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Abstract

The aim of the current project is to develop, validate and implement a trim routine for
a numerical rotor model, developed for the use in simulations of a helicopter exterior
flow-field.

In this investigation a ROBIN fuselage geometry was utilised. Simulations of the
fuselage without the rotor were carried out initially so that investigations into the com-
putational grids and turbulence models could be done. The computational simulations
were performed in the commercially available CFD solver, F LUENT®

Computational grids were created for the near wall modelling approach and wall
function approach. Some of the more applicable turbulence models available in the
solver were compared. For the wall function approach grids the k£ — €, and its variants,
the RNG and realizable models were found to be suitable choices. For the near wall
modelling approach grids used, the SST models performed the best.

The rotor model used during this investigation utilised a combination of blade ele-
ment and actuator disk theory. Forces exerted by the rotor are calculated with the use
of blade characteristics and flow properties. These forces were applied to the domain
as momentum sources terms. The rotor model was incorporated with the CFD solver,
through the use of a User Defined Function (UDF).

The method used to trim the rotor was the Newton-Raphson Iterative method.
This trim routine was incorporated in the UDF used for the rotor model. Tests were
conducted, on a rotor-alone’ model, as well as the rotor and fuselage model. The trim
routine was found to be rigorous and managed to trim the rotor in each of the tests
conducted. Good agreement between experimental and numerical collective pitch angle
and cyclic pitch coefficients were found. Also the effect of the fuselage on the trim

conditions proved to be minimal.



Nomenclature

Symbols

A1 Lateral cyclic pitch coefficient

A Area (m?)

B  Longitudinal cyclic pitch coefficient
Cy  Coefficient of drag

¢ Chord (m)

C Coeflicient of lift

Cu, Coefhicient of rolling moment

Cu, Coefficient of pitching moment

Cy Coefficient of pressure

Cr  Coeflicient of thrust

d Diameter (m)

D Drag (N)

L Lift (V)

M,  Coeflicient of rolling moment (N.m)
M,  Coeflicient of pitching moment (N.m)
N Number of blades

p Pressure (Pa)
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Torque (Nm)

Blade element radial position, or radial unit vector (m)

Reynolds Number

Rotor radius (m)

Blade pitch (°)

Thrust (N)

Collective pitch angle (°)
blade twist (°)

Time (s)

Rotor disk thickness (m)
Velocity (m.s™1)

Forward speed of the helicopter (m.s™!)

Greek Symbols

Angle of attack (°)

Angle between the relative velocity vector and the rotor blade plane of rotation

(°)

Azimuthal angle (°)

Blade element radial thickness
Advance ratio

Rotor rotation vector (rad.s_l)

Density (kg.m™2)
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Subscripts

d Drag
1 Index
J Index
k Index
[ Lift

M,  Rolling moment

M,  Pitching moment

P Pressure

r Relative
T Thrust

t tangential
Acronyms

2D Two dimensional

3D Two dimensional

CFD Computational Fluid Dynamics

RANS Reynolds Averaged Navier-Stokes equations
RNG Renormalization Group

RSM Reynolds Stress Model

UDF User Defined Function
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Glossary

Actuator disk

Advance ratio

Azimuthal angle

Coning

Numerical diffusion

Parallelisation

An infinitely thin disk, which occupies the
same area as the rotor and generates a uni-

form induced velocity.

The velocity of the helicopter with respect to

its rotor speed.

The horizontal angle between two lines or
planes that intersect. The angle is usually take

from a reference point.

A phenomenon that occurs on a rotor, when
the blades rise, during take off and flight,
above the straight positions into a coned po-

sition.

A non real aspect which has the reputation of
affecting the accuracy of solutions in a CFD

model.

The process of making a serial UDF into one

which can be used in a parallel environment.



Glossary

Pitch angle

Pitching Moment

Potential flow

Rolling Moment

Solidity ratio

Swashplate

Tip effects

Trim Routine

Defines the angle of attack of the entire blade
with respect to the disk plane.

A moment that tends to pitch a flying body

about its lateral axis.

Flow in which the velocity of the flow is the
gradient of a scalar function, known as the

velocity potential.

A moment that tends to rotate a flying body

about its longitudinal axis.

The ratio of rotor blade area to area swept by
the rotor blades.

A mechanism that turns non-rotating control

movements into rotating control movements.

A secondary, strong low phenomenon that oc-

curs around the tip of the blade.

A routine that is used to calculate the correct
pitch angle and coefficients to achieve a thrust

coeflicient and eliminate moments around the
hub.
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Chapter 1

Introduction

1.1 Background to investigation

The fivst semi-practical idea of a hnman-carrying helicopter was conceived by Leonardo
tla Vinet around M. However, it was not until the invention of the powered airgrafts in
the 20th century that helicopters, also known as rotary-wing aireralls, were developod,
Throughont the vears the basis of the helicopter conbiguration has not changed wuch,
ared most helicopters that exist today are based on the first single-rotor helicopter that
was made by Tgor Sikorsky in 1939 (15

I comparison Lo conventional fxed-wing atreraft, belicopters fonnd to be voeh vore
complex. more expensive to buy and aperate. and are more linnted in speed, range, and
pavload., The complexity 1s attrilaited (o the unigue aerodvnanue features that a rotary
winty, exhibits, and to the many compouents that make np a helicopter. Althongh this
iz the case. they do have a great advantage in that thev are hishly manpeuvrable. since
helicopters can hover in place. reverse, and above all take off and land vertically.

It is becanse of this advantage that much time and money has been put into research
ol rolary witie atrerafis, In previeus vears the nvestigations of the tlow-lields that
exist. around belicopters were conducted throngh the use of wind tunnel experiments,
[Towever, this method has proven to be very expensive. Thus, over the last few decades
varions techinigies have been snggested lor the modelling of rotary-—wing fow fields.

Early attempts to model belicopter rotor characteristics wore based on one dinen-
sional momentuin theory developed lor acroplane propellers. The rotar is considered
to be an infinitely thin disk, which ocenpics the same area as the rotor, generating a
uniform induced velocity at the rotor disk. The disk is commonly known as an actuator

disk. This method allowed hasic simulation of rotor perlormance chiaracteristics such as

13



Ent rocduetion 1. Dackeround toinvestigation

Figure 1.1: Igor Sikarsky at the controls of the V5-300 wlich is hovering during a public

dermonstration Hight[15

thrust and torgue, and was later mproved by aceounting for rotation in the wake. It
is deficient in two very important aspects, Firsthy, momentim theory assumes uniform
fow in the rotor wake, with uo faclity for delining azinnthal variations: and it makes
no provision for information abouwt the charncteristios of the rotor blades. For these ren-
sons, ole dimensional momentum theories are not suwitable for any but the st basie
of simulations.

Wake methods such as the classic vortex theories, and variations thereal, were intro-
duced tu early attempts to model wakes Indieed by o rotory wing, This method s hased
on the assumption ol potential Qow. with the rotor blade being represeuted by a systen
of bonnd aud trailing vortices, and the wake by a rigid non-contracting helical vortex
sheet. The major shortfall of wake methods in general, is the assumption of potential
How. Despite these hmitations, sake methods remain valuable tools for rotor modelling,
largely to their ability to predict major Qow characteristics in a eost eflicient wanner.

More recontly, preat interest has been radsed in the jnvestigation, and fuld fow
modellmg ability of the Computational Fluid Thinnmies (CFID) packages for helicopter
acrvdynamics. CEFD is a computoer cods that uses the muonerical algorithms, as dictated
by the Navier-Stokes equations. to analvse the hod Oow conditions during computer

simulations. The CFD process is basieally made up of three stages. These are the pro-
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1. Introeluciion 1.1 . Backgroumd fo investization

processor, solver and post processor stages, and the basis of this technigue iy the wse
of some form of discretisation scheme to permil twuenerteal solullon of certatn governing
ecuations over the domain of inderest. It describes o relalively new discipline in fluid
dynamics, made possible by the tnereasing power and availability of computing resowrces,
However, atl this time, the nse of the full, nnsteady Navier-Stokes cqualions for fud
flow arcund the individual rotor blades is beyoud Lhe capacity of computing resources

avallable to most CFD users.

Variouy approaches have beetl demonstrated as means of maodelling the effects of
a rotary-wing, without necessartly mwodelling (he judividual blades themselves, While
severil approaches exist for representing time-averaged rotor eflcets, Lhe fundamentals
are conpnonly based on the caleulation of acrodynamie loady directiy from two dimen-
sional (21} blade-element theory. The most common methods used fur accouwnting for
the rotor’s influcnce ou Lhe flow-siream. are the application of cither interta] boundary

condilions, or womentum source terms, in the form of an actuator disk.

Several authors have used internal boundary conditions to represent i rotor in a time
averaged manner, comumonly it the form of a disk-like pressure boundary. coupled with
an indueed switl velocity, This approach was nsed by Fegjek and Roberls *5) to simulate
the wing/rotor interaction for a Lill rotor in hever, using the thin-layer Navier-Stokes
equations to describe the flow-feld. Iu the region of the rotor, the computational damain
was excloded from the implicie solution, with flow propertios being updated explicitly
wilh valuey caleulated by an independent rotor wode]l. Chaffin and Berry [4] also used
a similar technigque to carry out Lhe same task. They essentially modified the approach
undertaken by Feljok and Roberts [0] to represent the rolor with a disk bonndary of

oy Lhickness,

The use of momenlum source terms to represent o rolor i8, however, less compli-
eated that the application of internal boundary conditions. This is becanse the rotor is
represented simply by an actuator disk of intle thickness, whereby the rotor's infllucnce

15 modlelled in tenms of the momentuen 1 imparts to the fluid lowing (hough it

Rajagopalan and Mathur 17| were early exponents of (his Lheory in a rotary-wing
application, the three dimensional (4D} analvsis of & rotor in forward Misht. The steady,
ineorpressible, laminar Navier-Stokes crpuations wore solved for the flow domain: the
moment i souree terms being explicitly added Lo Lhe appropriate cells in the region
el the netuator disk. Blade element theory was used to determine the acrodynamic
lomdds with respect o radial and azimuth location, with blade pitel harmonics cxplicicly

defined from experimental values, and a wilh a constant blade ot angle.
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1. Inwroduction 1.2, Objectives of this thesis

Momentun souree terms have been used to tepresent the acrodyuoamic indluenee of
fans and roturs in other applications. Recently, Mever and Kriger 13" modelled the
effect of an axial flow fan on the veloecity Geld in the vicinity of the fan blades, with
the use of mormerturn gouree terms. Hotelikiss [10] theo ereated a monerical fan model,
hised on the methods used by Meyver and Kréger [13], and validated the accuracy of the
madlel [or both aligned and non-aligned inflow conditions. His results were compared Lo
mfl-axis inflow fan conditions mvestigated, experimentally. by Stinnes and vou Backstrom
(19, Agreemcnt between experimental and munerical results was excellent.

Since the results were very favourable, Hotchkiss [100 modified the lan model Lo
etsnre that it conld be used in a rotor application. One of the modifications made
was the inclusion of a subroutine in the rotor maodel to define the cycelic pitch profile
of the rotor n forward flight. 11 18 pecessary in helicopters to vary the blade pilch
angle a5 o lumetion of azimuth angle, to account for the free-stream velocity componernt
in torwarnd flight. Thiz i3 to prevent pitching and rolling moments being created by
nnegual aerodynamic load charactenstics along diametrically opposing blades.

Ewven thonph Hotebkiss 100 ineluded this reutine in the rotor maodel, aceurate sero-
dynamic predictions in forward flight was not possible since optimisation of the pitch

angle did oot take place,

1.2 QObjectives of this thesis

Since Lhe investigation undertaken by Hotebkigs [100 did not welnde au optimisation of
the pitch angle for the forward Hight conditions, the objective tor this project is to further
develop the techudgue used by Hotchkiss [10], to simulate the How-fleld surrounding the
rotor in forward {liglt condicions, by aplimising the pitch angle,

In accomplishing this task several other ohbiectives have to Lie undertaken. These

objectives are

o To develop and validate o method that can be incorporated into the numerical

rotor mode] and aptimize the pitch angle correctly.

s Create the seometry for the Lelicoptor fuselame and rolor, ag well as the grid which

can capture the How conditions accnrately.

o Investigate the varions OFD sobrer variables whicl needs to be nsed.

Page 16 Centre low Messarch n Clomputational and Applicd Mechanies
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| . Intresduction 1.3 . Theorelical approach

1.3 Theoretical approach

It 15 stromgely believed that CFD can be nsed to model and aceuralely prodict the aero-
dvnamics of the How-lield encountered by a rotary wing aircrafe in various Hight sim-
wlations. The present method used to optinise the pilch angle, 15 by incorporating a
irim routine in the rotor model Lo speeify the correct thrust values, as well as bulancing
both the ptching and rolling moments.,

A modelling procedure similar to that of Meyer and Kréger [13] was used [or the
rator model. I was however modified to incorporate the effects of waimnghal varlations of
Blade geometry present i a helicoptor rotor in forward Hight, The rotor model presented
18 based on a representalion of the rolor using momeniinn seurees and s coupled with
a comnercially available CTFD solver code. FLLU H_\]’I‘@, throngh Lhe nse of user defined
functions (UDE), writien in the C programming langnage.

