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ABSTRACT: The concept of a vertical take-off and landing
(VTOL) vehicle has been in the literature for almost a
century now. This report discusses about the Design and
Computational Fluid Dynamics of VTOL aircraft. A vertical
take-off and landing (VTOL) aircraftis a type of aircraft
that can hover, take off, and land vertically. Our project is
on a tilt rotor type aircraft. The V-22 Osprey is a tiltrotor
aircraft designed to operate under a wide range of flight
conditions. Its outer mold line geometry is aerodynamically
complex in part because aerodynamic considerations were
not primary influential factors for the major features of the
aircraft. As mission requirements change and additional
devices are added to the aircraft, questions regarding the
aerodynamic impact must be answered. While many of these
questions can be adequately answered using lower-fidelity
methods, some situations require the use of higher-fidelity
analysis. Computational fluid dynamics (CFD) is a tool that
has been used frequently to answer aerodynamic questions
associated with the V-22. However, the complexity of the
aircraft makes this analysis challenging. Using unstructured
grids is one way of reducing the lead time required to setup
the simulation as unstructured grids lend themselves to
modelling complex geometries. This project compares CFD
analysis done using a combination of text references and
computer tools of the Osprey V-22 tilt rotor in airplane
mode over a range of angles of attack, and compares these
results to data from a standard journal. The results lend
insight into the choice of grid structure and numerical
methodology, and reveal that care must be taken when
setting up the CFD model as well as identifying any
numerical phenomena that could be considered.

CHAPTER 1

INTRODUCTION

The Bell Boeing V-22 Ospreyis an American multi-
mission, military, tilt rotor aircraft with both a vertical
take-off and landing (VTOL), and short take-off and
landing (STOL) capability. It is designed to combine

the functionality of a conventional helicopter with the
long-range,  high-speed  cruise  performance  of
a turboprop aircraft.
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DESIGN

The Osprey is the world's first production tilt
rotor aircraft, with one three-bladed prop-rotor, turboprop
engine, and transmission nacelle mounted on each
wingtip. It is classified as a powered lift aircraft. For take-
off and landing, it typically operates as a helicopter with
the nacelles vertical and rotors horizontal. Once airborne,
the nacelles rotate forward 90° in as little as 12 seconds
for horizontal flight, converting the V-22 to a more fuel
efficient, higher speed turboprop aircraft. STOL rolling-
take-off and landing capability is achieved by having the
nacelles tilted forward up to 45°. Other orientations are
possible, such as the "80 Jump" take-off which uses
nacelles at 80° to quickly achieve high altitude and speed.
The fixed wing flight is higher than typical helicopter
missions  allowing  longer  range line-of-sight
communications for improved command and control.
During the design phase, the overall dimensions of the
aircraft were defined by shipboard compatibility
requirements (for example to operate, fold and stow on an
LHA-class ship; and to carry an F-404 engine internallyl).
The wing thickness, sweep, and dihedral were also
determined by  non-aerodynamic  considerations2.
Extensive wind-tunnel testing in the 1980s helped shape
the wing-fuselage juncture, over wing fairing, rear
fuselage upsweep, and tail configuration. The current
MV-22 Block B configuration has several shape changes
including nacelle and spinner; and fuselage sponson.
Many avionic kits and antennae are housed in fairings that
protrude throughout the fuselage.

Composite materials make up 43% of the VV-22's airframe.
The prop rotors blades also use composites. For compact
storage and transport, partly on Marine launch ships, the
V-22's rotors fold in 90 seconds and its wing rotates to
align, front-to-back, with the fuselage. Due to the
requirement of folding the rotors, their 38 feet diameter is
5 feet less than optimal for vertical take-off, resulting in
high disk loading. Most Osprey missions use fixed wing
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flight 75% or more of the time, reducing wear and tear on
the aircraft and reducing operational costs. This fixed
wing flight is higher than typical helicopter missions
allowing longer range line-of-sight communications for
improved command and control.

Fig 1.1The Osprey V22

PROPULSION:

The V-22's two Rolls-Royce AE 1107C engines are
connected by drive shafts to a common central gearbox so
that one engine can power both prop rotors if an engine
failure occurs. However, if a prop rotor gearbox fails that
prop rotor cannot be feathered, and both engines must be
stopped before an emergency landing. The aircraft's
autorotation characteristics are poor partly because the
rotors have low inertia.

The V-22 has a maximum rotor downwash speed
above 80 knots, more than the 64 knots lower limit of
a hurricane. The rotor wash usually prevents usage of the
starboard door in hover, instead the rear ramp is used for
rappelling and hoisting.  Boeing has stated the V-22
design loses 10% of its vertical lift over a tilt wing design
when operating in helicopter mode because of airflow
resistance due to the wings, but that the tilt rotor design
has better short take-off and landing performance.

Aerodynamics of V22:

Although every attempt was made to optimize the
aerodynamics of the V-22, engineering development
involving design to improve shipboard suitability,
survivability, reliability and fleet operations have resulted
in aerodynamic compromises that caused loss in air-
vehicle performance. As a result, design changes were
incurred during Engineering Manufacturing Development
to regain flight envelope. For instance, external wing
fences, fore body strakes and vortex generators were
added to increase low-speed and high-speed performance
envelope. Computational fluid dynamics (CFD) offers
practical and timely analysis to address many
aerodynamic designs. Though CFD methods are capable
of capturing these aerodynamic interactions, application
of these methods pose a challenge and proper care and
modelling is required; grids designed for specific flow
conditions or grid adaption techniques are sometimes
required.The Idea of this project is to conduct a CFD
analysis on the osprey V22 Model using a combination of
text references and computer tools of the Osprey V-22 tilt
rotor in airplane mode over a range of angles of attack,
and comparing these results to data from a standard
journal.
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CHAPTER 2
LITERATURE REVIEW

The V-22 Osprey is a multi-service, multi-mission tilt
rotor aircraft capable of operating in many diverse flight
conditions. It is designed to take-off and land as a
helicopter and fly like a turboprop airplane. This project
mainly deals with the Fluid flow analysis over the Osprey
V22 and Variation of C & Cp with the different angle of
attack of the aircraft. It also includes solid modelling of
the aircraft.

