A cylindrical grid topology, which is
basically made up of an H–O mixed type with H type in the lon-
gitudinal plane and O type in the cross� ow plane, is adopted. By
assuming zero sideslip, the aircraft is symmetrical about the center-
plane and, therefore, only the right half of the aircraft needs to be
modeled. (This assumption is valid only in cases of the clean air-
craft con� guration and the con� guration with FLIR and AAR47.)
The samemultizone,basic grid systemdevelopedearlier6 is retained
in the present work. The basic volume grid for the clean con� gura-
tion, with the outer cylindrical surface set at 8.9 chord lengths from
the aircraft centerline,has a total of 179 £ 105 £ 57 points covering
the longitudinal, transverse, and radial directions, respectively.

The NASA Ames 3DGRAPE code11 is usedforbasicgridgenera-
tion, and the CNS/ZONER code12 is used for zoning and clustering.
The lattercodehas beenmodi� ed to clusterthe viscousregionwith a
varietyof splinecurvescomposedof differentspacingsand numbers
for the radial direction to be � tted.

Flow Solver and Turbulence Model

The NASA Langley Research Center thin-layer Navier–Stokes
code, namely, the CFL3D code13 with multizone capability, is used
as the basic � ow solver. Appropriate modi� cations to the code for
applying speci� c boundary conditions are implemented. The code
is based on a � nite volume algorithm with a spatially factored, di-
agonalized,implicit scheme. The upwind-biased-differencing tech-
nique is used for the inviscid terms and central differencing for all
viscous terms. The method is globally second-order accurate and
well suited for patched grids in a multizone domain.

The code is equipped with a variety of turbulence models in-
cluding the basic Baldwin–Lomax (B–L) algebraic model,14 the
Spalart–Allmarasone-equationmodel,15 andothers.The B–L model
is used widely throughout the CFD community. Although simple,
it is known to be the best model for � ow� eld dominated by vorti-
cal � ows. The model was further upgraded with the Degani–Schiff
modi� cation.16 To accommodatethe large three-dimensionaleffects
due to complexityof geometry, high angle of attack involved the B–

L model has been extended to three-dimensional� ows.8
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Fig. 1 Surface grid for the V-22 aircraft.

Multizone Technique and Boundary Conditions

The single basic grid described earlier is eventually divided into
multizones for � ow solving using the multizone technique. In the
literature, the terms multizone and multiblock are generally inter-
changeablebecause a particular block of the grid generated is used
also as a zone in the � ow solving. In the present paper, however, we
will distinguish the multizone from multiblockbecause they are not
the same. In the case of the wing–fuselage–nacelle con� guration,
we have divided the single basic grid into 21 zones for � ow solving,
whereas the grid was generated with 25 blocks.

The divisionof the overall mesh into multizonesdependsprimar-
ily on the convenience in applying the boundary conditions. With
the same number of radial mesh points for both viscousand inviscid
zones, such a division offers exact coincident boundaries between
the zones. The main advantageof the approach is that the conserva-
tion of the spatial � ux of mass, momentum, and energy between the
zones is automatically satis� ed. A total of 44 interface boundaries
are set among the 21 zones for � ow solving.

The boundary conditions for the Navier–Stokes � ow solver are,
within a particular zone, 1) freestream condition imposed at up-
stream (for the most forward zones only), 2) freestreampressure re-
covery in downstream(for the most rearwardzonesonly), 3) charac-
teristic form of the in� ow–out� ow conditionat the cylindricalouter
boundary, and 4) viscous nonslip � ow at all solid surfaces (wing,
fuselage, and nacelle). The inlet and outlet of the nacelle are closed
for simplicity, and the disk loadingand � ow swirling at the rotor are
neglected. The reason for neglecting the disk loading is that there
are only 5–6 ft/s velocitydifferentialsat the rotor disk that may have
little effect on the resulting � ow� eld.

External Components
The external componentsto be consideredhere include the FLIR,

the fairingof theelectronicsensor(AAR47), and the refuelingboom.
Theyare describedalongwith the resultinggrid changesdue to these
protuberances.