Steady, incompressible, ¥iscous, Heyvnolds-averaged conservation equations are solved
by FLUENT® for this investigation. Ceometric details of the rotor need to be specified
by the nser. Momentiun souree ternis ave caleulated by the rotor model. which receives
flow: data from the solver, culealates the acrodyvnamic Ioads from 213 blade element
Lheory, und returns the source termns to the How solver.

The trim routine was included in the UDF used for the rotor model. T'his was done
s that the How properties needed for culenlalions could be obtained from the solver,
anel 20 that the collective pitch angle and cyclic pitch cocllicienis could be eorrected
inunediately. Correction of the colleetive pitch angle and cyvelic pitch coefficients is the
purpose of the trim rontine, and was done to ensure that the correet aerodynamic loady

wotlld be predicted and assigned to the rotor in the Qow solver,

1.4 Scope and Limitations

The wain limitation in Lhis project is computational power needed Lo generate the
mewdels, and reach final solutions, This ig mainly because the rotor model code 18 not
parallelised. which means that simulutions, volving the rotor, could only be rn on
sinple processor, and a restriction on the munbwr of cells used m the pre-processor phase
was enforced. The documentation of previons and experimental investigations received
was of poor quality and in black and white. Therefore, a comparison of the acrodynamie
efleets was unlikely.

Therefore, the simulations nndertaken during this thesis will focus on opthnisation

of the CFD methods used Lo generate solutions for the helicopter fuselage, and imple-
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menttation of the trim routine for the simulations concerning the rotor model,

1.5 Plan of Development

This report begins with a brief description of the literature reviewed, It then focuases
on the geometty, boundary conditions, grid and CFD solver variables implemented for
initial, helicopter fuseloge, simulations. An evaluation of the tuthulence models also
takes place. A deseription of the rotor model ssed s then cartied on, and this s
followed kv a description of the trim routine used, as well as the validation of the trim

ralane,
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Chapter 2
Literature review

In this chapter, the eguations that govery the fhinid flow around a belicopter confipura-
ticn arce presented, and the methods vsed to medol turbulence in CTFD are diseussed, A
depiction of forward theht helicopter acrodynamics 1= also shown, Finally brief descrip-

tiocns of the trim routine implementations used in previous investigations are revealed.

2.1 Governing Equations

The conservation equations that govern fuid flow around a lhelicopter confizuration are
given by the continuity and Navier-Stokes equations. These equations need to be solved

50 that the properties in the systern o interest can be obtained.

2.1.1 Continuity Equation

The continuity equation which 13 also kuown as the conservation of nass it is given by:

i f ol /
-l B TR 215
- +a.wf-f":’””-3 i (2.1)

For an incompressible fluid, the centinuity equation is given by
)
T (2.2)
dr,

2.1.2 Navier-Stokes Eqguations

The Navier-Stokes equations {or the conservation of momentum represents the momen-

fun equations in cach of the coordinate directions. The momentum eoquation is given

19
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2.2 Turbulence Modelling

Flow past a helicopter configuration can be comprised of rapid velocity aml proessure
Huctnations known as turbulent flows, To be able to get an acenrate representation of
the turbulent Hows mathematical models have been developed for CFD.

Turbulence models are mathematical models that are nsed to solve the unknown
variables in the transtormed Navier-Stokes equations that represent the velocity and
pressure fuetuations. These models have been developed because the size and fluctua-
tions ol turhulence flows are nupredictable and therefore too computationally expensive
tor siimulale divectly In practical engineering calenlations.

Two approaches can be used to transform the Navier-Stokes cquations in such a way
that that the turbulence functuations do not have directly simulated. These are the
Reynolds-averaging and filtering (LES] approaches. Both of these approaches introdiee
additional terms into the Navier-Stokes equations which need to be solved by turbulence
models. Hewever, the Revonolds averaged approach is adopted by the morve comnonly
ugeil turbnilence medels since it 1s more applicable practical engineering applications,

and 1s computativnally cheaper than the lesser nsed LES approach [3].

2.2.1 Reynolds-Averaging

In Hevnolds-averaging, the selution variables in the Navier-atokes equations are decom-
poserd into the mean and Huetuating component. Therelore the velocity, prossure and

other sealar gnantities are represented as follows;

b b=y (2.4)

where & represents e average(moenn) coamponent

! r
G TRPIVSEILS the luctuation component.
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The mean component is given by the following time average:

] | e
fmg [ e 25)
3]

Substituting expressions of this form for the flow variables into the continuity and
Navier-Stokes eguations and taking a time averaped yields the {ollowing maodified set of

governing equations known as the Reynolds-averaged equations:

Reynolds averaged continuily egnation

Reynolds Averaged Navier-Stokes Equation (RANS)

; i i, oy S )
e LR e e e el N S

Additional termns, represented hers by Ir:ru 1{ which appear on the right-hand side of
equation 2.7, now appear in the Nawer-SLr:nkEa equations. These tertns are kuown as the
Reynolds- Stresses, and need to be modelled to achiese closure {or the RANS squations.

This is done through the use of various turbulence models [3].

2.2.2 Boussincesyg Approach vs. Reynolds-Stress Transport
Models

The Spalart-Allmaras, & — ¢ and & —w turbulenee models use the Boussiuesq hypothesis
to model the TeynoldsOstresses. This method relates the Reynolds-Stresses to mean
vilocity gradients:

ik duj @ My

—pugtty; = gl — e T } —~g (ph + m-——} i (2.8
G

The advantage of using this approach iz the relatively low computational cost awso-
ciated with the computation of the turbulent viscosity, g In the case of the Spalart-
Alliaras medel, only one additiomal trausport equation, representing turbulent. viscos-
ity, 1s solved, Tor the £ — ¢ and & — w models, two additional trausport equations are
solved, These are namely for the turbulence kinetic energy, & and either the turbulence
dissipation rate,e or specilic dissipation rate w and gy are computed as a function of &

andd o
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The alternative approach, embodied in the Revoolds-Stress Madal, is (o solve trans-
port equations for each of the terms in the Reynolds- stress tensor. An additional
scale-determining equation is also vequired. This means that five additional transport
equations are required in 2D flows and seven additional equations must be solved in 3D,

Even though the Boussinesq hypothesis has the disadvantage of assuming g, 18 an
solropic scalar guantily, which is noi strictly true, the maodels based on this approach
perform very well. In most cases the additiona] computational expense of the Revnolds

stresses model is not justified |3

2.2.3 Wall bounded turbulent flows

Turbulent flows are sisnificantly affected by the presence of walls, as the walls are
the main sonrce of mean vorticity and turbulence. Suceesstul predietion of these wall
bounded turbulent Hows in the boundary layer, swrounding the helicopter, is thus a
very important component of near wall modelling, because of the effect that il hias on
Lhe results of numerical simulations. After all, it is in the near wall region that solution
varables have large pradients. and the momentum and olher scalar transports oceur the
miciEl.

Previoms experiments have shown that (he near wall vegion is divided into three
regions. These are the nnermost laver, gencrally known as the viscous sublaver flow,
which shows characteristics of laminar flow; the outer layver, known as the fully turbulent
layer, where the flow is mostly turbulend; and the mlerim Luyer in which both types of

flow elfects are equally waportant,

Freestream

Edge of houndary layer

clrer [Eyer

I lag- layrr ar intenm layer

siblavel = Butter ger

Iner e

Figure 2.1: The three layers fonnd in the near wall region 3
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Turbislent
Lo e

LlPer and a1 blaygat e

NS '
Wall Function approach Near-Wall #odel Approach

Figure 2.2: The two approaches used for near wall treatments [3

Two approaches exist for the modelling of the near wall regions. In the first approach
a semi-empirical formula called * a wall funetion™ iy used to bridge the gap between the
wall and the fally turbulent region as the viscous layver is not resolved. "The ase of the
wall funetions removes the need to modify the turbulence models to account for the
presence of the wall, In a second approach, which v known as the near wall modelling
approach or enhanced wall treatvment, the turbnlence mwodels are modified to account
for the visconus layver by resolving the entire near wall regions above the wall with 4 mesh
3.

2.2.4 QGrid considerations for turbulent flows

lu the pre-processor phase the domain, over which the How is being modelled, 15 ereated
and boundary conditions are defined. The domain 18 also sphit up into many Hnite
volumes, or ¢elly, by & procedure known as meshing or erid creation. This is done so
that the varions nuknown variables such as velocity, pressure and temperature can be

calenlated at the nodes situated inside the volumes [7].

lu turbulent How simulations strong interactions exist between the the mean flow
and the turbulence, ‘Therelore, the namerical results for turbulent Bows tend to be
more susceptible to grid dependency than those for laminar flows. Since most of the
turbulence is gencrated in the boundary layver close to the helicopter, safliciently fine
meshes have to tuplemented in this region to resolve the rapid How property changes
that oceur.

The near wall mesh can be checked by examining the wall ¥ plus (¢ values close

to the helicopter fuselage.
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Wall ¢~ is a non dimensional parameter defined by the equation :

[ FALERNIR
h

a2

(2.9

where p  is the fluid density
ity 15 the distance from the wall to a point P located in the
first set of cells above the wall
w15 the friction velocity

it iz the flnid viscosity at point I*

I1t the viscons sublayer of the newr wall region the velooity varies linearly with the
wall ¥ whilst, across the inver laver the log law is used in wlhich the mean velocity is
proportional to the logarithm of the wall =, These relationships provide the criteria
for the selection of the gear weall or wall luetion modelling.

If the wall & value iy in the region of 30-60, which is etfectively a coarse mesh
region in which the lopg law is valid, the wall function approach needs Lo be selected,
Although Lhe linear law is implemented when wall ¢ < 11,225, using o sulliciently fisee
mesh near the walls should be avedded, Becanse the wall funetions oease ta be valid in
the viscous layer. The upper bound depends on, amongst others, pressure gracdients
and Reynolds number. As the Reynolids number increases, the upper bounds tends 1o
also increase, Wall 7 values that are too large are noi desirable, because the wake
componett. becomes substantially laree above the loo-layer, Alsa g value close to the
torwer bound. of 31 is most desirable.

On the other hand the wear wall model approach needs to be fmplemented when the
mesh is very fine and the ¥ is equivalent or near to one. However. o higher wall ¢
of less than four i1z acceptable as loug as it 1s well inside the viscons sublayer. At least
10 cells have to exist within the viscosily-adfectod near wall region (Reynolds nomber of
less than 2000 Lo be able (o resolve the mean veloeity atd turbmlent guatitities in that

region [3].

2.2.5 The Spalart- Allmaras model

The Spalart-Allmaras turbulenee model was desighed specilically for acrospace applice-
tioms involvitey wall bounded flows, and has been shown o give good results for boundary
lavers subjected 1o adverse pressure gradients.

Originally Lthis model was designed to be a low-Reynolds-irumber mocdel, which re-

guiree] the viscous alleeted region of the boutidary layver 1o properly resolved, However,
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in the commercially available CFD packape, FLUEN TY the Spalart-Alhnarss mode) has
bieen miodified Lo use wall functions when the mesh resolulion is not sufliciently fine,

One equation models suel as the Spalart-Allmaras model are said to be an g disad-
vaniage in that they are unable to rapidly acconnoodate changes in length scale, Such
mighl be necessary when the flow changes abruptly from a wall bounded Lo a free shear
How [3].

2.2.6 The k& — r model

The standard & - ¢ model has become the workhorse of practical engineering flow calen-
lations since it was proposed by Lannder and Spalding [11]. It Lias been shown to have
reazonable accuracy as well as beiug robust for a wide range of applications. However,
it performs poorly in swirling Hows with streambine curvature, vortices, and rotation,
Thercfore, improvements have been made made to the model. Subsequently two & ¢
the variants, namely the RNG & — ¢ mwode] and the realizable & — ¢ model have been
croatod.

The RNG & ¢ was derbved nzsing the o rigorons statistical technigue known as
the Renormization group theory (RNG). This model s very similar (o the standard
tnode] but includes refinements. These refinements include an additional teom in ils «
cquation that improves the accuracy for rapidly strained flows. The elfects of swirl ou
turbiilence is acconnted for which alse enhances Lhe aceuracy lor swirling flows, and an
analviically derived differemtial formmla that accounts for low Reynolds numboer eflleets
15 also provided.

(n the other hand, the realizable model is o recent development and differs from the
standard maodel by containing a new formulation for the turbuent viscosity and having
i now iransport equation for the dissipation rate, e

An advantage of the realizable model is that more accurately predicts the spreading
rate of both planar and round jeis. Thus 0 s likely to provide superior performanee
for flows involving rotation, boundary lavers under strong adverse pressure gradients,
separation, and recirculation. However, since this model is relatively new, it is stidl not

clear in exactly which instances it out-performs both the standard and BRNG models 3.
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2.2.7 The I — w model

The standard & —w maodel in the CFD package FLUEXN T is hased on the Wilcox & —u
utodel [21]. This model incorpuraies madifications for low-Reynalds-nunber effects,
compressibility, and shear How spreading, Therefore, it predicts free shear shear How
spreading rofes that are in close agreetent with measureinents for wakes, tixing lavers,
anel plane, round, and radial jets. [t s therelore very applicable to wall-bounded ilows
and free shear Hows.

Anather variation of the standard & — w model i3 the shear stress transport (851')
model. T'he 85T model was developed by Menter |12] to blend the robust and accurate
formulation of the k& —w model in the near wall region with the free stream independence
of the k& — e maodel in the far {ield.