The modelling of the Osprey V22 is done from the
website grabcad.com [7], where in one can find the
required model for their need and download and use it or
use the reverse engineering process to make replica or
make it again. In this current project the reverse
engineering technique is used and the model is once again
made so that there won’t be any fault in the geometry. The
dimensions can be used from the same method mentioned
above.

The Books Aerodynamics, Aeronautics and Flight
Mechanics [4] by Barnes W. McCormick  helped us to
understad the basic principles of flight dynamics, statics,
lift & drag thoery of aeroplanes and Basic aerodynamics
off VTOL. The Book Aircraft Design[3] — a conceptual
approach By Raymer helped us in understanding the basic
about conceptual design, configuration layout, propulsion,
structure, payload and weights airfoil geometry.

The Book Computational Fluid Dynamics[2] by John
D.Anderson provides us basics of CFD, various
simulation and experimental techniques used, turbulence
models, various mesh adaptation techniques and
theoretical approach towards our project.

As far as the simulation is concerned, starting from the
work conducted by Robert Narducci & Jennifer Abras in
their paper Analysis of CFD Modelling Techniques over
the MV-22 Tilt rotor [1], compares independent CFD
analyses of the MV-22 in airplane mode. Two CFD codes,
a structured code, OVERFLOW 2.1, and an unstructured
code, FUN3D 10.8 are utilized to generate solutions over
a range of angles of attack for conditions corresponding to
200-knot flight along with wind tunnel test on the Osprey
V22 model . This initial validation study primarily
compares the total lift, drag, and pitching moment on the
aircraft as a function of angle of attack.

The V-22 tilt rotor aircraft experiences a download in
hover mode decreasing theaircraft’s efficiency in this
mode. This download is caused by the wing
surfaceobstructing the rotor downwash. The paper “A
CFD Analysis of the Download Reduction for the V-22
Osprey Wing” [5] explores the reduction of this download
via circulation control. The analysis was completed using
computational fluid dynamics.
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The Help Tutorial Guide of ANSYS Fluent 14[6], where
in the detailed use of the models, boundary conditions,
etc., is explained. Some of the articles in the magazine of
Cd-Adapco[8], a leading industry in the field of
developing CFD software provide the basic phenomenon
of CFD analysis.

The engineering background of this study is the fluid flow
study and the aerodynamic study in the field of aerospace
and defence.

CHAPTER 3
COMPUTATIONAL FLUID DYNAMICS
3.1TheStrategyofCFD:

Broadly,thestrategyofCFDistoreplacethecontinuousproble
mdomainwitha
discretedomainusingagrid.Inthecontinuousdomain,eachflo
wvariableisdefined
ateverypointinthedomain.Forinstance,thepressure(p)inthec
ontinuouslD domain shown in the Fig belowwould
begivenas

pP=p(x), 0<x<1
In the discrete domain, each flowvariable is defined only
at thegrid points. So, in the
discretedomainshownbelow,thepressurewouldbedefinedon
lyattheNgrid points.
pi=p (xi).,i =1, 2,..., N

Continuous Domain Discrete Domain

0<x<1 X=X1,X2,.‘.,XN

x=0 x=1 X, K AN
Grid point

Coupled PDES + boundary Coupled algebraic egs. in

conditions in continuous discrete variables

variables

InaCFDsolution,onewoulddirectly
solvefortherelevantflowvariablesonly atthe
gridpoints.Thevaluesatotherlocationsaredeterminedby
interpolatingthevaluesat the grid points.

Thegoverningpartialdifferentialequationsandboundarycon
ditionsaredefinedin
termsofthecontinuousvariablesp,Vetc.Onecanapproximatet
heseinthediscrete
domainintermsofthediscretevariablespj,Vijetc... Thediscrete
systemisalargeset
ofcoupled,algebraicequationsinthediscretevariables.Settin
gupthediscrete
systemandsolvingit(whichisamatrixinversionproblem)invo
Ivesaverylarge
numberofrepetitivecalculations,ataskwehumanspalmovert
othedigital computer.
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3.2Fluidcharacteristics:

Tablel:Fluidcharacteristics:

Macroscopicproperties Classification offluidflows
viscous compressible
p Density steady laminarsingle-|  in viscid
L viscosity phase incompressible
p pressure unsteady
T temperature turbulent
V velocity multiphase
Thereliabilityof CFDsimulations isgreater
o Forlaminar/slowflowsthan forturbulent/fast ones
. Forsingle-phaseflows than formulti-phaseflows
o For chemicallyinert systems than

forreactiveflows
3.3CFDanalysisprocess:

1. Problem statement --- information about the flow
2.Mathematical model --- IBVP = PDE+IC +BC

3. Mesh generation--- nodes/cells, time instants
4.Spacediscretization ---coupledODE/DAE systems

5. Time discretization --- algebraic system Ax=B

6. Iterative solver ~ ---  discrete function values

7. CFDsoftware ---  implementation, debugging

8. Simulation run ---  parameters, stopping criteria

9. Post processing--- visualization, analysis of data
10. Verification --- model validation / adjustment

3.3.1Problemstatement:

. What is known about the flow problem to be
dealtwith?

o What physical phenomena need to be taken into
account?