FLIR

The FLIR unit is a short, hemisphericalcylinder mounted upside
down directly beneath the aircraft nose. The cylinderhas a diameter
of about 10.5 in. and a mean height of 12.5 in. Figure 2 shows the
surface grid of the nose portion of the aircraft incorporated with
the FLIR unit. Grid resolution in the local area has been enhanced
in both longitudinaland circumferentialdirections to accommodate
for the increased complexity caused by addition of the unit.

The resulting volume grid has a total of 185 £ 110 £ 57 points
covering the longitudinal,circumferential,and radial directions, re-
spectively. Because the unit is mounted so that its centerline co-
incides with the aircraft centerplane, the symmetry assumption re-
mains valid and, therefore, only the right half of the aircraft needs
to be modeled.

Fig. 2 Surface grid of V-22 aircraft nose with FLIR unit.

Fig. 3 Surface grid of the V-22 aircraft nose with FLIR and AAR47
components.

Fig. 4 Surface grid of the V-22 aircraft nose with FLIR, AAR47, and
refueling boom.

AAR47 Sensor

The fairing of the AAR47 sensor is a raised convex surface ge-
ometry with a height of approximately 3.0 in. Shaped like the back
of a turtle, the unit is mounted on the side of the aircraft nose be-
low the front of the windshield panel, one on each side. Thus, the
assumption of symmetry still holds. The size of the volume grid
is increased to 203 £ 115 £ 57 when the AAR47 fairing is imple-
mented. Figure 3 shows the detail of the nose surface grid with the
FLIR and AAR47 components incorporated. (The geometry of the
AAR47 sensor fairing has beenmodi� ed by Boeing after the present
work. The new shape has an elongated rear portion that will be in-
corporated in the CFD model in the near future.) The components
are embedded seamlessly in the main surface with no increase in
complexity in � ow solving.

Refueling Boom

Unlike the FLIR and AAR47 units, the refuelingboomis installed
on the right side of the nose only. It is a 69-in.-long blunted ogive-
cylindrical tube having a diameter of 4.5 in. The boom is mounted
between the FLIR and AAR47 units (see Fig. 4). Because of the
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one-sided location of the boom, the assumption of symmetry is no
longer valid and, therefore, the whole aircraft must be modeled.
The size of the volume grid is increased to 215 £ 231 £ 57, which
is more than double the size of the earlier grid.Because of increased
complexity,the nose portionof the overallgrid is completelyrevised
to incorporate the boom. Again, the gridding is accomplished in
a seamless manner. The number of zones for the � ow solving is
increased from 21 to 45.

Results and Discussion
The steady-stateresults are obtained for the following four cases:

1) the cleancon� guration,2) the con� gurationwith the FLIR added,
3) the con� guration with both the FLIR and AAR47 fairing added,
and 4) the con� guration with the FLIR, AAR47, and the refueling
boom added. For the � rst three cases, the freestream Mach number
is set at 0.209 with the angle of attack varying at 0, 7, and 16 deg.
These conditions yield a Reynolds number of 12.4 £ 106 based on
the wing chord length of 8.33 ft, or 1.87 £ 106 for a 15% scale
model. The Mach 0.209 freestream speed was chosen to match the
� ow conditions used in wind-tunnel tests of a 15% scale model at
Boeing, although the free-� ight tests’ Mach numbers are generally
much higher.For case 4, the freestreamMach number is set at Mach
0.345 to match the � ight test condition at a freestream of 228 kn. In
all of these cases, the � ow Reynolds numbers fall well within the
fully turbulent� ow range,and so a fully turbulent� ow was assumed.

A converged steady-state solution requires 4500–5500 iterations
(time steps) that amount to approximately 10–12 h of Cray C-90
CPU time for the half-aircraftmodel. The CPU time becomes dou-
bledfor thewholeaircraftmodelwith the refuelingboomembedded.
All computations were performed on the Department of Defense
high-performancecomputing facilities at the Naval Oceanographic
Center and the Air Force Aeronautical Systems Center. Conver-
gence is reachedwhen both lift and drag coef� cients asymptotically
approachconstantvalues. This is usually the case when the Spalart–
Allmaras turbulence model is used. For most cases that were com-
putedbasedon the modi� ed B–L model, the results were considered
to be converged when the lift and drag coef� cients � uctuated only
within a narrow band. The � uctuation is believed to be caused by
shifting of vortex cores created by massive cross� ow (vortex-layer-
type) separation.