The 55T £ — w model differs from the standard £ — w model in that it activates the
standard £ — @ model i the near wall region and the transformed & — e model with the
nse of o blending funetion. It also found that the domped cross-diffusion derivative term
in the w is mcorporated and the definition of the definition of the turbulent viscosity is
modified to account for the transport of the turbulent shear stress, Finally the modelling

constants are also different {3,

2.2.8 The Reynolds Stress Model(RSM )

The Reyuold stress model is the maost elaborate turbulence maodel that the CI'D pack-
Ape, FLUENTZ, provides. It closes the Revnolds-averaged Nuvier-Stokes equatious by
solving transport equations for the Reynolds stresses, toseiher with an equation for
the dissipation rate, This means (hat five additional equations are required for two di-
mensional (2D] fows and seven additional transport equations must be solved in three
ditensional (3D) flows.

The exact form of the Revoolds stress transport equations may be derived by taking
mortents of the exact montentum cquation. This a process wlherein the exact mormentun
eoualions are wmltiplied by a fluctuating property, the product then being Reynolds
averaged. [lnfortunagely, several of the terms in the exact equation are unknown and
maodelling assumptions are required to close the sguatious.

Sinee the BSA model aceounts for the effects of streatuline entwbnre, switl, rotation,
aneg tapid changes 1u strain rale in g more tigorons manner than the one-eguation and
two-eguation medels, it hos preater potential Lo glve acenrate predictions for complex

Hews. Hewever, the fidelity of the RSM predictions iy still limdted by the cdosare as-
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sumplions employed (o model varions terms in the exact trausports equations for the
Revuolds stresses. The modelling of the pressure-strain and dissipation-rates is particu-
larly challenging, and often cansidered to be responsible for compromising the acouracy
of [LSM prediciions,

The RSM madel.applied to various classes of flows, might not always yield resuits
that are clearly superior Lo the simpler models. Therefore is resulls may not warrant
the additional computational expense that its use reguires. However, use of the RSM is
a necessily when the How features of inferest are the result of anisotropy in the Reynald

stresses [3].

2.3 llelicopter Acrodynamics

Most helicopter designs that exist today have the same basie layoul. The layout that
vxigts s commoudy made up of a main rolor that provides lift and torward thrust, and
a tail rotor that 1% used to counter main rotor torgque, as well as for directional control,
It should be noted that other concepts have been introduced to cither replice or assist
the tail rotor in cancelling the main rotor targue.

Helicopters are kuown for their alility (o hower, and are also capable of both ver-
tical and forward Hight, The twe basic methods for analysing the characteristios of a
rotor, in hover, vertical fight and torward Hight, are the momentun or energy methods
and the blade element methods. The blade element methoil is necessary for accurate
performance estimation and for establishing the limits of a rotor performance, buat the
momentum method provides a rapld means of oblaloing a lrst estimate of the perfor-
mance as well as valuable insight inte the physics of the svstem [161

T'he main area of concery in Lhis report is the helicopler in forward Hight, Thercefore,
some of the aerodynaniic aspects of the helicopter in forward Hight, that were analyvsed

b the blade element method are introduced.

2.3.1 Tangential Vclocity

In forward Hight, the velocity acting on the blade element is a function of the both the
radial station and the blade azimuthal position. The azimuthal angle, v, is defined as
shown in Figure 2.5 with « = {t aver the tail. The velocity acting on the hlade element
is the vector sum of the velocity due to ratation, $3r, and the forward speed of the

helicopter, V. The velocity perpendicular to the leading edge or tangential ta the chord

Centre for Research in Compuiational and Applied Mechanies
University of Cape Town

Page 27

L L



2. Litcraturc review 2.3 . Ielicopter Avrodynamics

of the clement is £, and is defined as -
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Fignre 2.3: An overhead view of the tangential velocities of a helicopter body and rotor
in forward flight [14]

{ver the tail and nose, the blade element sees the sanie velocity as it would in hover,
bt on the advancing blade it secs a higher velocity, and on the retreating blade a lower
velocity, It could even bie found that there are clements where the velocity on the leading
edge is actually negalive. Thus the aic strikes the trailing edse rather than the leading
edge of the blade, The region n which the velocity perpendicular to the leading edge is
actually negative is shown to be creular and the zone 14 called the reverse How region.

If cach blade had the same piteh selting, their angles of attack would be nearly the
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same, bt the difference in velocity would produce more lift on the advancing side than
the retreating side. This would produce a relling moment, which would be expected 1o

roll the helicopter over :16).

2.3.2 Blade Flapping

hotor blades on helicopters flap in response to centrilngal and acrodynamic lorees they
endnre. This phenomenon is also dependent on the elastic and inertial characteristics
of the blades. When the blades flap. the advancing blade, which initially had high lifi,
acoclerates upward.  As it aceclerates npward, it also rotates toward the nose, where
the local velocity is reduced to ity mnean value, so that no nnbalanced lift exists and the
hitade stops accelerating. The retreating blade underegoes o sunilar expericnce cxcept
that it accelerates downwards as it rotates toward to a position over the tail. The augle
of altack on the advancing blade is decreased while the angle of attack on the retreating
blade s mereased. This canses the rotor to reach Happing equililrin when the local
changes in Lhe angle of atlack are sullicient Lo compensate for the changes o dynamic
pressure, Thus in this cquilibrinm condition, the rotor is not tilted sideways bt is tlted
fore and aft.

A small amount of lateral flapping will be generated dne to another aerodyvnamic
effect. As the rotor, produces lift, it is coned by the combination of lift and centrifugal
forees. Coning of a rotor oceurs when a blade, whether hinged or cantilevered from a
huly, seeks an equilibrivim coning angle that is a tunction of lift, centritugal forces, and
bltade weight, The magnitnde of eoning is generally found by setling the moments at
the hinge to zero.

In forward fight the lateral lapping occurs when the blade over the nose expericnces
air coning Loward its lower surface, whilst the Llade over the tail expericnces air ap-
proaching it from the top. The resull ts that the angle of attack on the blade at ¢ =07
is decreased whilst the angle of attack at @ = 180° is increased. The rotor comnpensates
for this inequality 90° later by tilting up on Lthe retreating side and down on the advanc-
ing side. This causes Happing velocities twver the nose and over the tail that are exactly

cnongh 1o compensaie for the difference in angle of aitack cansed by coning.
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P =130 Tip Path Plane Y=g

=hatt [4eference Plane

Fieure 2.4: Side view of a helicopter and rotor which shows the velocity orientation

cising lateral rotor tilt (16

The flapping motion may be mathematically represented by o infinite Fourier series.
However, only the first three ferms need be considered sinee the second and higher
harmonics represenied by the remaining terms are relatively small and have very little

effect ou rotor throst and torgque. This Foutier equation is displayed below;

3 =g — a cosy - by sty (2.11)

where @y represents coning
¢y, 18 the longitndinal Qapping with respect 1o o plane perpendicular to the shaft
defined ax postive when the blade faps down the tail and up at the nose
fy, 16 the lateral Bapping defined s positive when the blade Haps down the .qadw].ncing'

and up on the retreating side 16,

2.3.3 Cyclic Pitch

In the "early davs’ the pitch and rell control were generated by tilting the rotor and
creating a thrust veetor that had a moment arm wich respect to the position of the center

of gravity. However, as the size of the airerafts beeane larger. che forces required to tilt
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the rolor hecame so high that flight becanee difficals. Al this poiot, o means of rotor
contral called evelic pilch was developed. In this system, which 1y almost universally
nsed at present, the pilot evelically chauges Lhe pitch of the blades about the feathering

bearings by a tilling mechanism known as a swashiplate.

The cvelic pitch can be used for two purposes, wamely to trim the Lip path plane
wilh respect 1o the mast and to produce control nuwements for nianenveriug. I the first
caze, the pilot can mechanically change Lhe angle of attack of the blades by the same
anount as the fapping motioy would have, therelw elininaling fapping. This can be
used to diminish the entire effect of Happing or to leave nst cuongh to balance pitching
or rolling moments on the aircraft, In the second case, the pilot deliberately introduces
an unbnlanced Nt distribution in order to make the rotor tilt for manenvering. Whether
being used for trin or for control, the evelie pileh is equivalent (o Happing in that the
changes to rotor conditions due to one degree of cvelic piteh are Lhe same as Lhose due
{0 one-cegree change in fHapping. Like the flapping, the blade pitch can be written in

torns of o Fourior serics:

=i  Apnosi - Hpsiegd %ﬂl (2

where  #n 18 the colleclive pitell that 15 required to produce enough rotor thrust to balane:

the weight and to compensate for the iaflow

f# iz the hlade tavist

Aj s the lateral evelie pitch used to prodduce the rolliug noment

B, is called the longitudinal evelic pitch becanse it is used (o produce
pitching moments

v 1% the element radial position

It iz the rotar tip radins.

1t shondd be noted the use of evelie pitch for trim makes it possible to climinate the Oap-
ping hinges in the so-called rigid rotor designs. The rigid rotor designs bave eliminated

the lapping hiuges which exist ou the fully articulated rotor [16].
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2.4 Trim Routine Implementations

2.4.1 Chaffin and Berrys Investigation of Helicopters Fuselage

Aerodvnamics

Chalflin and Borry [1] modified an incompressible Navier-Stokes code to model the cffects
of & helicopter in forward flight on the viscons astodynamics of the fuselage. Interual
houndary conditions were used o represenl a rotor in fime-averaged manuer, in the
[orm of an actuator disk with a disk bhoundary of zero thickness, Owerset prids were
useed Lo allow nore complex configorations to be modelled, Therelore, the rotor and
tuselage geometry could be generated independernd ly.

The eftect of the rator was imposed on Lhe flow solution using boundary conditions on
the rotor-surface, describing {he differcnee in pressure and tangential veloecities betvaon
the upper and lower reglons. The thrust was modetled as a jurup in pressure across the
disk whilst switl veloeities were impletnented by adding a jurp o tangential velocity
across the disks surface.

Unlike an actuator disk, the pressuce jumnp was allowed Lo vary with radial and az-
inuthal loeations on the disk and was compnted from a tully coupled blade element. The
comnpressilility effects were included implicitly when determiving the forees generated
on the blade,

This meulel included a driaming algorithm, matching the total rolor thrust to a
priseribed value, and allowing the moments on the rotor Lo be balaneced by adjusting
the collective and cyelic pitch angles in an Iterative manner during the solution process.

Calculations were made tor an isalated rotor as woll as for a rotor /fuselage peometry
and comnpared with experimental idflow veloeity data and experiimnental fuselage pressure
dati, The results were shown to he reasonably good. It was found that in the hub and
nacelle reginon, the method had problems maodelling the interaction of the separated
region angd the rotor wake 'Thiz was most likely because of the time averaged modelling

used by the method.

2.4.2 Yang's hybrid method for rotors

Yang et al. 22 developed a hybridd Ravier Stokes full potential salver fur the efficient
prediction of 3D unsieady viseous flow phenomena that oceur over a helicapter rolors in
forward [lighy, The method eombined a Navier-Stokes analysiz near the blade maodelline

the viscous o and pear wake, with a potential Aow analysis in the far-field modelling
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mviscid isentropic ow, A grid motion module was alsa developed to account for the
blade motiom, and elastic deformations. This hvbrid analysis was validated through
study of rotors in forward fHight as the computed pressure coellicients wore in good
agrecnent with the experimental values.

The reason for the development of this model was because the anthors lelt the
prediction capabilily and the solution efficiency of the current generation of CFL analvsis
way not practical for the helicopter indostry, It was [elt that (he usefulness was limited
becanse the rotor was not being trimmed, the Lip vortex capturing suffers excessive
mumerical diffusion, and because the blade dynamics and aeroelasticity were nol being
adegiately modelled.

Therefore, to ensure that accenrate aernddynamic predictions could be possible, o
Newtou-Raphson Ierative method was used for the (rimming procedure. This method
was chosen since the relationship betwoeen (he rotor and accodynamic parameters; coef-
ficient of 1hrust, coefficient of rolling moment, coefficient of pitching momnent; and blacde
piteh angle is non linear,

Applying this procedure to the hyvhrid code was oo expensive to be practical, thus it
was ltuplemented Lo lorm an out-most trimming loopin the Tull potential code, However,
at times the rotor moments were approcimately balaneed in roll, but were out of balance
i piteh, Thus, to eliminate the rolling and pitehing moment, the lateral and longitudinal

cvelic piteh angles woere also trimmed manually,

2.4.3 FLUENTS Virtual Blade Model{ VIBM)

The method that was nsed in the FLUENT® VBM model [18] to analyse the mutual
actodviamic interaction hetween multiple rotors and atrframes, was created in the spirit
of Zori et al. |23] and Yaug et al. 22 and hmplemented into the general CFI) package
known as FLUEN'T®.

This technigne modelled Lhe rotors implicitly (hraugh source ternis in the momentnin
equatioms. This allowed the effects of the blade to be accounted for without them being
present. Unstructured grids were nsed in the rotor disks which allowed casy meshing of
nmltiple rolor genmetries in ¢lose proxdmity and convenient local mesh clhistering, The
nemi-linear, acrodynamic interaction between the rotor wakes with each olher, and with
structural components was solved by coupling the VBM with the governing Qow ficld
eruations comupniled by the FLE ENT® Nuvier-Stokes solvers.