. What is the geometryofthe domain and operating
conditions?

. Arethere anyinternal obstacles
orfreesurfaces/interfaces?

. What is the type offlow(laminar/turbulent,
steady/unsteady)?

. What is the objective of theCFDanalysis to be
performed?

> computation of integral quantities(lift, drag,yield)
> Snapshotsoffield data for velocities,
concentrations etc.

> shapeoptimization aimed at an improved
performance

. What is the easiest/cheapest/fastest wayto

achieve the goal?
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3.3.2 Mathematical model:

1. Choose a suitable flow model (viewpoint) and reference
frame.
2. ldentify the forces which cause and influence the fluid
motion.
3. Define the computational domain in which to solve the
problem.
4. Formulate conservation laws for the mass, momentum,
and energy.

5. Simplify the governing equations to reduce the
computational effort:

(conjugate gradients, multi grid) because direct solvers
(Gaussian elimination) are prohibitively expensive.
. Convergencecriteria:itisnecessarytochecktheresid
uals,relativesolution changes and other indicators to
makesurethat theiterations converge.

As a rule, the algebraic systems to be solved are very
large (millions of unknowns) but sparse, i.e., most of the
matrix coefficients are equal to zero.

3.3.5CFDsimulations:

The computingtimesfora flowsimulation dependon

> use available information about the prevailing * The choiceof numericalalgorithms and data
flow regime structures_ ' o

> check for symmetries and predominant flow e Linear algebratools, stopping criteria for
directions (1D/2D) iterativesolvers

> neglect the terms which have little or no e Discretization parameters(mesh quality, mesh
influence on the results size, time step)

> model the effect of small-scale fluctuations that 4 Cost per time step and convergence ratesfor
cannot be captured outeriterations

> incorporate a priori knowledge (measurement . Programminglanguage (mostCFDcodes
data, CFD results) arewritten in Fortran)

6. Add constitutive relations and specify initial/boundary . Manyother  things(hardware,  vectorization,

conditions.

3.3.3 DiscretizationProcess

parallelization etc.)

Thequalityofsimulation results depends on

. Themathematical modeland
ThePDE system is transformed into a set ofalgebraic underlyingassumptions
equations e Approximationtype, stabilityof the numerical
1. Mesh generation (decomposition into cells/elements) scheme
> _Structured or unstructured, triangular . Mesh, time step, errorindicators, stopping
orquadrilateral? criteria.
> CAD tools +  gridgenerators(Delaunay,
advancingfront) 3.3.6 Post processing and analysis
> mesh size, adaptiverefinement in

Hinteresting“flowregions
2. Spacediscretization
derivatives)

(approximation  ofspatial

Post processing of the simulation results is
performed in order to extract the desired information from
the computed flow field

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)

1 finite differences/volumes/elements . Calculation of derived quantities (stream
[ [ high-vs. low-order approximations function, vorticity)
_3. .Tlme discretization (approximation of temporal o Calculation of integral parameters (lift, drag,
derivatives) total mass)
0 explicit vs. implicit schemes, stabilityconstraints . Visualization (representation of numbers as
[ local time-stepping,adaptive time step control. images)
. . > 1D data: function values connected by straight
3.3.4 Iterative solution strategy: lines
. . . > 2D data: streamlines, contour levels, colour
The coupled nonlinear algebraic equations must be solved diagrams
iteratively o o ) > 3D data: cut lines, cut planes, iso-surfaces, iso
o Outer iterations: the coefficients of the discrete volumes
problem are updated using the solution values from the > Arrow plots, particle tracing, animations.
previous iterationsoasto . . Systematic data analysis by means of statistical
> get rid of the nonlinearities by a Newton-like tools
method . . . o Debugging, verification, and validation of the
> solve the governing equations in a segregated CED model
fashion '
o Inner iterations: the resulting sequence of linear
sub problems is typically solved by an iterative method
IJERTV 315090267 www.ijert.org 253
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3.4 Computational Meshes:

Degrees of freedom for the approximate
solution are defined on a computational mesh which
represents a subdivision of the domain into cells/elements

Fig 3.1:ComputationalMeshes.

3.4.1 Structured (regular) meshes:

o Families of gridlines do not cross and only
intersect with other families once.
o Topologically equivalent to Cartesian grid so that

each grid point (or CV) is uniquely defined by two indices
in 2D or three indices in 3D, e.g., (i, j, k).

o Can be of type H (non periodic), O (periodic) or
C (periodic with cusp)
o Limited to simple domains, local mesh

refinement affects other regions.

3.4.2 Block-structured meshes:

. Multilevel subdivision of the domain with
structured grids within blocks.

o Can be non-matching, special treatment is
necessary at block interfaces.

) Provide greater flexibility, local refinement can
be performed block wise.

3.4.3 Unstructured meshes

o Suitable for arbitrary domains and amenable to
adaptive mesh refinement

. Consist of triangles or quadrilaterals in 2D,
tetrahedra or hexahedra in 3D

. Complex data structures, irregular sparsity
pattern, difficult to implement

b
bt

4
PRy
K

v
=

Fig 3.2: Structured and Unstructured Meshes

3.5 FINITE DIFFERENCE METHOD:

Principle: Derivatives in the partial differential
equation are approximated by linear combinations of
function values at the grid points.
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1D: 0= (0, X), ui = u (xi),
i=0,1...N

Grid points xi = i1Ax mesh
size Ax=X/N

[6——+——+ 9 |

Ly I Ly B Fp Iy 1y

3.6 Approximation of first-order derivatives:

Geometric interpretation

I forvard 1
DAkl B\ o Uil ‘
S (—) N orvand diference

gl :
: e

m o i~li-] IR T
b (w)‘ Y=g~ backvard diferenc

Bry o Wbl e
{ f‘m‘);: M= contral diffrence

Fig3.7 Taylor series

3.7 Governing Equations of Fluid Dynamics:

It is important to understand the meaning and
significance of each equation in order to develop a good
numerical method and properly interpret the results. For
the following physical principles the corresponding
mathematical equations are used.