Effect of FLIR

For the case of Mach 0.209 at zero angle of attack, the overall
pressure distributions for both the clean con� guration and the con-
� guration with FLIR are almost identical except in the local area
where the FLIR is embedded. The FLIR’s face has high pressures,
whereas its rear side is subject to low pressures (see Fig. 5). This
results in an increase in drag coef� cient of about 1.5% compared to
the clean con� guration. (The relative value of the force coef� cients
is used to avoid any confusionin choosing the proper referencearea
used in calculation of these coef� cients.) This amount of drag in-
crease,which could be solelydue to the added FLIR geometry itself,
agrees well with the manufacturer’s estimate. The difference in lift

Fig. 5 Pressure coef� cients on the FLIR unit.

Fig. 6 Particle traces over the clean V-22 con� guration at M 1 = 0.209
and ® = 7 deg.

Fig. 7 Particle traces over V-22 con� guration with FLIR at M 1 =
0.209 and ® = 7 deg.

coef� cients for the two con� gurations is insigni�cant at 0-deg angle
of attack.

The effect of FLIR becomes more visible with the aid of the re-
sulting � ow patterns. These � ow patterns are depicted by particle
traces of the instantaneousstreamlines emanating from various sta-
tions at the fuselage, wing, and nacelle. At an angle of attack of
7 deg (cruise � ight), the particle traces reveal that the � ow patterns
are similar in both con� gurations, except that streamlines over the
upper rear fuselage of the con� gurationwith FLIR tend to be closer
to the surface (see Figs. 6 and 7). The phenomenoncould be caused
by vortices generated due to the presence of FLIR, which, inciden-
tally, serves as a vortex control device. Indeed, the FLIR enhances
the lift a small amount (about 0.5%) as one compares the lift coef-
� cients of the two con� gurations traveling at this particular speed
and angle of attack. The effect of vortices, however, is too small to
offset the added drag due to the FLIR, and so the lift-to-drag ratio
is about the same as that of the clean con� guration.

This favorableeffect (increased lift) quicklydisappearsas the an-
gle of attack increases.At an angleof attackof 16 deg (maneuvering
� ight), � ow separation over the upper wing surface becomes mas-
sive and large cross� ows � owing inboard are apparent. The cross-
� ow mixes with the main stream over the fuselage, which in turn
contributes to the swirling of the � ow as it proceeds downstream
[see Fig. 8 (clean con� guration)].

The � ow separation appears to be worsened by the presence of
the FLIR geometry as evidenced by extensive � ow swirling over
the overwing fairing compared with that of the clean con� guration
(see Fig. 9). The lift coef� cient of the con� guration with the FLIR
becomes,as a consequence,slight lower than that without the FLIR.
Because � ow separation over the wing has a direct impact on tail
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Fig. 8 Particle traces over the clean V-22 con� guration at M 1 = 0.209
and ® = 16 deg.

Fig. 9 Particle traces over V-22 con� guration with FLIR unit on at
M 1 = 0.209 and ® = 16 deg.

buffeting,6,7 the FLIR seems to have an adverse effect on tail buf-
feting at high angle of attack. That is, the onset of a tail buffet may
occur at an angle of attack 1 or 2 deg earlierwith the FLIR installed.

Effect of FLIR and AAR47

As opposed to the FLIR ball, the addition of the AAR47 fairing
has very little effect on the drag at zero angle of attack. This is be-
cause the unit is relatively thin comparedwith the FLIR and appears
to be more streamlined.The added drag may be compensatedby the
favorable effect due to the free vortices created. The net lift-to-drag
ratio is unchanged at zero angle of attack.