Il was also realised that accurate acrodvnamic predictions are possible only if the

rotors operate at desired thrust and zero roll and piteh mwoments about, the huty Thuas
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2. Literature revicw 24 o Trimn Roatine Implementations

an antomatic and robust trim routine was inplemented to ensure thal, at a pariicular
flight speed, the model can calenlate the correct colleclive pileh angle and cvelic pitch
vocllicients.  Following Yang of al. 221 the iterative method vsed, was the Newton
Raphson iterative method. and the purpose of the routine was to achieve the desired
thrust coeffivients and eliminage the roll and pitch moments about the hub, This model
e not however caleulate the lapping molion of Lhe rotor bul did include tip effects.

As awalidation cxample, a wellstudied single rolor airframe interaction case in the
forward flizht was examined and the pressure distributions on the airframe were found
to compare well with experimental data. [Results of two proof of concept examples
wore also carried oul on an Apache-64 helicopter simulation considering both main and
tail rotor, and Lhe V-22 Osprey demonstrating the combination of the model with a
dynamic mesh capability. The presented steady rtesults tor these examples wore fonund
to be credible,

Page 34 Coentee for Research in Clomputational and Applicd bMechanics
University of Cape Town



Chapter 3
Model used in the investigation

Helicopters are made up of a monber of components that are complex ul shape. Oune of
these components is the helicopter fuselage. Thus, before experimental How conditions
ol & helicopter [uselage How-Held T a wind twoel can be simoudated, aoul resolved with
the use of CFD, a fuselage model has to be ereated. This chapter deseribes the fuselage
and external geometry created for this investigation, The method in which the peometry

was created is also depicted.

3.1 ROBIN Geomelry

The fuselage geometry created was that of a ROBIN [I[ithor Body [Nteraction) con-
fAguration. The ROBIN confipuration is representative of a peneric helicopter, This
configurstion was chosen sinee comparstive wind Lunnel experimentad data was lound
to be readily available as it was commonly used in several previous wind tunuel nives-
tiFations.

As depicted 1 Fipure 3.1 the BOBIN shape consists of an analytically defined bady
representing the fuselage. and an avalvtically defined pylon represeniing the fairing
around the engines and transmission.

Coordinates of the ROBIN body are defined by super-ellipse equations [14]. TFor a
givenl non-dimensional body longitudinal station (/1) the non dimensional coordinates
of the cross section (y/1 and z/1) are obtained from the analytical tuuctions of the model
height (H), width (W), camber {Z,), and elliptical power (V).

Each function has the same form, only the eight coethoents () to C) differ. The
body is divided into four separate regious snd the pylon is divided into two regions,

Separate coefficients are used in the six regions for the four functions. The form of these
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Model used in the investigation _ 4.1. ROBIN Genmelry

pylon

RCEIM bady

Figure 3.1 A depiction of the analviically defied ROBIN shape

functions are defined as follows 14]:

[ Hix/h
Oy
W 1+ G\
=0 | _ e tadiey v o (M) (3.1)
Zolaft) i
| N{z/l}

The coordinates of a given body station, &/ are delined using polar coordinates, The

non dimensional radial eoordinate for the cross section is defined as follows [14):

5 i
R — [_? } — (3.2]
{ St + mm,.,}

From the radial coordinate, the non dimensional coordinates on 1the cross section can

|::

!I-\J

b obtained form the following by varying o from 0 Lo 27

#il = reing {3.3]
i = reasp (3.4)
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Fhaure 3.2: Sketch of the robin configuration indicating the non-dimensional coordinates
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3+ Model used in the investigation 3.1 . RODIN Geometry

The values for the coeflicients are listed in Tables 3.1 and 3.2

0.0 < x/1 = 0.4

Puetion| 2y | 05 |05 1@ |8 [ [ioe 5 5
i 10 |-10|-04lo4] 1800 [025 [18
W 10 |-10]-04 04a]20|00 |02 120]
7 10 |-1ol-valoda] s vos|nog 13
N 20 |30 |00 ot|Loioo [1a 1]

d= it < (LR !

Funstion oy 1 & |G lok sl [ G

i 025 0.0 |00 [ooloo oo oo oo
W 025 |00 oo ool oo (6o oo
A o0 (00 [oo [o0loo-oo 6o o0
N 50 (00 |00 [ooloo oo [oo oo

08 < 2/l < 1.9
Iunction | £ G| O |8 i8S £ - (8

H 10 |0 |-08[11]15 005 |02 06
G o0kl 15 oos |02 o6
7 140 |-10|-08] 11|15 004 |-004 06
N 50 |anl-08|11]10 oo |00 oo

1.9 < z/1 <240

Funetion | (3’; Oy VO | Oy O s 5
i 140 |-Lo|-1o|ol| 2000 |003 |20
W 10 [-1ol-1olw1|20i00 |005 |20]
i 004100 [o0 |oo|ooioo |vo |oo)
N 20 100 [0.0 [o0]00 {00 [00 |00

Tahle 3.1; Caeflicients to deline hody shape
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e model

U0 < zfl < 04

[unction | O GRT  TO Cx | O L5 G
H 1.0 1.0 | -hE | 1.4 3.0 | G e B
W 1.0 =10 [-b8 [ 14 a0 | 00 U.166 | 3.0
L 12564 0.0 | D0 | DU 0| O R (NI
N N0} TV TNV RVRY | 0.0 U (.1]

DA< x/f < 08
Function | € (o Il [ £y {(?5 i 7 s .

H Lk LO| 08| 0218 | 2.0 L {345 | 20
W 1.0 0| -8 | 0218 | 200 U0 0166 | 2.0
i 1.0 1.0 -0.8 1.1 1.5 {065 (006 | 0.4
: N - '5.[} {Jﬂ {1.0 {Jﬁ RV VAT {10 RN

Table 3.2: Coofficients to define pylon shape

3.2 Creation of the model

The pre-processor that was uscd in dhis investipgation was GA MBITE. However, dhue {he
connplexity of the ROBIN configuration and the lack of dimensions provided, coordinates
had to be generated. These coordinates were created with the nse of the mathemati-
cal software, MATLABY MATLAB® is a language for {echoical compuoting in which
computation, visualigation, and programming is carried out in a familiar mathemnatical

mHatinn.

A code was written in MATLABT, {0 create the necessary coordinates nended to
cenerate the ROBIN geonietry, from the equations stated in the previous section (Refer
to appendixz A for the code and outputs). The coordinates were then exported to o fext
hle (1BL), su that it could be read o by the CAD packape ProEogiocer, ProBugineer
is widely nsed CAD package that allows the usor to generate complex geometries in
the digital format required, and was used to create the ROBIN geometry bocanse of its
complexity. With the aid of the coordinates, a surface model of the ROBIN conbiguration
was senerated in DroEngieer, and exported to the pre-processor so that that it could be
meshed, However, a problem was encountered since the transfer between the two CAD
packapes was ot a stnooth one. This was aioky due to the dillerence in tolerances,
Ordinarily CAD systems use a loose (1077 tolerance, since 1t is usnally good enough for

i : . T
their primary purpose and improves speed and memory requirements, Gambit™ on the
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3.

Blodel ased 1o dhe iuvestization 4.3« RODBIN fusclage-only’ simulations

other hand nses toleranece of 10°%, sinee it needs precise aceuracy for Boolean operations
and splits. The differeuce can resnlt in o gap between adjacent entities ov hetween the
boundary curve and surface data. This inadeguacy was eventually overcome by scaliug
the model, amd with the use of the healing option that 15 available i GA MBITT.

3.3 ROBIN 'fuselage-only’ simulations

lu 1974, Freeman and Mineck [6] couducted extensive wind tunnel investigations, in
NASA Langley’s vertical or short takeoff and landing (V/STOL) closed return atmo-
spheric tunnel, for the ROBIN covfiguration. This wind tunnel is also known as the
14 by 22-Foot Subsonic tunnel, and was designed for low speed toesting of powered and
high-lift coubigurations. The test section measures 0,63 meters wide and 4,42 meters
high at the entrance and s 15.24 meters long,

In the mvestigation by Freeman and Mineck[6] time-averaged fuselage surface pres-
sires of the ROBIN geometry with a 3. 15-meter, four bladed articulated rotor was mea-
sured, This pressure data was gathered rom pressure taps located along the fuselage
af the ROBIN geoametry at o Mach number of 0.062 and an effective Reynolds number
of 4.46 x 10% with a three meter model. Tt should be noted that wo pressure taps woere
locatod on the buls pylou cover.

Pressure: data was also colleeted without a rotor svstem, Since experimental time-
averaged pressure dats was available for the ROBIN fuselage without a rotor, it was
thought that initiating the computational investization for a stand alone fuzelage would
be benelicial, The reason that thiz was thought to be benelicial was bocause it would
Le great preparation for simulations conducted with the rotor since certain aspects such
as grid densities, turbulenee models, boundary conditions caunld be compared.

For that reason, the complete model for the HOBIN “fuselage-only’ simulations was
based on Freeman and Mineck 6] experimental investigation. A three meter Mselapge
was modelled at an angle of attack of wero desrees with 2ero vaw, The simulations were
conducted at a Mach number of 1062 and an effective Reynolds mumber of 446 x 109,
Due to the svimetry, and time that could be saved comptationally, only one half of

the How domain used by Freeman and Mineck 6] wis simulated.
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3. Model wsed in the Investigation T . BOBIN fusslage-onby’ zsim

ilationy

3.3.1 Boundary Conditions

Many boundary conditions are offered in the CFD pre-processar, GAMBITE. In view
of the fact that the experimental data from Freemau and Mineck [(] was 1o be used as
corparison [or the body alone model the various bonndary conditions, nsed experimen-
tally, were assigned iu the pre-processor. As secu by Figure 3.3 below the det boundary
of the wind tunnel was specified to be a constant velocity inlet so that the experimental,
alr speed of 21.72 /s conld be enloreed, The ontlet honudary was specified as constan,
pressure boundary, Wall borudary conditlons were applicd to the ROBIN configuration
to ensire that the external How conditions just above could be captured. A svimmetry
boundary was assigned to the side domain boundary shown o Figare 3.3, Symmetry
bowndary conditions are used wlhen the peometry of tderest and the cxpecied pattern
of the How have wirror syinnetry. Free slip walls were also applied to the top, bottom

and remaining side domain boundary.

Weall baundery __.__,-a-ﬂr. s
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Figure 3.3: Geometry boundary conditions tor the madel] that was used tor the "fusclage-

anly model’ simulations
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Chapter 4
Computational grid

The creation of the grid on a helicopter fuselage configuration is a fairly complex aud
lengthy procedire.  This is hecause of How wvariations which have 1o be taken mto
congideration, wnd the comnplexity of the model used. The structure of the prid used and

explanations for the cheoices ade, are therefore discussed in the following puragraphs.

4.1 Structured vs. unstructured

Before any mmmerical solution can be computed, o computational grid has to be created
an the physical domain, However, many [aclors such as the selup tiine, computational
expense, and numerical diffusion have to be take into consideration when creating the
optimal computational grid.

The two major categories of the grid construciion are stenctured grids and iunstrue-
turedd grids, Each tvpe of these grids has i15 own particnlar advancages and disadsan-
tages. Ideally one would try to create a structured or block-structured prid. consisting
of quadrilateral or hexahedral elements, since the numerical results are sail to be sie-
nificantly betier. Ilowever, it hias to be noted thal this would only be trae for simple
Hows,

The main reason for the better results is due to the fact that numerical diffusion 18
minimised when the flow is aligned with the mesh. The numerical diffusion phenomenon
15 & 'non real’ aspect which has the reputation of affecting the accuracy of solutions i
a CFT} model. All practical numerieal schemes for solving Auid fow contains o finite
amount of numerical ditfusion. This is because numerical dilfusion arises from truneation
errors that are a conseguence of representing the fuld flow equations in diserete lorm

7], The amount of numerieal diffusion 18 inversely related to the resolution of the mesl,
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4. Compitational grid 4.2 . TGrid Unstractured grid seneranoy

Therefore, one way of dealing with numerieal difflusion 1s 1o refine the mesh .

Often tle use of structured grids is very tiine consumning or near inpossible, T'his 1s
often the case when the geametry 18 too complex. An unsiructured grid that employs the
trisngular or leirahedral cells can be used as an ailernative. Also when the geometries
are cotuplex or Llie renge of lenpth seales of the flow is large, an unstractured mesh can
be created with far fewser celly than the equivalent structured mesh. T'his 18 becaase o
triangular or tetrahedral mwesh aliows clustering of cells in selected regions of the flow
domain. Structured quadrilateral or Lhexaliedral meshes will generally [orce cells to be

placed In regions where (hey are not needed [1],

4.2 TGrid Unstructured grid generator

The nostractured voluine grid ereated around the robin fuselage was generaled using
the nddiional pre-processor TGrid®,

TGrAd® is a Liglly efficient, easy-to-use, unstruciured grid generation program that
can handle grids of virtually undimited size and complexity, consisting of triangnlar,
tetrahedral, hexahedral, prismatic, or pyramidal ¢ells, TGrid is an intermediate cam-
poweit of the FLUENT® package, whicl also consists of (he sobver FLU ENT® aud the
PTEPTOHESSOT GAMBIT®. 1L can generale volume meshes from the existing bonndary

meshes that are generally created 1o Che nitial pre-processor GAMBITS.