Mass is conserved -- Continuity equation
Newton’s second law---Momentum equations

Energy is conserved--- Energy equations

3.7.1 Description of fluid motion:

Eulerian: Monitor the flow characteristics in a fixed
control volume.

Lagrangian: Track individual fluid particles as they move
through the flow field.

Stream line: A streamline is a curve which is tangent to
the velocity vector v = (vx, vy, vz) at every point. It is
given by the relation

de dy dz - dy
e i dr v
Uy Uy

Streamlines can be visualized by injecting tracer particles
into the flow field
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3.7.2Summary of the governing equations:

1. Continuity equation / Law of conservation of mass

a
—P+'\7 (pv) =10

at
2. Momentum equations / Newton’s second law
5(;?:) +V (pv@v)=-Vp+V. .7+ pg
3. Energy equation / first law of thermodynamics
@-&V-{pﬁ’v) =V (&VT)+pg=V-(pv)+v-(Vor)+ Vvir 4 pg-v
E‘=c+%2. %Jﬂ?-[pc’v} =V (kVT) +pg-pV v+ Vvir

This PDE system is referred to as the compressible
Navier-Stokes equations

3.7.3Generalized Form Of Governing Equation:

3/ot (p @) +V. (pv @)=V .(TV )+ SD
0/8t (p @) = Transient form

V. (p v @) = Convection term

V .(7V @) = Diffusion term

. S® = Source

Table 2: Generalized Form of Governing Equation

(0} T S®

Continuity
equation 1 0 0

Navier  stokes
equation in x- | u n
direction

-0P/ox + pfx

Navier stokes
equation in y- | v u
direction

-0P/0y + pty

Navier  stokes | w | u
equation in z-
direction

-0P/0z + pfz

Energy T k/Cp So
equation
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3.8 K-¢ Model:

The K-epsilon model is one of the most common
turbulence models, although it just doesn't perform well in
cases of large adverse pressure gradients. It is a two
equation model that means, it includes two extra transport
equations to represent the turbulent properties of the flow.
This allows a two equation model to account for history
effects like convection and diffusion of turbulent energy.
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The first transported variable is turbulent kinetic
energy, the second transported variable in this case is the
turbulent dissipation, it is the variable that determines the
scale of the turbulence, whereas the first variable,
determines the energy in the turbulence.

There are two major formulations of K-epsilon
models. That of Launder and Sharma is typically called
the "Standard" K-epsilon Model. The original impetus for
the K-epsilon model was to improve the mixing-length
model, as well as to find an alternative to algebraically
prescribing turbulent length scales in moderate to high
complexity flows.

The K-epsilon model has been shown to be useful for
free-shear layer flows with relatively small pressure
gradients. Similarly, for wall-bounded and internal flows,
the model gives good results only in cases where mean
pressure gradients are small; accuracy has been shown
experimentally to be reduced for flows containing large
adverse pressure gradients. One might infer then, that the
K-epsilon model would be an inappropriate choice for
problems such as inlets and compressors.

Usual K-epsilon models:

1. Standard k-epsilon model
2. Realisable k-epsilon model
3. RNG k-epsilon model

3.8.1 Standard k-epsilon model:
Transport equations for standard k-epsilon model:

For turbulent kinetic energy k

9 a2 _a e Ok e ;

gt PRt g (k) = 5 [(‘“ ‘ ag‘) am,] Pk B= pe=Yart S

For dissipation &

g g _8 A B | R
gt P+ g ) = Bz [(’“ ‘ as) Eimj] FCueg (Pt CacPi) = Copop + e

Modelling turbulent viscosity:

Turbulent viscosity is modelled as:
1"5?2

Ht = Pc'r,u ?

Production of k:

P, = —pu;u—=

Where S is the modulus of the mean rate-of-strain tensor,
defined as

5= "I""?SU*T'U

Effect of buoyancy:

Py = gt
b P gi Prf, E}TI

Where Prt is the turbulent Prandtl number for energy and
gi is the component of the gravitational vector in the i’th
direction. For the standard and realizable - models, the
default value of Prt is 0.85.

The coefficient of thermal expansion, g, is defined as
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__Lfop
o= P(ij).,.,

Model constants:

Cho =144, Oy =192, €, =009, o — 1.0, 0. =13
CHAPTER 4

MODELLING, MESHING & SIMULATION OF THE
OSPREY V22

For an aircraft the two main important parameters are the
Lift Force and the Drag Force. For any aircraft or flying
object,

o the Lift Force should be more than the Weight of
the aircraft and

. The Drag Force should be less than the thrust on
the aircraft.

This project deals with study of flow of compressible
viscous flow over the VTOL osprey V22 aircraft and the
Lift and Drag phenomenon of the aircraft is also studied.
Also the variation of C_ & Cy4 with various angle of attack
of the aircraft is studied using CFD methods.

4.1 Modelling of the V-22 Aircraft:

The modelling of the osprey V22 is done in
SOLIDWORKS 2013. The whole assembly of the model
consists of two parts —

1. Fuselage
2. Wing section.

The various sketch commands used are spline, ellipse,
circle,etc., and some feature commands like extrude boss,
extrude cut, revolve boss, revolve cut, loft, sweep, etc.