At a moderate angle of attack of 7 deg, more vortices are gen-
erated that enhance the favorable effect on lift and drag. The par-
ticle traces of the � ow over the con� guration with both FLIR and
AAR47 on (see Fig. 10) reveal that the � ow pattern resembles that
of the con� guration with FLIR alone (Fig. 7). The streamlines over
the fuselage remain close to the surface. As in the earlier case,
this is bene� cial for lift: An increase of 0.5% in lift is obtained as
compared with the clean con� guration. Furthermore, the stream-
lines from AAR47 pass through the middle portion of the lower
fuselage–sponson area where some � ow separation may have been
suppressed or eliminated by the vortices due to AAR47. A small
change in drag coef� cient is noted as compared with the clean con-
� guration. The lift-to-drag value changes from 7.65 for the clean
con� guration to 7.61 with the FLIR and AAR47 units. (Here we
are using numerical values because the ratio is independent of the
referencearea.) These values are within the range seen in � ight tests
data (S. A. Woods, M. A. McVeigh, C. Keys, and J. Liu, Naval Air
Systems Commands, Patuxent River, MD, and The Boeing Com-
pany, Philadelphia, PA, August–September 1998, private commu-

Fig. 10 Particle traces over V-22 con� guration with FLIR and AAR47
units at M1 = 0.209 and ® = 7 deg.

Fig. 11 Pressure distribution over the overwing fairing (con� guration
with FLIR and AAR47, ® = 7 deg).

nications). This small change in magnitude implies that there are
almost no penalties in adding these external components in cruise
� ight.

The correspondingpressuredistributionover theoverwingfairing
is shown in Fig. 11. The overwing fairing is a good area to examine
the � ow separation because of its geometric location, as well as its
highly bumpy contour in the vicinity of the centerline.The pressure
peak at the leading edge of the fairing yields a pressure coef� cient
value of ¡ 3.6 (i.e., the local velocity has accelerated to approxi-
mately 1.6 times the freestream speed), a peaky velocity desirable
for favorable � ow developmentover an airfoil.17

Generally, the � ow is mostly attached over the fairing, except
in the rear corner region where a bubble-type � ow separation is
detected with the aid of velocitypro� les in the region. (The bubble-
type separation is due to vanishing skin friction.6 ) The location of
the bubble is given in Fig. 11. Inside the viscous shear layer, the
� ow reverses at the leading edge of the bubble and reattaches at the
trailing edge of the bubble.The separation is classi� ed as minor be-
cause it is con� ned locally and does not contain suf� cient cross� ow
to trigger a vortex-type separation. (The vortex-type separation is
caused by convergence of streamlines in the spanwise direction.6 )
Although not shown, similar local � ow separation takes place in
the case of the clean con� guration and the con� guration with the
FLIR ball as well. Addition of AAR47 seems to impose no change
in the effect on this local phenomenon.Outside the bubble, the � ow
is attached.

Figure 12 shows the velocity vectors along the line of symmetry
of the fairing, which is also the aircraft centerline. There are no
reversed velocity vectors regardless of its bumpy curvature. Away
from the centerline, however, the velocity pro� le contains reversed
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Fig. 12 Velocity vectors along overwing fairing centerline (con� gura-
tion with FLIR and AAR47, ® = 7 deg).

Fig. 13 Velocity vectors along a chord on overwing fairing (con� gura-
tion with FLIR and AAR47, ® = 7 deg).

Fig. 14 Particle traces over V-22 con� guration with FLIR and AAR47
units at M1 = 0.209 and ® = 16 deg.

vectors in the rear cornerregion (see Fig. 13). This is in con� rmation
with the pressurecontoursof Fig. 11 that exhibit a local bubble-type
separation in the region.

As the angle of attack increases, these bene� ts gradually disap-
pear because of worsened � ow separation. At a 16-deg angle of
attack, the streamlines from AAR47 proceed to the upper fuselage,
mix with those from forward fuselage, and � nally separate from the
surfaceaft of thewing–fuselagejuncture(seeFig.14). The separated
� ow now containsboth the bubble- and vortex-typeseparations;the
latter prevails over the former. The vortex-type separationhas been
caused by the large cross� ow18 from the wing due to high angle of
attack.Characterizedas openseparationin threedimensions,19,20 the
onset of the vortex-typeseparation is determined by convergenceof

Fig. 15 Velocity vectors along a chord on overwing fairing (con� gura-
tion with FLIR and AAR47, ® = 16 deg).