Figure 4.1: A depiction of the boundacy mesh ereated 0 GAMBTT
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4. Computational grid 4.3, Grid constructed around ROBIN geometry

'l‘grid@ was created to reduce Lhe time and labouwr Laken to create a mesh on cont-
plex geometrics. The unstructured grid generation techniques of Tarid®, couple basic
geometric building blocks with extensive geometric data to highly antomate the grid gen-
eration process. In addition, the generalised data structures employved in these schomes
permit the addition and removal of cells to maximize accouracy and minimize memory
and CPU requirements |

The peneral procedure Lo create a grid involves the reading of the beundary mesh into
TGrd®. This boundary mesh is generally created with the pre-processor, GAMBIT®,
Examination of the boundary mesh for topological problems such as [ree edpes and
duplicate nodes are then cartied out. Once the bonndary is topologically correct, a 310
surtace mesh can he checked tor poor tace quality. Many quality-related problems can
be solved easily with edge swapping, but more difficult problems may require direct
manipulation of the laces and nodes

Cenerating the vohume mesh is the next step. This can be antomatically done or by
proceeding through s series of steps. For hybrid grids, prisms or pyramids are firstly
peneraled, This is followed by generating the triangular or tetrahedral volume cells, For
grids containing only (riangles or tetrabedral cells, either the automatic mesh generation
procedure can be used, o each step can be performed manually, Auy problens that
exit on the volume mesh can then be checked. The presence of degenerate cells will
prevent one from obtaining a solution, and very poor cells in critical areas will cause
sericlls accuracy and convergence problems. If such cells cannot be improved eithoer the
boundary mesh needs ta be improved or different mesh parameters will have to be nked.
AL this point, il the mnesh has ne severe problems, it can be used as input the solver so

that numerical solutions can be obtained 2]

1.3  Grid constructed around ROBIN geometry

The volume mesh constructed around the ROBIN geometry was made np hybrid mesh,
The hybrid mesh contaited an outer mesh region, i which the node distribution s

controlled and created by the unstriectured grid generator, and a mesh region close to
the ROBIN peomctry,

4.3.1 Boundary Laver Region

The near wall mesh was created in the boundary layer region around the RUBIN seom-

etry, This was done so that the turbulent conditions that cecur i Lhe boundary layer
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4, Computadional wrid 4.8 . Grid constructed around BOBIN gecmetry

could be captured. Prismatic cells. with incrementally increasing spucing in the 7 diree-
ticn, were used in this region to ensure that mesh resolution could be easily controlled.
Comtrol of the mesh resolution was essential ag the cells in this resion needed to comply
with the wall y range of 3060 lor wall linetion approach or with a wall 3! range of
less than four for the near wall modelling approach.

The boundary layer mesh. which was created for the wall function approach, was
L5 nun with the growih rawe of L20 This was [or a wall ¥ plus of aronnd 300 Oo the
other hand, the boundary laver mesh, which was created for the near wall modelling
approach, was (.00mm with a prowth rate of 1045 for a wall ' approach of one, and

(. 1 with o growth rate of 1.05 lor a wall 3t approach of three.

- L . . T Frismatic |ave: af
i B e T il Ty t cells

X,

o
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Figure 4.2; An indication of the prismalic boundary laver surrounding the helicopter

fuselage tor the near wall wodelling approach

4.3.2 Outer Region

The ruter mesh wag created in the outskirts of the wind tunnel. Tetraledral cells werc
used in this large region because fewer cells would be needed. which saves computational
ritne and expense. The density of the mesh in the outer region was determined by the

utistruetured grid generalor. and was direetly proportional to the density of the prismatic
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4. Computational grid 4.3 . Grid eonstructed around ROTIN geometry

recion swTounding boundary laver, Thus the outer region was made up of substantially
more cells when a wall ¢ approach of one was attemptod for the boundary faver mesh.

When a wall funelion approach sas altempled, a wall y— value close to 30 was used,
Alternatively grid independence was obtained for the wall 47 values berween one and
thres when the near wall modelling approach was used,

Ag geenl in Fieure 4.5, the unstructured mesh had a liner resohition near the fuselase
so that any sharp sradients in flow properties close Lo the fusclage conld he captured.

(O average, belween 2.4 and 3.0 million gric clements were used for the grids when
near wall modeling approach [wall 3t berween 1-3) was nnplemented, and 1.8 million
grid elements were used for the grids when the wall funetion approach {wall ¢! of 30

was implemented,

Feefl=ed grid [ the prasimity of . )
e R2E Mbody Zoarser gric noouzkirs of the
il gl

Sl Y

ROEIM Sy

Figure 4.3: Detalled view of the computational grid around the helicopler fusclage fur

the near wall modelling approach
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Chapter 5
Evaluation of turbulence models

A turbulent flow is expected around a helicopter configuration, during flight. This is
because of the elevated speeds that helicopter flight occurs at, and also because of the
complex nature of the flow-field found around a helicopter. Turbulence and vorticity
will be found in the boundary layer surrounding the helicopter. The prediction of the
turbulence in the boundary layer is especially important, as it will have an major effect
on the accurate aerodynamic calculations. Turbulence models have been developed to
predict turbulence for CFD. However, no single turbulence model is known to superior

to the others for the above mentioned type of flow.

The aim of this section is thus to evaluate some of the more applicable turbulence
models available in the solver, and to describe the numerical modeling strategy used in
the solver to simulate the ROBIN fuselage.

5.1 CFD solver settings

The computational simulations, for the fuselage, were performed in the commercially
available CFD code, FLUENT® on a dual processor, 64 bit machine. Using a dual
processor saved computational time as the both processors could be used. The steady,
incompressible, viscous, Reynolds-averaged conservation equations are solved in a Carte-

sian coordinate system:.

A default segregated solver was used for all the simulations carried out. In this
model, air was selected as the fluid type and the default settings of 1.225kg/m3 and
1.7894 x 10~5kg/m— s were selected for the density and viscosity of the fluid, respectively.
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5. Fvaluation of turbulence models 5.2 . Boundary Conditions

5.1.1 Single Precision vs. Double Precision

The double precision solver was selected ahead of the single precision solver for the
fuselage-only simulations, even though single precision solvers are more commonly used.

Double precision was chosen because it was computationally viable and it is said
to be mainly used when there are very small variable differences, or where long, thin
models, or any other model with highly differing length scales are used. This is because
the single precision solver might not be able to accurately represent the values of the
variables or the node coordinates.

The main difference between the two solvers is that the single precision uses six
decimal places when doing calculations, whilst the double precision uses twelve decimal

places [3].

5.1.2 Convergence criteria

In any simulation, the numerical accuracy of the simulation is checked by observing
the residuals as it iterates. The residuals used to identify solutions in CFD are the
difference in the amount of a variable entering and exiting a cell. In FLUENT®, the
reported residual is actually the sum of the residuals of all the cells [3].

Solutions of the simulations are considered to be at an acceptable accuracy when the
iterations of the solution have reached the convergence criteria specified.

The default, scaled settings of 10~ for the residual convergence levels, which is the
residual divided by the largest residual during the first five iterations, was used for all

the variables.

5.2 Boundary Conditions

Many boundary conditions are offered in FLUENT®. Flow boundaries, are generally
surfaces through which flow enters or exits the computational domain. The user is
generally able to specify certain flow properties for flow crossing the boundary. However,
this is dependent on the boundary condition chosen.

In the preprocessor, a constant velocity inlet was enforced at the inlet boundary.
The outlet boundary was specified as constant pressure boundary. A symmetry bound-
ary was assigned to the one of the side domain boundaries and no-slip walls were also
applied to the top, bottom and remaining side domain boundaries. A range of other

boundary conditions available in the solver were also tried for this current investigation.
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5. Evaluation of turbulence models 5.2 « Boundary Conditions

In addition to the velocity inlet boundary, the pressure inlet boundary was tried at the
inlet of the model. The pressure inlet, outlet and outflow boundaries were also tried
at the outlet of the model. The pressure distribution along the helicopter fuselage was
compared and no significant improvement in the accuracy was noticed when the alter-
native boundary conditions were used. Therefore, the initial boundary types specified
in the pre-processor, which included the no slip wall boundary on the top, bottom and
side walls was deemed acceptable. An explanation of each of these boundary types are,

however, explained below.

5.2.1 Wall boundary

Wall boundary conditions are used to define bounded limits for the flow in the compu-
tational domain. In viscous flows, the no-slip boundary condition is applied at walls by
default. However, varying degrees of slip and/or wall-velocities may be specified by the

user 3].

5.2.2 Velocity inlet boundary

Velocity inlet boundary conditions are used to define the flow velocity, along with all
relevant scalar properties of the flow at flow inlets. The total (or stagnation) properties
of the flow are not fixed, so they will rise to whatever value is necessary to provide the
prescribed velocity distribution. Generally, this condition is applied to the flow entering
the computational domain. However, in special instances a velocity inlet may be used

to define the flow velocity at flow exits [3].

5.2.3 Pressure inlet boundary

Pressure inlet boundary conditions are used to define the total fluid pressure at flow
inlets. along with all other scalar properties of the flow. They are suitable for both
incompressible and compressible flow calculations and the velocity direction may also
be specified. Pressure inlet boundary conditions are primarily used when the inlet
pressure is known but the flow rate and/or velocity is not known. In the case of flow,

exiting through the boundary, the specified total pressure is used as the static pressure

3].
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5. Evaluation of turbulence models 5.3 . Discretisation schemes

5.2.4 Pressure outlet boundary

Pressure outlet boundary conditions are used to define the static pressure at the outlet
boundary. Generally, this condition is applied to flow exiting the computational domain,
but for flows entering through the boundary, the specified static pressure is again used.
The value of the specified static pressure is used only while the flow is subsonic. Should
the flow become locally supersonic, the specified pressure will no longer be used and
pressure will be extrapolated from the flow in the interior. All other flow quantities
are extrapolated from the interior. If the flow reverses direction at the pressure outlet
boundary, the user is allowed to define scalar quantities such as back flow conditions

turbulence variables and velocity direction [3].

5.2.5 Outflow boundary

Outflow boundary conditions are used to model flow boundaries where details of the
velocity and pressure of flow exiting the computational domain are not known prior
to solution of the flow problem. They are appropriate where the exit flow is close to
a fully developed condition, as the outflow boundary condition assumes a zero normal
gradient for all flow variables except pressure. Importantly, any re-circulation across the
boundary may lead to inaccurate results, since when flow enters the domain through an

outflow boundary, scalar properties of the flow are not defined [3].

5.3 Discretisation schemes

The choice of a particular discretisation scheme is a compromise between numerical
stability and accuracy. While first-order discretisation is numerically more stable than
the second-order scheme, it will generally yield less accurate results, especially when the
flow is not aligned with the grid. This is due to the occurrence of numerical diffusion.
In the current investigation a first-order upwind difference scheme was used ahead of
the second-order upwind scheme for the momentum and pressure convection terms. The
upwind scheme uses the variable values from the cell ”upstream” from it. The use of
second-order upwind scheme made no difference in predicting the pressure distribution
along the helicopter fuselage. First order upwind schemes are also known to be quicker
in reaching converged solutions than the second order upwind schemes. The QUICK
scheme, a weighted average of second-order upwind difference and central difference

schemes, was investigated for discretisation of the momentum terms, with no significant
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improvement in accuracy.
Discretisation of the turbulence terms was accomplished using a first order upwind
difference scheme. A more accurate solution of the turbulence terms was not beneficial

as any turbulence model is at best an approximation of the effects of turbulence.

5.4 Turbulence Models

As part of the evaluation procedure of the turbulence models, consecutive tests were
conducted on the grids created for the wall function approach (wall y* of 30) and near
wall modelling approach (wall y* of 3). The turbulence models that were evaluated
were the k —¢€, and its variants, the RNG and realizable models; k —w, and its variation,
the SST model; as well as the Spalart-Allmaras, and RSM models.

The experimental data presented by Freeman and Mineck [6] was used as a com-
parison. The simulations conducted all took place at a Mach number of 0.062 and an
effective Reynolds number of 4.46 x 10°. Coefficients of pressure were compared along
the four cross sections z/l = 0.35,z/l = 1.17, 2/l = 1.35,z/l = 1.54. Tt is useful to note

that the pressure coefficients used are defined in the following manner:

sz D — Dinf (51)
inf
where p is the pressure at the point stipulated
Pint 1S the reference pressure

Ginf 18 the reference dynamic pressure.

x/l = 0.35 is located before the pylon on the front section of the helicopter fuselage,
whilst the other stations are located behind the pylon. The data on the cross sectional
stations is compared and presented as function of the z/l non-dimensional coordinates.
It is also important to note that model used experimentally contained a support strut

at the bottom of the fuselage.

5.4.1 Wall function approach

Reasonable agreement with the experimental data was obtained at the first station
z/l = 0.35 for all the turbulence models used. However, at the station =/l = 1.17, which
occurs just behind the pylon the k£ — w did not perform adequately. As shown in Figure

5.1 the k — w over predicted the experimental data. Even though the turbulence models
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performed adequately at this station, a huge discrepancy was found to exist between
the experimental data and the numerical data at the side and bottom (negative z/l) of
the fuselage. This is mainly because of the wake that is produced due to presence of the
support strut at the bottom of the fuselage. As seen in Figure 5.2, at 2/l = 0.1, all the
models also over-predicted the wake that occurs behind the pylon.