The Basic Dimensions of Osprey V22 are given below
and shown diagrammatically in Fig 4.1

e Width, rotors turning, Ft. (m) -- 84.6
(25.78)

e Length, stowed, Ft. (m) -- 63.1
(19.23)

e Width, stowed, Ft. (m) -- 18.5 (5.64)

e Height, nacelles fully vertical, Ft.
(m) -- 22.1 (6.74)

e Height, vertical stabilizer, Ft. (m) --
17.65 (5.38)

e Length, fuselage, Ft. (m) -- 57.33
(17.48)

www.ijert.org
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Fig4.1 Dimensions of Osprey V22

A solid model is created using the given dimensions to
make a hollow shell for further analysis and scale ratio of
1:1450 is taken to model the final design.

4.1.1 Fuselage

The fuselage is an aircraft's main body section that holds

crew, passengers and cargo. The following Fig 4.2 &4.3

show the final model of V22 modelled in solidworks and
part drawing of fuselage respectively.

Fig4.2: Fuselage of Osprey V22

ke
24

Fig4.3: Part drawings of fuselage
4.1.2 WINGS

A wing is a type of fin with a surface that produces
aerodynamic force for flight or propulsion through the
atmosphere, or through another gaseous or liquid fluid. As
such, wings have an aerofoil shape, a streamlined cross-
sectional shape producing a useful lift to drag ratio. For
the osprey the engines are mounted at the ends of the
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wings as seen in Fig4.4 &4.5, they are called as Nacelles. This completes the modelling of the aircraft and it looks
The Fig 4.4 &4.5 show the modelling and part drawing of as follows:

wings respectively. Wings without the propellers are

modelled for ease of CFD analysis. The rotors are not

modelled to simulate the unpowered airframe

aerodynamic wind tunnel testing.

Fig4.8: Final model of Osprey V22

4.1.4 Modelling of the Continuum

The modelling of the continuum is done using ANSYS
Workbench 14. The solid model is exported from
SOLIDWORKS into ANSYS Workbench and then using
the Enclosure option the block is created. The dimension
of the enclosure is shown in Fig 4.9

T —— S

Fig4.4: Wings of osprey V22

Details Wiews o
= | Details of Enclosurel

Enclosure Enclosurel

Shape Box

Murmber of Planes 1

Symmetry Planel WZPlane

Model Type Full Model

Cushion Marn-Uniform

FD1, Cushion +¥ walue (=00 | 300 mm
FD2, Cushion +Y walue (=03 | 350 mm
FD3, Cushion +Z walue (=00 | 200 mm
FO4, Cushion -2 walue (=03 | 30 mm

Fig4.5: Part drawing of wing FDS, Cushion -¥ walue (=03 | 150 mm
FD&, Cushion -Z walue (=0) | 350 mm
4.1.3 ASSEMBLY OF PARTS: Targot Bodies All Bodies
Merge Parks? [[=]

The two solid modelled parts (Fuselage & wings)

i . N Fig4.9:Enclosure dimensions in Workbench
are assembled using the assembly feature as shown in Fig

4.6, 4.7 &4.8. The interface between them is properly Once the enclosure is created using the Subtract Boolean
merged to avoid any form of discontinuities and exira operation the cavity of the aircraft is created in the block.
projections which may alter the accuracy of the final Fig 4.10 shows the Boolean operation command and Fig
result. 4.11 shows the final cavity created using the Boolean
operation
Dietails View 1
: -| Details of Boolean1
Buclean Boolean!
Cperation Subkract
— Target Bodies 1 Body

T|:||:|| Eil:lljiE!:'- .'5.|J|:I|':.-' |::aI'IIZE|

Preserve Tool Bodies? | No

Fig4.10: Subtract using Boolean operation in Workbench.

Fig4.7: Assembly Drawing

IJERTV 315090267 www.ijert.org 257

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



1JERTV 315090267

A

Fig4.11: Block with Aircraft in Workbench.

Once the block is created in ANSYS Workbench it is
exported to ANSYS ICEM CFD 14, where in the meshing
of the continuum is done.

4.2 Meshing and Simulation of the osprey v22

The generation of the Tetra/tri element mesh for Osprey
V22.

. Extract feature curves from the symmetry plane.
. Create the material point.

. Generate the Octree mesh.

. Manipulate the mesh display using cut planes.

. Generate the Delaunay mesh.

. Smooth the mesh.

. Verify and save the mesh.

4.2.1 Meshing of the Continuum

The meshing of the continuum is done using ICEM CFD.
The workbench file is first imported to ICEM CFD using
the Workbench Reader option in the file menu as shown
in Fig 4.12.

Fil= E oik T = [ el i=] =

M= Projieck
Op=n Projisck.

S awve Projeck.

S awve Project SSs.
Clos= Projeck. .
Chanae “wrorkimg Dhir

S = ormeeskrg
A==k
Elockimag
Atkribabte==
Parametaers
Carkesiamr

Import G eormieskre
Import FMe=h
E =port G eormiekns
E ~poart b ==k

TYYY YYTYYTTY

erorkbernch RBeaders

Feplay S cripts L
E =it

Fig 4.12:Workbench Reader option in ICEM CFD.

This opens a new window as shown in Fig 4.13 where in
the location of the workbench file is to be given and then
click ok. The model will be imported to ICEM CFD.
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Import using Workbench Readers @

Data Files from Workbench project

Chooze |wwz_files/dp0/Geom /DM Geam agdb j

Parts_ Sizes

* ‘workbench defaults ¢ From tetin file?

v Import Gearnetry
-

Geometry Preferences

™ Freste Subectol fom Mamad Salaction =
Apple ak | Dismiss |

Fig 4.13:Workbench Import option in ICEM CFD.