Fig. 16 Particle traces over V-22 con� guration with FLIR, AAR47,
and refueling boom at M1 = 0.345 and ® = 7 deg, forward view.

streamlinesrather than vanishingskin friction.The size of separated
� ow region extends to almost half of the overwing fairing as indi-
cated by the extensive � ow reversal shown in Fig. 15. The massive
� ow separationalso leads to much worsened tail buffeting. The lift
coef� cient has decreased to about 1% below the clean con� guration
level, whereas the drag coef� cient remains unchanged. There is a
net reduction in the lift-to-drag ratio from 5.11 for the clean con-
� guration value, to 5.03, for the present con� guration. Again, these
lift-to-drag values are within the range of � ight tests data described
in the private communications cited earlier.

Effect of Refueling Boom

The effect of the refueling boom is evaluated with the FLIR and
AAR47 units on. There are two reasons for doing so: 1) for con-
venience, because it is a natural extension of the earlier case and
2) for practical purposes because the refueling boom is optional
equipment only for a special version of the aircraft whereas the
FLIR and AAR47 units are standard. In other words, a V-22 aircraft
with a refuelingboommust have the FLIR and AAR47 units already
installed (not vice versa). In evaluatingthe effect of the boom, there-
fore, we have to make comparisons of the results with that of the
con� guration with the FLIR and AAR47 geometries on.

One obvious effect of the boom is that the � ow is no longer
symmetric with respect to the aircraft centerplane.Figure 16 shows
the particle traces of the � ow over this con� guration at Mach 0.345
and angleof attackof 7 deg in a forwardview.The � ow patternsover
the con� guration are in deviation from total symmetry; streamlines
over the fuselageand overwingfairingregion tend to proceedtoward
the left side of the aircraft.There is also a slight reductionin velocity
at the leading edge of the overwing fairing that seems to be caused
by the boundary-layerdevelopment around the boom.
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Fig. 17 Particle traces over V-22 con� guration with FLIR, AAR47,
and refuel boom at M 1 = 0.345 and ® = 16 deg.

The resulting lift coef� cient is slightly higher on the right-hand
side than that on the left-hand side, even where there is no side
slip. Although the direct viscous drag due to the boom itself is
insigni� cant, the total drag is increased by � ow separation. It leads
to a lower lift-to-drag ratio at this angle of attack by up to 5%,
compared to that of the con� guration with the FLIR and AAR47
units only. The difference, although largely due to the addition of
the boom, may include the effect of gridding changes in the nose
portion as mentioned in the section “External Components.”

As theangleof attack increasesto 16deg, � ow separationworsens
in general, but more so on the left-hand side than on the boom side.
Figure 17 shows the particle traces over the con� guration at Mach
0.345 and angle of attack of 16 deg. The added � ow disturbance
will likely worsen the onset and severity of tail buffeting. Because
of unevennessof the � ow, the verticaltail on the left-handside would
experience buffeting more than the right-hand side would. By the
same token, as the gap in lift between the two sides of the wing
becomes widened, the right wing has a slightly higher lift than the
left wing. Again, there is also an up to 5% reduction in lift-to-drag
ratio compared to the con� guration with FLIR and AAR47 units.

Conclusions
The effect of externalprotuberanceson the V-22 aircraft forward-

� ight aerodynamicsis investigatedby using a multizone, thin-layer,
Navier–Stokes method. Based on results obtained,which have been
qualitatively compared with � ight test data, some conclusions may
be drawn:

1) The FLIR unit causes a slight increase in drag coef� cient at a
0-deg angle of attack. This penalty decreases as the angle of attack
increases,possiblydue to a favorablevorticityeffect.At high angles
of attack, however, added � ow disturbance introducedby the FLIR
will likely worsen tail buffeting and reduce the lift-to-drag ratio.

2) Vorticescreated by additionof the FLIR and AAR47 units pro-
duce a favorableeffect on lift at moderateangleof attack,resultingin
a small change in lift-to-dragratio. As the angle of attack increases,
the effect becomes unfavorabledue to the worsened � ow separation
that leads to earlier tail buffetonset and reduces the lift-to-dragratio.

3) When the refueling boom is added, the � ow becomes asym-
metric because of the one-sided location of the boom. The right
wing (boom side) produces slightly higher lift than the left wing.

The effect of the refueling boom remains unfavorable in the range
of the angle of attack considered.
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