The last two stations z/l = 1.35,z/l = 1.54 (Figure 5.3 and 5.4) also showed a
separation point on the side of the fuselage, which can be seen by a sharp reversal of
the pressure plot. None of the turbulence models captured the separation exactly. It
was also found that the SST model hugely under-predicted the experimental coefficient
of pressure distribution on the station, z/l = 1.35, whilst the k — w over-predicted the
coefficient of pressure distribution on the same station. On the last station (z/l = 1.54),
the Spalart-Allmaras, k — w, and SST model hugely under predicted the experimental
coefficient of pressure distribution.

Thus over the range of simulations, for the wall function approach grids, the k& — ¢,

and its variants, the RNG and realizable models were found to be suitable choices.
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hrelels

5.4.2  Near wall modelling approach

As seen in Figure 5.5, at the first station 2/ = (.35, the Spalart-Allmaras and RSM
shivhily under-predicted the experimental coefficient, of pressare distribution, whilst Lhe
other turbulence models had a good agreement with the data. On the second station,
2/l 117, the 88T, BRSM and Spalart-Allnaras maodels predicted the coellicient, of
presaure distribintion guite adeguately. However, onee again, a huge diserepancy was
found to exist between the experimentasl data, and the mmnerical data at the side and
bottam (negative =/f) of the fuselage.  This is again attributed to the wake that is
produced around the support strat. The S5T maodel predicts the wake behind the
prlon(z /I = 0.1} closcly bt s unable to mateh the maxiram coefficient of pressare
measured al that station.

On the station @/ = 1.35, the realizable, & — ¢ and & — & wodels under-predicted
the experimental data. The RNG and BSM models closely prodicted the coefficient
of pressure distribution at the separation point it deviated in other cross sectional
repions. However, the 851 model and (the Spalari-Allmaras models had a reascmabie
agrecment with the data. The 551 and Spalart-Allmaras turbulenee models did nt,
however, predict the separation point very well,

Only the ST maodel was able Lo have a reasonable agreement with the experimental
data at the final station. The REM madel over predicled the coefhicient of pressure
distribution whilst the remaining. turbulence mocdels ander predicted the coeHicient of
prossure distribation. Therefore, for the pange of turbulence models tested, for the near
wall modoling approach grids used, the 85T modeds performs the best over the range
ol compared experimental data,
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Chapter 6
Rotor model formulation

The model used Lo simulate the elfects of rotor on the exberior low-field io this imvesti-
oation was a4 votor model that used a combination ol blade element and actnator disk
theory, Torces exerted by the rotor are caloulated with the use of blade characteris-
tics and flow properties. These forces are applied to the domain as momenium sources
Lerms. The rolor model was incorporated with the CIFD solver, throupgh the use of a
User Detined Farnction (UDF). L this chapler, the mathematical formudation of the

rotor model, wrillen in the O programeniog language, is thus deseribed.

6.1 Rotor Discretisation

The: rotor was represenied by a disk of finite thickness in Lthe computational domain
created, and the physical dimensions of the disk wore deseribed by Lhe region swept
by the rotor-blade. The disk is diserctised by a number of rogular annali, which are
firther divided ioto elements, This is depicted in Figure 6.1, Blade propertics, sech as
chord lengih, blade twist, thickness, and lift and drag characteristics, at the center of
cach element, are caleutated and were assumed constant throughout that elsment. The
artualor disk recion, within the computational demain, is defined during construection
of the romputadional grid, and the particular elements o which the meomentum sourees
are (o be applied are identified by a linking algorithm during the solution initialisation

Process.

Gty
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— -

\%

freestream

Figure 6.1: Rotor discretisation representation

6.2 Coordinate Systems

In the calculation of the momentum source terms four coordinate systems are used to
describe the rotor and blade elements. The first cartesian coordinate system, (X,Y, Z),
is the global coordinate system for the computational domain. A second Cartesian
system is defined, (Z,¥,%), with z pointing along the axis of rotation, in the upstream

direction, and x defined relative to the helicopter fuselage.

A rotor based cylindrical coordinate system, (T, ¥, Z), is also used, with ¥, the azimuth
angle, defined relative to Z. A third Cartesian coordinate system is defined for each
element Furthermore, when calculation of the blade element forces takes place, a third
coordinate system is defined. This coordinate system was defined in same way as the
second cartesian system. Transformation tensors were used to change the description of

vectors from one coordinate system to another as convenient.
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6.3 Calculation of the momentum sources

Values for the momentum sources terms are determined at the end of every iteration.
Blade Element theory is used to determine the forces imparted on the fluid by the rotor
blades, which may, with little manipulation, be directly substituted into the governing

momentum equations as the source terms.

.

A Rotor axial direction

Py

oQ/r Rotor blade plane of rotation

 §

Figure 6.2: Blade element representation showing the relative velocity vector, and the

resulting aerodynamic loads

According to Von Mises [20], the force exerted on the fluid stream at any location
within the actuator disk is a function of the fluid velocity vector, Ug, relative to the
rotor-blade, as well as the lift and drag characteristics of the blade cross-sectional profile.
Figure 6.2 depicts the relative velocity vector, as well as the resulting elemental lift, § L,

and elemental drag force, 6D, on a blade element, at a blade radius 7
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sources

The lift and drag forces are determined according to :

1
0L = §|URIQCl.C.57‘ (6.1)

5D = %|UR|20d.c.5r (6.2)

where () is the coefficients of lift
Cy is the coefficient of drag
¢ is the rotor blade chord length

Ur is the relative velocity vector

or is the blade element thickness.

The solver provides the flow-field velocity, relative to the global coordinate system,
at any prescribed location within the flow domain. Therefore, the velocity vectors at
the actuator disk could be determined directly. However, the velocity field encountered
by the two-dimensional blade elements of the rotor model differs considerably from the
uniform velocity field for which the lift and drag coeflicients are valid.

The most notable difference being the tangential velocity component of the velocity
field on the two-dimensional blade element down stream side. To compensate for this
discrepancy, the relative velocity vector, Ug, at the two dimensional blade element is
the average of the trailing edge vector and the free-stream velocity vector upstream of
the two dimensional blade element. It should also be noted when the final value of T
is calculated the rotation velocity of the rotor is compensated for.

From Figure 6.2 the blade element thrust, §7 and torque, 6@ are determined by

0T = 0L - cosf — 6D - sinf (6.3)

8 = (0L - sinB+ 6D - cosf3) - r (6.4)

where [ is the angle between the relative velocity vector, Ug, and the rotor

blade plane of rotation.

The blade forces were expressed as momentum sources/sinks in the governing equa-
tions, and the blade element thrust and torque need therefore to be expressed as a force

per unit volume. It follows that

oT o-0T
CeR AL (6.5)
oV c-or- thislc
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) -0
0Q _ 0@ (6.6)
oV c-or- thislc
where 6r is the element radial dimension
traiskis the rotor disk thickness
o is defined as the blade solidity ratio:
N-c
0=5— (6.7)
Substitution of equations 7.1 to 6.6 into the equations 6.8 and 6.9 yields:
0T 1
Vo é—pﬁz t(; (Cy - cosB — Cyq - sinf3) - (6.8)
0Q 1 o .
i '2‘,0'UR2 T E(Cl - cosff + Cq - sinf3) (6.9)

Since the relative velocity magnitude can be calculated and the other components are
known, only the coefficients of lift and drag needs to be determined to resolve equations
6.8 and 6.9. The lift and drag characteristics of a profile section are a function of the
Reynolds number and angle of attack,a, alone. This depends on the particular rotor
being modelled and within a specified range of Mach numbers. The Reynolds number
is calculated as: L

Re = % (6.10)

where p is the density obtained directly from the solver
i is the dynamic viscosity obtained directly from the solver
[UR| is the relative velocity magnitude

¢ is the profile chord length.

The angle of attack is calculated according to:
a=0-0 (6.11)

It is necessary in helicopters to vary the blade pitch angles as a function of azimuth
angle, to account for the free-stream velocity component in forward flight. Controlling
the geometric angle of attack, or the pitch angle, of the blades serves to keep the angle of

attack constant for advancing and retreating blades. This is to prevent pitching moments
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being created by unequal aerodynamic load characteristics along diametrically opposing
blades. In the current simulations, the relationship between the pitch angle, 8, and the

rotor azimuth angle, v, is described by the equation

0 = 0y — Aycost — Brsiny + %91 (6.12)

where 6 is the collective pitch angle
f, is the blade twist
A; defines the lateral cyclic pitch angle
B; defines the longitudinal cyclic pitch angle
r s the element radial position

R is the rotor tip radius.

For « values falling outside the range of experimental data, lift and drag character-
istics of for a flat plate were used. According to Hoerner [8] and Borst and Hoerner [9],

the dimensionless lift and drag coeffiecients for a flat plate are given respectively as
C; = Cymaz * Sina - cosa (6.13)

and
Cy = Cimaz - Sin’a (6.14)
A smooth transition between the airfoil and flat plate lift and drag characteristics was
ensured with the introduction of a fourth order polynomial and trigonometric functions
in the overlap regions. The resulting lift and drag curves are shown in Figure 6.3, as
a function of angle of attack, a. Linear interpolation is used to determine C; and Cy

values at intermediate Reynolds numbers.

6.4 Calculation of moments

The rolling moment, values for the moment about the x-axis, and the pitching moment,
moment about the y-axis, is function of the azimuthal angle and is determined at the
end of very iteration. These moment values are of particular importance since the rotor
needs to be balanced to operate correctly in the various flight conditions.

Once again the blade forces are expressed as momentum sources in the governing
equations since the rolling moment and pitching moments were expressed as force per

unit volume:

oM, 1 o
5Vx = —-épWQ or = (Cy-cosP — Cq-sinf) - cosy (6.15)
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Figure 6.3: Lift and drag coefficients as a function of angle of attack, used for calculation
of the aerodynamic forces at the blade elements defined in the rotor model[19]
oM, 1 o
' = —pvg* 1 —(C) - cosf — Cy - sinfB) - sina) (6.16)
oV 2 try
6.5 Blade Flapping
The blade flapping of the rotor is not calculated in the code. However, if the flapping
motion is known the code can account for the first two harmonics of flapping by adding
the flapping velocity to the velocity normal to the blade path. Further due to its relative
unimportance in this investigation, the lead-lag motion is also ignored.
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Chapter 7

Implementation and validation of

the trim routine

This chapter presents the trim routine used to balance the rotor in forward flight con-
ditions, as well as the tests conducted to validate this routine. The method used to
trim the rotor was the Newton-Raphson Iterative method. Only a single processor was
used in the verification of the trim routine, since this was one of the restrictions of the
rotor model. Verification of the trim routine was initially carried out on a rotor model
without the fuselage. This was mainly done because of the lesser computational time
and expense required to test the trim routine. However, verification of the trim routine
for the rotor and fuselage was performed for a few scenarios. Therefore, in this chapter,
both of the cases in which the trim routine is validated are presented. In each of these
cases validated the configuration of the model, the computational grid used, and results

are depicted. Finally, the results are discussed.

7.1 Trim Routine

The trim routine that was created was implemented in the rotor model, and could be
executed when the user desired. The trim routine implemented was able to calculate
the correct collective pitch angle (6y) and cyclic pitch coefficients (A;, By) in order to
achieve the desired thrust coefficient, and eliminate moments around the hub for a
particular flight speed. This relationship between the thrust and moment coefficients;

and 6y, A1, By are displayed in equations (7.1-7.3):

CT = CT(007AlaBl) (71)
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CMy - CMy(eo,Al,Bl) (72)

CMI = CMz(HOaAIvBl) (73)

where (7 represents the coefficients of thrust
Cyi2 Tepresents the rolling moment

Cy represents the pitching moment.

Cr, Cuma, Cury are defined by the following equations:

T
Cr = e (7.4)
My
C, = LonR2(QR)? (7.5)
Cy. = i__ (7.6)

* 1pmRY(QR)?

where p  is the density of the fluid
R is the radius of the rotor

0 is the rotational speed of the rotor.

Following Yang et al. [22] a Newton-Raphson iterative method was employed to
trim the rotor. Given an initial guess for 6y, A, B;; and the desired thrust and moment
coefficients (Craesirea; Cyy_desivea; C Mydesirad), equation 7.7 was used by the the trim routine
to determine the change in Afy, AA;, AB; :

aCt aCr aCr

CTO 08¢ oA 9B, A80 CTdesired
8Cy. Ch. 8Cy _

CMxo + BGOI a%Alz a%Blz AAI - CMIdesired (77)
9CM, My My ‘

CMUO 890 8A1 3B1 ABl CMydeszTed

A step by step explanation of the method used, in the trim routine, to determine the

solution and various aspects of equation 7.7 are described below :
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1. With the initial guess for 8y, A;, By set the flow solver was run till convergence of

the flow-field, to get the initial rotor performance (Cro, Cyy 0, C Myo).

2. Another 6, value was then guessed and the simulation was restarted. A; and B;

remained unchanged.

3. Once convergence was reached, the new rotor performance was obtained from the

0  9Cr 9
98¢ dA1 dB1
8Cy, 0Cr, 0Car,
900 94 0B
oCy, OCun, 9Cp,
960 94, 0B,
was calculated. The components of the Jacobian matrix were calculated using a

rotor model code and the first column of the Jacobian matrix,

linear approximation method. This calculation was done relative to the initial

rotor performance characteristics and the initial guesses for 6y, Ay, B;.

4. 8y was changed back to the initial value and a new A; was guessed. B; remained

unchanged.

5. When convergence was reached once again, the rotor performance was obtained
from the rotor model code and the second column of the Jacobian matrix was

calculated.