Once the continuum is imported in ICEM CFD it looks as
shown in Fig 4.14

A

Fig 4.14: Imported Geometry in ICEMCFD

Now once the continuum is loaded then it should be
divided into parts like osprey V22 for the fuselage, inlet,
outlet and the rest as walls.

Then select mesh option as shown in Fig 4.15. Select the
Global Mesh Setup icon in which the mesh size can be
given.

Geomety  Mash ]Elucking ]EditMesh ]Pmperties ]Eunstraints ]Luads ]50\veﬂptmns ]Dutpul ]
I o 3
Lk S k@
Fig 4.15: Tool bar in ICEMCFD

Once the global mesh setup window as shown in Fig 4.16
opens give the element size as 4, size factor 1 and then
click ok.

Slobal Mesh Setup

eeaSS

Global Element Scale Factor

Scale factor [1.0
¥ Display
Global Element Seed Size

Max element [4.0

—(

IV Display
Curvature/Proximity Based Refinement

™ Enabled

Min size fimit |1

I Display

Elements in gap [

bl bl

Refinement [0

™ lgrnore wall Thickness

Apply | ok | Dismiss |

Fig 4.16: Global Mesh setup
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Now the Part Mesh Setup Window as shown in Fig 4.17
opens and in this window for the fine mesh of the aircraft
set the element size as 2 and then click on “apply” to
apply changes.

W Fan e sep gy - o o
L T [T [ Lo L [ P e P I o
T T T
G 0 o 0 v

rat | s

Fig4.17: Part Mesh setup

When all these parameters are set, click on the compute
mesh icon to mesh the aircraft as shown in Fig 4.18

Geanety  Mesh WBlocking }EdilMesh }Properlies }Eunstrainls }Loads }Solveﬂptiuns wﬂutput
] “{‘ -- ! @
%ﬁ \"p{ \ Compute besh

Fig4.18: Mesh tool bar

Now in the compute mesh window check if all the
parameters are set to default and then click compute in
volume mesh window. Once the meshing is done the
continuumlooks as shown in Fig 4.19.

=

Fig 4.19: Meshed continuum

Once the meshing of the continuum is done this has to be
exported to ANSYS Fluent 14, since Fluent is most
widely used for flow analysis. To export it to Fluent the
following steps are implemented.
First open the output window as shown in Fig 4.20.

Geamiety \ Hesh \ Blocking \ Edit Wesh \ Fropeties l Constainly \ Loads } Soe Cptione Qufpd \

ok

Fig4.20: Output tool bar

Open the solver setup window as shown in Fig 4.21
lieqmety \ biesh } Blacking } Edl Mesh } Fiopertes } Conehainls \ Loads \ Salve Oty

Fig4.21: solver setup tool bar
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Then setup the solver settings. Select the output solver as
Ansys Fluent and the common structural solver as Ansys
as shown in Fig 4.22

Solver Setup @
Output Sobver |ﬂ\NSYS Fluent j
Camman =
Structural Solver ANSYS J
[ Setds Defaul

Apply | ] | Dismiss‘

Fig4.22: Solver setup

Now assign the zones to the faces of the continuum as
Inlet - Velocity inlet
Out - pressure outlet as shown in Fig 4.23

8 Family boundary conditions )

® Seiection ===

Select a BC type

e 3

Accent | Cancel |

Fig4.23: Boundary conditions

Now this mesh file is to be written as input file for Fluent.
For this the write input window is to be opened as shown
in Fig 4.24. Enter the file name and then write it to Fluent
as shown in Fig 4.24
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Geomety \ Hesh 1 Blocking \ it Mesh 1 Properties \ Conghraint \ Loaks \ Scbe Opfons Dutl \

L

it .
¥ ANSYS Fluent | = |

Pleaze edit the following AMNSYS Fluent
options.

Grid dimergion: ¢ 30 2D
Scalng © Yes ™+ Mo
o Iik
I
o

wiite binam file: O Yes ™ Mo

lanore couplings: © ez ¢ MNo

Boca file: |projectz.fbc
Output file: | /fluent

Done | Cancel |

T T AT T

Fig4.24: Export to fluent

4.2.2Simulation of the continuum

Simulation of this continuum is done in ANSYS Fluent
14. Once the model is exported to Fluent it is opened in
Fluent and the required scaling is done and then the mesh
is checked for any error and if no errors are found then the
appropriate model for the simulation is assigned. The
simulation is a Density-based and steady state
simulation as shown in Fig 4.25

General

Mesh

[ sele.. |[ chek |[Report Quality |

Solver

Type Velocity Formulation
") Pressure-Based (@) Absolute
@) Density-Based Relative

Time
@) Steady
*) Transient

[Tl Gravity
Fig4.25: Setting up the Model for the Simulation

The simulation model used is standard k-¢ model as
shown in Fig 4.26.

Model Constants

Cmu
[0.osns
C1-Epsiton
[4-nz

Cz-Epsilon
© Large Eddy Simulation (LES) [-o=
WWall Prandtl Number

kepsilon Maodel
P o8

=)

User-Defined Functions

Turbulent Viscosity

[rans: =1

reatment
" UserDefined Wall Functions

E Wall T o
ure Gradient Effects

v usn Heating
I Full Buoynney Effccts

e Cancet Help

Fig4.26: Model setup

Material Properties

Once the model for the simulation is set then set the
material properties for the flow field as Air. The material
properties are set by default for the density of air as shown
in Fig 4.27.