6. Another B; value was then guessed and A; was changed back to the initial value.

By remained unchanged.

7. Once convergence was reached, the new rotor performance was obtained from the

rotor model code and the third column of the Jacobian matrix was calculated.
8. With the use of equation 7.7 the changes to 6y, Ay, By was calculated.

9. A simulation was conducted with the new 6y, A;, B; values. Once convergence
was reached the rotor performance was obtained. If this rotor performance was

equivalent to the desired values then the new 6y, A;, By were correct.

10. If the rotor performance was not equivalent to the desired values then the process
was restarted from step one with the current rotor performance values being seen

as the initial rotor performance values.
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The relationship between the rotor aerodynamic parameters Cr, Cyy,, Ca, and 6y, Ay, B,

were found to be non-linear. However, the diagonal components of the Jacobian matrix

ac . .
(%L Cng —=2), were found to be at least ten times greater than the non-diagonal

860> 0A, ' OB
COII(;pOIle;ltS of 1the Jacobian matrix. This meant that even though the relationship be-
tween the aerodynamic parameters and 6y, A;, By was non-linear, it could be possible
to assume a linear relationship. Thus, because of this finding it would be practical to
implement linear techniques to solve for 6y, Ay, B;. In future investigations methods
such as the secant method, could be used instead of the Newton-Raphson method in

order to find the optimum 6y, A, B; needed to trim the rotor.

7.2 Validation of the trim routine

Validation of the trim routine was a fairly long process. Because of the computational
restrictions of the rotor model code, only a single processor could be used at any one
time. Therefore, to save computational time, verification of the trim routine was carried
out on a model with a rotor, but no fuselage (rotor-alone model). The effects of the
fuselage on the results were not known but it was felt that this was sufficient for initial
testing of the routine. However, before the trim routine verification could begin, a simple
test of the rotor in a state of hover was simulated. This was carried out to ensure that
the rotor would be balanced, as it should be, in a hover condition. A few simulations of
the rotor and fuselage were carried out to check the results and effects that the fuselage
would have on 6y, Ay, B;. Therefore, in the validation of the trim routine the testing of
the rotor model with the rotor-alone model was carried out. This was followed by the
testing of the trim routine in forward flight conditions, for both the rotor-alone as well

as the rotor and fuselage simulations.

7.2.1 Isolated Rotor
Rotor Model Configuration

In order to use the rotor model successfully, critical information about the rotor system
was required. This included the rotational speed, blade profiles, dimensions, and number
of blades. These values were used as inputs in the rotor model code, as well as defining
the construction of the actuator disk within the computational domain. The root cutout
used was 24 % of the radius, and the rotor rotated in an anticlockwise direction. In the

numerical rotor model geometry created, the effects of the rotor hub were neglected.
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Hotution Number | Blade Hl{;c_le Rator Blade angle
gpeed [rpm) of blades | profile chiemd (m)  diamerer (m) | of Lwist (dog;
- 2000 i NACA 0012 0.066 1.72 -4

Table 7.1: Main rotor characteristics nsed for the rotor madel configuration

The characieri=lics nsged in this investigation for the main rolor are civen in Table
7.1, and were taken from the experimental investigation carrled onl by Mineck oo al.
140 Mineck et al. "14) conducted a wind tounel tesl ol & pencric helicopuer [uselage
niedel with an independently mounted rotor to obtain steady and perindic prossnre data
on 1he helicopter body, The model was tested at four advance ratios and three thrust
cocfficients, It wee also nseful to note that Mineck et al, [14] used a Z-mueter rotor test
systemn with a four bladed artienlated rotor with ne siguificant piteb-flap conpling. In
the investigation it was found that the rotor wake induced changes in the steady pressure
cocfficients at the two lowest advance ratios as the wake flowed around the body.

Mineck ot al, [14] also found than the unsteady pressure coefficients were marked by
four peaks associated with the passape of the fonr roter blades. Biade passage eflocts
were larzest on the nose and tail boom of the madel. o addition the mamitnde of the

plse increased with 1he retor thrust cocfficiont,

Computational grid for the rotor-alone simnulations

The computational grids for the rotor-alone simulations were created in the pre-processor,
GAMBIT®, Apart from the strnetured actuator disk region. the computitional demain
wits meshed vsing an anstrucoured tetrabedral grid. This allowed relatively simple mea-
mipnlation of the grid density aronud the actustor disk region, The dimensions of the
compatational demain was represeutative of the 14 by 22 fonl subsonie tunnel. The test
section measures 6.63 meters wide and 4.42 meters fect high at che entrance and is 15.24
meters long. Aboui 1.3 million srid elements were nsed to mesh the entire domain, As
seen in Figure 7.1, mesh relinement oecurs in localivy of the actuator disk region, with
the prid becoming increasingly coarse toward the demain bonndarios

As required by the rotor model code the actuator disk region was meshed using a
regular structured gridd. This is shown In Fignre 7.20 50 elements were used in the radial
direction and 100 equally spaced clermnents wore used around the circtenlerence, to make
up an actuater disk containing 5000 cells. A axial thickness of 15 mn1 was used for the

actuator, npstream and downstream disks, with an axdal spacing of 3U0nmm beiween the
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Innplerneutation and validation of the toim routine 7.2, Validation of the trim routing

Fefined arid in
Structured the prox mity of
actuator disk tha actaator disk

Figute 7.1: Plan view of the computational grid in the region of the actuator disk

disks.

Dimensions of the actuator disk were based on those used by Mineek of al. [14] in
theit investigation, In Fignee 7.3, a scetion through the actuator disk region shows the
different zones used in the rotor model.

Coninye was not included in the cteation of the compntational grid an the rator disk.
This was maindy becanse values of coning were not avallable. These values are generally

determined during experimental investigatious,

Initial testing of the Rotor Model

Initial testing of the rotor model without the trim routine was carried out to cnsure that
the numerical rotor behaved in the correct manner, This initial testing was carried owt
on the rotor-alone model. The rotor was modelled in a surrounding region of atimosphere
in a state of hover, The atmospheric outer region was created by assigning cach of the
boundary faces as pressure inlet boundaries.

A value of B degrecs was assicned 1o the collective piteh angle, &, whilst zero degroes

were assigned 1o the ovelie pitch coellicients, Ay and £2,. No angle of twist wis assiened.

Page T Clenire for Research in Computational and Applied Mechanics

University of Cape Town



T Implementation aomd valisdation of the [rim oaline 7.2 . Validation of the trim routinc

Lk %
G N
s i
i LA
R A Tt e,
i Tﬁ/-‘"' ; ST
III.P f‘ll"-, I‘ 2y, I-|I_|I Sfle,‘_ll‘
11 | |
mipli s
li“? T T
RIS e IR oy j
k i @ﬂhﬁ* 3. ; _ﬁ;‘-}%*& it
‘lltfé" oy : r] ;f”
¥ £ o
0’4 5?
%

Figure 7.2: An actuatar disk computational grid comprising of 3000 cells

U ostreanm
dsK

Art-atc disk

Dl 51 BTy
HET

Figure 7.3; A scction view through the actuator disk revion, showiny the disk-woues

1]

Centre for Besearch in Computational and Applied dechanies
Tadversity of Cape Town




T Implementation and validation of the frim raetine 7.2 . Validation of the trirm rowtine

The above-mentioned valies were assigned to check 1f the rotor would have zero moments
ahout the hub and 2 non zero thoust value, This is Lhe conditions that the physical rotor
woilld have i a hover state.

In the CFL solver, FLUENT®, a single precision solver was chosen becanse of the
computational limitations. The defauly, scalad settings of 10 * for the residual eonver-
genes levels, was used for all the variables. The standard £ — ¢ model was used for
turbulence modelling. A livst-order npwind dillerenee scheme was used for the momen-
tim and pressure convection terms.  Discretisation of the sorhulence terms was also
aciomplished using a first ovder upwind ditference scheme,

T'he rotor behaved in the desived manner sinee a non zero thrusy value was obtainad,
and the rolling and pitching moment values that wore oblained [rom the rotor model
code were within 2 % of being zero. A further verification of the roll and pitch moments
being close 1o zevo can also be seen by the symmerrical coefficient of pressure ()
distribution on the yovor in Figure 7.4, If the rolling and pitching moments were not
close vo zoro, the coeflicient of pressure (€ ) plot would be unsyinmetrieal. This result
proved Lo be vory favourable sinee the trun voutine could be included and the forward

flight, simulations eould be conducted to Lust the routine.
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Figure 7.4; The svimmetrical eoeflicient of pressure distribution for the rotor in a hoy-
cring condition
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7. lwplementation and salidation of {he trim ronline 7.2 . Validation of the trim rontine

Trirn routine verilicalion for the rolor-alone model

To verity that the trim routine cudendated needed to trim the Tolor, several tosts were
conchteted on the rotor-alone model for the forward fight condition, Forwawd Qight s
anb extremely complex asrodynamic problem to model. This 15 because of the main rotor
being subjected to proportionately larpge oll-axis flow eomponents when a helicopter is in
torward Hisht. In addition, berther complexities arise becanse of the reversed flow that
may be experienced over a seetion of the retreating blades, particularly at high advance
ratios.

A complete model was used for these simulations and the boundary conditions ap-
plied non slip walls on the top, bottom, wul gide domam bonndaries with a constant
velocity-inlet houndary at the frout to enforee the forward Hight veloeity, The oxit of
the flow domain was el as o constant pressire-inlet boundary condition.

The sinntlutions that took place used the sanwe solver setfings thar were used for the
initial testing and were carried ont at the advance ratios (2] and thrust coefficients '
shown in Table 7.2

An advanee ratlo () I8 a commonly used vabiwe wsed Lo deseribe the velocity of o
helicopter with respect to its rotor speed. As seon in 7.8, g is defined as the ratio of

free-stream velocity {vins) and rotor blade tip speed {1y).

o= *LF (T.8)
t

The conditions for the smntlutions were based on the expoerimental conditions nsed by
Mineck et al. [14]. The values obtained by Mineck et al. [14) during their investigation
could be used ag a comparison. Iuitial suesses for &, 4, B were obtained analytically
with the methods used by Prouty [16]. Generally when the analytical values were uiilised
the correct trimming coefficients were reached within three stmulations.

The 8, 41, By values used by Mineck et al. [14] to obtain trin couditions experi-
mentadly, as well as those obtuined numerieally in this investigation wee displayved o the
Tables 7.2 and 7.3 below.
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7« Implementation and salidation of the trin routine 7.2 . WValidation of the trim routine

7! 'y # v A
0.051 | 0.00636 | 1190 ¢ -1.a0 | 1.30
0051 | 000804 | 13.60 T -1.30 | 140
0.151 | 0.00643 | 10,30 . .2.70 | 2.40
051 | 0.00802 | 12,00 § -2.90 | 250
0.232 | 0.00643 | 10010 -0.40 | 3.80
0.232 | 000803 | 1190 -1.30 | 1.0

Table 7.2: Minock of al. [1] experimental results for the numerical conditions used in

the rotor-alone slimulations

. o B o |y | %
(LOSL | 0.00636 | 12,10 [ -2.33 | 1.08
LO51 | 000804 | 12.92 [ 243 | 141
0.151 | 0.00643 | 8.82 | 161 | 1.97
0151 | 0.00802 | 1123 | -1.96 | 252
0,232 | 0.00643 | 9.57 |-0.9% | 2.73
0232 | 0.00803 | 1107 | -1.42 | 3.74

Table 7.3: Nuuerical resilis lor the conditions used in the rolot-alone sinolations
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7 . Implanentation and validation of che Lrim routine 7.2 . Walidation of che trim

rolltine

7.2.2 Rotor and Fuselage

It the gimulations conducted for the rotor and fuselage configuration the same compu-
tativnal demain, boundary conditions, solver settings and rotor charncteristios as those
used for the rotor-alone. torward Hight simolations were utilised. The center of the rotor.
with respect Lo the fuselage, was located at » /4 = 0.696, y/{ = 0,051, =/ = 0,422, These

coordinates duplicated those used by Mineck et al, [14] in their investigation.

Compulational grid of the rotor and fuselage simulations

it the region surronnding che helicopler fuselape and actuator disk, sharp gradients in
flow properties were expected due Lo the rotor down wesh and Qouw [nteractions around
the hody-structure, A size function was theretore used to refine the unstrnclured mesh
sizein this critical region, and fo control the rate at which the grid would become
progressively conrser. The grid became courser as I meved, oulwards, toward the
domain boundaries. The maximum cell size was thus at the domain boundaries. The
vrid used 1s demonstrated in Figure 7.5, showing the ROBIN and structured actuator

elisk region emnbiaddded inan nnstroctured mesh,
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Figure 7.5 Detailed view of the compuiational grid arcund the hehcopter fusclage,
showing the structured actuator disk reglon embedded within an unstrucsured grid
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7o lmplemendation and validdation of the trite routine T2« Valilsdion of the trim nonctine

An initial grid slze of [50 mon was specified for meshing the helicopter hsclage (sec
Figure 761, nsing a growth rate of 1.03 and a maximum elements size of 600 van, The
growth rate defines the size ratio of the current row of elements to the previous row's

clements, A tolal nuimnher of abond 2 million eclls was used o mesh the entive domaln,

Figure 7.6: Compadalional grid deseribing the faces of the ROBIN Lelicoplor Misclage

The nse of dize functions allowed greater control over the compulational grid. This
permitted the total number of grid elvments to be rediuced significansly, without neces-
sarily sacrificing computational accuracy and siahilily, stuee the grid could be refined in
critical regions, while retaining a course structure in the majority of the computational

clormein.