[ Create/Edit Materials =

Materl Type
[hua

ame
[ar
Chemicnl Pormle FLUENT Fiuid Materials

[ [aie <] [ ruenT oatabaze.. |

[User-Defined Database... |

Propertes

Dty 05/ [ongiant =)

= |
©p (Spacicriant) GA0H) (ramany =l

[ 008,43
Themal Conduchaty G414 [comgant )
‘ 0.0242
vicosity G/m2) (cangiant =]

[ 1.7804e-08

[changefcreme ) (_peeie ] [_cowe ] [_nee ]

Fig4.27: Material Properties in ANSYS Fluent.

Boundary Conditions

After the material properties, the boundary conditions for
the continuum is set as follows as shown in Fig 4.28

o For the inlet of the continuum, it is set as inlet-
velocity and then click on edit. This opens a new window
where in the velocity is set to 130ms-1, normal to the
boundary.

Braasli@rnE-o-

1 Velocity Intet =)

Zone Name ‘

Boundary Conditions

et

Momentum | Thermal | Raditon | Speces| 0PM | Musphase | LoS

Veloaty Speciicaton Method [jpcri e ol e =

Reference Frame [apech e =)

veloaty Magnitude (m/s) 139 constant )
Supersonic/inial Gauge Pressure (pssca) [ onstant -

Outflow Gauge Pressure (pascal) constant |

Turbuence
Specification Method [ and Epslon =

Type ® Turbuent Knesc Energy (m2/s2) [ constant 5
[velootyriet  +] (16
Turbulent Disspation Rate (m2/s3) [ constant |

Edt. Copy... | (Profies... |
Porameters.... | [Operating Conditors..

Daplay Mesh... ok | [cancel| [ e

Fig4.28: Velocity-Inlet window in Fluent.

o For the outlet of the continuum, it is set to
pressure-outlet and then click on edit. This opens a new
window where in the values for the pressure are set to
default as zero.

. Once these two are checked, set the sides of the
continuum as standard walls.

Solution Stages

After assigning the material properties to the continuum,
the solution stage of the simulation begins. In this solution
stage, the solution methods, solution controls, monitors,
solution initialization and running of the solution are
done.

Solution Methods & Solution Controls

In solution methods the formulation is set to implicit Roe-
FDS flux type and the turbulent Kinetic energy |,
dissipation rate is set to first order upwind option and flow
as second order upwind option as shown in Fig 4.29. In
solution contours set the Courant Number is set to 5 & Set
the modified turbulent viscosity to 0.8 as shown in Fig
4.30
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Solution Methods Solution Initialization
Formulation In solution initialization as shown in Fig 5.32, there are
[1mpiicit - two initialization methods which are Hybrid Initialization
[FF'{“:ETF"E';‘: = and Standard Initialization. Since Standard Initialization
Spatial Discretization requires longer computational time set solution

Gradient g initialization to Hybrid Initialization and the click on

[Green—Gauss Cell Based v] |n|t|a||ze

Flow

[Second Order Upwind v] —

Turbulent Kinetic Energy P

[First Order Upwind v]

Turbulent Dissipation Rate -

[First Order Upwind v] .

Mon-Tterative Time Advancement
Frozen Flux Formulation
[ Pseudo Transient Fig4.32: Solution Initialization window in Fluent.

[ ] High Order Term Relaxation

[ ] Convergence Acceleration For Stretched Meshes

Run Calculation

In run calculation monitor set the number of iterations to
2000 and give the value for the auto save option as 50 and

then click on calculate.
Fig 4.29: Solution Methods window
: | CHAPTER 5
LI el e | RESULTS AND DISCUSSIONS
ey er——— - The fluid flow analysis over the V22 Osprey is conducted
[e= at different angle of attacks ranging from 0-18° and C, Cq
Turbulent Viscosi - - - -
[ = and Pressure distributions are observed. It is observed that
e solution converges at different iterations for different
angle of attack of the model.
i Table3: Full-scale flight conditions
(Bauations.... ] [Limits.... ] [Advanced... ] Characteristic Value
Mach 0.4
Fig4.30: Solution Control window Angle of Attack 0°, 4°-16°
Monitors Nacelle Airplane Mode
In the monitors panel create three monitor plots for
Residuals, lift coefficient and drag coefficient. Then for Flaps and Elevator 0°
each monitor set the required settings as shown in 5 _ e
Figd.31. ir Properties tandar
) For the lift & drag monitor click on edit and then

select print to console, plot and write options. Also select
fuselagel, fuselage 2, fuselage3 & out. Change the file
name which is to be written to .txt format to get results in
a text file

The following figures show the Residual plot, C, &Cq of
Converged solution for angle of attack of 0°.

(Save Guinut Parameter... | [“Hohiht Zones

Fig4.31: Lift Coefficient window in Fluent.
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Table 4:C_&Cqvalues at different angles of attack (with
respect to the (0, 0) of the software used)

1 Convergence History Apr 22,2014

ANSYS FLUENT 14.0 (3. dp. dbns mp. ske)

Fig 5.1: Convergence history of lift co-efficient at 0 angle of attack

A0BOAHON_ A0

SO _ /
i s
Gapoacon aooa e
e J\ [

1
-1opoacoa cosa | |
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Ape 23,
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Fig 5.2: Convergence history of drag co-efficient at 0 angle of attack
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1808
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Herafions
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Fig5.3: Residuals convergence

The C_&C, values at different angles of attack, obtained

from fluent are as follows

1JERTV 315090267
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Angle of | C_ Cq

attack

0 2.15e+07 3.27e+07

4 1.09e+08 3.3612e+09
6 8.559e+08 1.77e+10

8 1.19e+06 1.29+07
10 1.157E+06 1.866e+07
14 3.627e+06 1.143e+08
16 3.7292e+06 1.6524e+08
18 5.657e+09 2.153e+10
20 5.2535e+11 2.5137e+12

Coefficient of lift & Drag plots with variation in angles of

attack:

2000

co-efficient of lift

1000

0 4 3

8 10

angle of attack

14

16

18

Fig 5.4: Variation of lift co-efficient (C.) with increase in angle of attack

cd

B 10

angle of attack

14

16

18

Fig 5.5: Variation of drag co-efficient (C4) with increase in angle of

attack
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The aircraft lift coefficient, plotted in Fig 5.4 may be
divided into three distinct regions predicted in the
analyses. The low angle of attack data spans a range of 0°
to 6°. In this region the lift increases with increase in
angle of attack. the mid angle of attack region between 6°
and 16° the lift value suddenly decrease and remains
constant for certain period . Region between 4 and 8°
shows a larger sensitivity to angle of attack changes.As
before, angles of attack of greater than 16° exhibit more
severe aircraft stall which must be avoided for optimal
performance.

Similarly from Fig 5.6, the C4 values increase from 0-6°,
fluctuate suddenly from 6-8° and increases from the
angles 8-16°. After 16° stall is observed where aircraft
loses its cruising capability.

Pressure Plot:

553e+04
4.9%e+04
4.29e+04

-1.88e+04

Contours of Static Pressure (pascal) Apr 18,2014

ANSYS FLUENT 14.0 (3d, dp, dbns imp, ske)
Fig5.6: Pressure plot

From Fig 6.6it is clear that at some places pressure is high
as the aircraft design have sharp edges, corners and flat
surfaces. This can be reduced by refining the design and
seeing that there aren't any such errors in the geometry of
the aircraft.
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Streamlines from the fore-body strake for an angle of
attack

Fig5.7: Fluid flow on test object for different angle of attacks

TheFig 6.7 clearly depicts the reason why the C_ and Cq4
values abruptly change with respect to the angle of attack.
At angles of attack less than 6°, the vortex from the strake
passes below the wing; at 8° it begins to interact with the
wing and by 10° the interaction is quite strong. From
these streamline plots alone it is not completely clear what
may be causing the increase in the horizontal tail liftan
increase in effective angle of attack seen by the horizontal
tail between 10° and 18°.ontribute to this phenomenon by
deflecting the flow away from the tail, creating a lower
pressure region above the tail. This lower pressure region
then causes the higher pressure flow from below the wing
to turn upward because of the local pressure gradient. This
then turns the flow at the horizontal tail, increasing the
local angle of attack and thus increasing the lift. This train
of cause and effect is better supported by plots of the
separated flow regions explicitly using oil line plots which
depict surface flow patterns.

CHAPTER 6
CONCLUSIONS & FUTURE SCOPE

6.1 CONCLUSION

After conducting the Computational Fluid Dynamics
Analysis for the osprey V22 Aircraft, this results are
compared with the experimental results done by NASA
and are mentioned in the paper “Analysis of CFD
Modelling Techniques over the MV-22 Tilt rotor by
Jennifer Abras, it is observed that

. C_ &Cyvalues increase with angle of attack up to
6° beyond which these coefficients change abruptly.
From this we can see that the aircraft has best
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performance in the angle of attacks ranging 0-8° after
which drag forces dominates , flow separation occurs
which results in loss of lift and stall

o Variation between two results is due to Operating
conditions which we considered are different are different
from the one which is in the journal where the operation
conditions are given as Mach no 0.3 & Altitude — 3000ft
(operating pressure -90.8Kpa).

o One significant difference between the CFD
geometry and the WT model is the presence of vortex
generators (VGs) which span the entire wing including
over the fuselage. The VGs are known to delay wing
separation, but are difficult to model in CFD and have
hence been omitted. The VGs are most likely the primary
contributors to the differences in lift beyond 6° angle of
attack.

o This difference is due in part to different
predictions of the fore body/wing interaction between the
two codes.

o The 23% thick wing provides additional
challenges as separation occurs gently and relatively early
as angle of attack is increased unless VGs are utilized.

o From the above streamline flow figures it has
been observed that there is flow separation from angle 8°
where the stall on the flight increases.

For many V-22 applications, RANS methods appear to be
well suited to address difficult aerodynamic concerns.
Ultimately however, careful evaluation of every solution
is needed particularly for complex interactions and
separated flows.

6.2FUTURE SCOPE

The aerodynamic analysis of an aircraft is a vast field of
research and development. Future work on this project
will attempt aerodynamic study of this aircraft at different
angles of rotation of nacelles. Further analysis can be
done by adapting different aerofoils, studying unsteady
effects at high angles of attack and the effect of turbulence
models on these unsteady effects. The culmination of this
work will be the analysis of the impact of the various
aerodynamic components on the stability and control of
the aircraft

Www.ijert.org

[1]
[2
31
(4]
[5]

[6]
[71

(8]

International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 3 Issue 9, September- 2014

REFERENCES

“Analysis of CFD Modelling Techniques over the MV-22 Tilt
rotor” - Robert Nadrucci & Jennifer Abras ,pg. no. 15-150
Computational Fluid dynamics by John.D.Anderson , Second
edition 2012 pg. 10-105

Aircraft design — A conceptual approach By Daniel.P.Raymer ,
2nd edition 1992

Aerodynamics,Aeronautics, and Flight Mechanics by Barnes W.
McCormick, Ph.D. , 2™ edition 1996 ,pg. no.125- 300

“A CFD Analysis of the Download Reduction for the V-22
osprey wing.” — Chris Barnes

Help Tutorial Guide of ANSY'S Fluent 14.

Boeing Image Gallery, “boeing.com/rotorcraft
/military/v22/v22photos.html,”

Osprey Cad Model , “grabcad.com”

264

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)