Trim routine verification for the rotor and fuselage model

Dhe to the computational expense that was required for the rodor and fuselage simila-
tiows only three verification sinmiations were conducted, The simulations al the thirst
cocficients and advance ratios in lable 7.4 were conducted, The &, 4, B, vwalues that
were uged to trim the rotor for the rotor and tuselage model, and rolor-alone sinonrlations
are also displayed Table 7.4, aloug with the experimental values used by Mineck et al
[14], About 4 or 5 iterations of the trim routine were needed to balance the rotor for
the rotor and fusetage simulations. Generally the rolling moment and thrust coctlicions

were balanced within three simuilations. but were out of balance in pitch,
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7 . Implementation and validation of the trim routine 7.2 . Validation of the trim

routine

7 Cr Experimental | Isolated Rotor | Rotor and Fusealage

0.051

0.00636

A] — -130

A1 = —233

A1 = —233

By =1.30

0.151

0.00643

6o = 10.30

6y = 9.82

0o = 9.84

A =-2.70

A, = -1.61

A =-1.86

B, =240

By, =197

0.231

0.00657

6o = 9.54

A1 - -040

A1 = —099

A =-145

B, =3.80

B, =279

B =275

Table 7.4: A comparison of the experimental and numerical results for both the valida-

tion cases at the test conditions of the rotor and fuselage simulations

7.2.3 Results and Discussion

Even though the experimental values were available for the 6y, A;, B, the visual aero-
dynamic effects were unclear in the documentation acquired. This was because the
documentation received was in black and white, and the effects could only be seen on
colour. Therefore only the numerical 8y, A1, By values could be used for evaluation and
discussion.

For the rotor-alone simulations, rolling and pitch moments errors were found to be
below 1.0%, when compared to the desired values, and the thrust error was found to
be below 2.0% for the conditions specified. A reasonably good agreement was found to
exist between the experimental and numerical results for the rotor-alone simulations.

On the other hand, for the rotor and fuselage simulations the rolling and pitch
moments errors were found to be below 2.4% and the thrust error was found to be
below 4.1%. As seen in Table 7.4, the effect of the fuselage on 6y, A1, B, needed to trim
the rotor, is not large. The difference between 8y, A1, By of the rotor-alone and, rotor
and fuselage simulations were found to be greater at higher advance ratios.

The difference in the experimental and numerical values can be attributed to the lack
of coning. It must also be remembered that in a physical helicopter configuration, the
hub in the center of the rotor rotates. Rotation of the hub was not accommodated for in
the rotor model, which means that the effects that it has on the flow-field surrounding
is not accounted for. Theoretically the rotor wake should also influence the trimming of

the rotor, and thus on the difference in results.
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Chapter 8
Summary and conclusions

This report has presented the development, validation and implementation of a trim
routine for a numerical rotor model, developed for use in simulations of a helicopter

exterior flow-field.

In Chapter 1, the reason, approach and limitations for this investigation were pre-
sented. A historical discussion of the methods used to model rotary-wing flow fields,
leading up to the current momentum source technique used to model the effects of rotor,

was depicted. The need for the implementation of the trim routine was also revealed.

A literature review was presented in Chapter 2. The equations that govern the fluid
flow around a helicopter configuration were presented, along with the methods used to
model turbulence in CFD. A depiction of forward flight helicopter aerodynamics was also
shown. Finally brief descriptions of the trim routine implementations used in previous

investigations were also revealed.

In Chapter 3, the fuselage and external geometry created for this investigation were
described. The method in which the geometry was created was also described. Chapter
4 presented the computational grids created around the helicopter fuselage. The grid
used, choices made, and methods used to create the grids were also described.

Evaluation of the turbulence models and the numerical modeling strategy for the
helicopter fuselage simulations were described in Chapter 5. First order discretisation
schemes were found to be acceptable discretisation choices for the pressure, convection
and turbulence terms. Turbulence models were compared for grids that utilised both
wall function approach, and near wall modelling. For the wall function approach grids,
the k — ¢, and its variants, the RNG and realizable models were found to be suitable
choices. For the range of turbulence models tested, for the near wall modelling approach
grids used, the SST models performed the best.
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8 . Summary and conclusions

Chapter 6 presented a mathematical description of the methodology used for the
rotor model, which was implemented through the use of user-defined functions, written
in the C programming language.

In Chapter 7, the trim routine used to balance the rotor in forward flight conditions
was described and tested. The method used to balance the rotor was the Newton-
Raphson Iterative method. Tests were conducted, initially on a rotor-alone model be-
cause of the computational restrictions that were enforced by the rotor model. When
compared to the desired values, the collective pitch angle and cyclic pitch coefficients
for these tests compared favourably. Good agreements between the numerical and ex-
perimental values were also found. When the trim routine was tested on the rotor and
fuselage model, the effect of the fuselage on the collective pitch angle and cyclic pitch
coeflicients proved to minimal.

Although the restrictions prevented a realistic aerodynamic comparison of the nu-
merical and experimental data, it can be concluded that the trim routine implemented
was able to trim the rotor successfully. This finding was based on outputs of the rotor
model code. However, greater verification of the helicopter aerodynamics needs to be

conducted.

Centre for Research in Computational and Applied Mechanics
University of Cape Town

Page 79



Chapter 9
Recommendations

The following recommendations are made for future investigations:

9.1 Parallelise the rotor model

One of the shortcomings of the rotor model was that it could only be used on a single
processor. This presents a very large computational restriction. It is therefore, rec-
ommended that the rotor model be altered, so that it can be run on more than one

processor, and so that it can accommodate more than one rotor per simulation.

9.2 Acquire greater computational resources

To, fully, accurately predict the aerodynamics of the flow-field surrounding the helicopter
fuselage, greater computational resources will be needed to generate grids with more

elements in regions of interest, and to computationally save time in solving the flow.

9.3 Conduct an experimental investigation

To completely validate the accuracy of CFD in predicting the flow variations and aero-
dynamic forces experimental work needs to be carried out. Creation of a physical model

and wind tunnel testing is thus advised.
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9. Recommendations 9.4 . Include coning and hub effects

9.4 Include coning and hub effects

When the actuator disk grid is created it is recommended that the value of coning be
taken into consideration. However, these coning values will have to be determined or
obtained from experimental investigations. A spinning hub should also be included on
the geometry so that its effects on the flow-field can be accounted for. It would be
possible to alter the rotor model and geometry so that it can account for the rotation

and aerodynamic loading due to the hub.

9.5 Investigate the use of linear techniques for the

trim routine

Since a possible linear relationship was found to exist between the pitch angles and
the coefficients of thrust, and moments it is recommended that a linear technique be
investigated as a possible alternative for rotor trim, as one of these methods may be

found to be more suitable.

Centre for Research in Computational and Applied Mechanics
University of Cape Town

Page 81



References

[1] GAMBIT 2.2. Users Guide. Fluent Inc, Jan 2005.

2]
3]
[4]

[10]

[11]

[12]

TGrid 3.6. Users Guide. Fluent Inc, Jan 2005.
FLUENT 6.2. Users Guide. Fluent Inc, Jan 2005.

M.S. Chaffin and J.D. Berry. Navier-stokes simulation of a rotor using a distributed
pressure disk method. Proceedings of the American Helicopter Society, 51st Annual
Forum, Fort Worth, TX, 1995.

I. Fetjek and L. Roberts. Navier-stokes computation of wing/rotor interaction for
a tilt rotor in hover. AIAAJ., 30(11):2595-2603, 1992.

C.E. Freeman and R.E. Mineck. Fuselage surface pressure measurements of a he-
licopter wind tunnel model with a 3.15-meter diameter single rotor. NASA TM-
80051, 1979.

Versteeg H.K. and Malalasekera. An introduction to Computational Fluid Dynam-
1cs. Prentice Hall, Harlow, 1995.

S.F. Hoerner. Fluid-dynamic drag. Published by the author, 1965.

S.F. Hoerner and Borst H.V. Fluid-dynamic lift. Published by Mrs. L.A. Hoerner,
1975.

P.J. Hotchkiss. Development of a rotor model for the numerical simulation of

helicopter exterior flow-fields. Master’s thesis, University of Cape Town, 2004.

B.E. Launder and Spalding D.B. The numerical computation of turbulent flows.
Computer Methods in Applied Mechanics and Engineering, 3:269-289, 1974.

F.R. Menter. Two-equation eddy-viscosity turbulence models for engineering ap-
plications. AIAA journal, 32(8):1598-1605, 1994.

82



References References

[13] C.J. Meyer and D.G. Kroger. Numerical simulation of the flow field in the vicinity
of an axial flow fan. International Journal for Numerical Methods in Fluids, 36:947—
969, 2001.

[14] R.E. Mineck and Gorton S.A. Steady and periodic pressure measurements on a
generic helicopter fuselage model in the presence of a rotor. NASA/TM-2000-
210286, 2000.

[15] U.S. Centennial of Flight Commission. http://www.centennialofflight.gov/
essay/Rotary/Sikorsky_VS300/HE8.htm. Last accessed on: 16 October 2006.

[16] R.W. Prouty. Helicopter Performance, Stability, and Control. Krieger Publishing
Company, Malabar, Florida, 1995.

[17] R.G. Rajagopalan and S.J. Mathur. Three dimensional analysis of a rotor in forward
flight. J.Amer.Helicopter Soc., 1993.

(18] M.R. Ruith. Unstructured, multiplex rotor source model with thrust and moment
trimming-fluent’s vbm model. ATAA-2005-5217; AIAA: Reston, VA, 2005.

(19] W.H. Stinnes and T.W. von Backstrom. Effect of cross-flow on the performance of
air-cooled heat exchanger fan. Applied Thermal Engineering, 22, 2002.

[20] R. Von Mises. Theory of flight. McGraw-Hill Book Company Inc, London, 1945.

[21] D.C. Wilcox. Turbulence modeling for cfd. DCW Industries, Inc., La Canada,
California, 1998.

[22] Z. Yang, L.N. Sankar, M. Smith, and O. Bauchau. Recent improvements to a hybrid
method for rotors in forward flight. AIAA-2000-260; AIAA: Reston, VA, 2000.

[23] L.A.J. Zori and R.G. Rajagopalan. Navier-stokes calculation of rotor airframe in
forward forward flight. J. Amer. Helicopter Soc., 40, 1995.

Centre for Research in Computational and Applied Mechanics Page 83
University of Cape Town



Appendix A

The coordinates of the ROBIN configuration used during this investigation is defined
by super-ellipse equations. It consists of an analytically defined body representing the
fuselage, and an analytically defined pylon representing the fairings around the engines
and transmission. The exact form of these equations is shown in Chapter 3.

This chapter, therefore, deals with the code that was written in Matlab to create
the coordinates of the ROBIN configuration. Flowcharts describing the logic of the
routines are attached, along with the outputs of the code. A copy of the code used is

also indicated in this appendix.

A.1 Software Description

The software is comprised of a main program (main.m), several function files (py-
lonone.m, pylontwo.m, robinone.m, robintwo.m, robinthree.m, robinfour.m) to generate
the coordinates of the robin configuration, and another function file (calcval.m) which
generates the values for the the analytical functions of the model height (H), width
(W), camber (Z), and elliptical power (N). Only the main file needs to be run to gen-
erate the outputs, since the function files merely completes intermediate tasks needed

to generate the coordinates.

A.2 Flowcharts

A generic flowchart is indicated for the function files needed to generate the coordinates
of the robin configuration. This is because the same method is applied in each of these

function files. Flowcharts for main.m and calcval.m are also shown
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A, A.2 . Flowcharts
start
Calculate coordinates of ROBIN between
0020
Y
Calculate coordinates of pylons between
0411018
Create a matrix with coordinates of the
ROBIN Body and pylon and delete repeated
coordinates
Plot the ROBIN body with the pylon
Write the output (.1bl) for the ROBIN
body
Y
Write the output (ibl) for the pylon
stop
Figure A.1: Flowchart depicting the structure of main.m
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A. A.2 . Flowcharts

Y

Specify the angles used for
calculations across the cross section

Inmtialise variable s of functiens,
radial coordinates, y coordinates
and zccordinate s

le

complete

incomplete
Loop over the angle's specified Loop over x coordinates Define coatficients for functions
Incompiete
complete L 2
Calculate values (calcval) for the
functions
A 4 hd
Change format of x coordinate s to that of
the y and z coordinates Calculate values for radial coordinate
Calculate values for y and z coordinates
N
{ Stop )
<

Figure A.2: Flowchart depicting the structure of function files needed to generate the

coordinates
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A2, Flowcharts

Exrluse e A< s 0rmn o hret oo
ThEdurcben valus = Tsloele -1 £

1= il ALt vacaleulale
walue cal_ulation

"l e T alues

] ]

Fignre A 3: Flowchart depieting the sirocture of funetion file calevalin
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Ao o A . Cutputs of the code

A.3 Outputs of the code

A fizare depicting the shape of the RODBIN confizuration 18 an oulput of Lhe code, The
code also outpuls the cross seetional coordinates of Lhe ROBEN body and pylon in a
duata (IBLY file. This was carried owt so thal Lhe data Tides could be the imported by
the CAD package ProEngmeer. [Javing the coordinates being impeorted allowed simpler
geamnetry creatiom in Prolingineer. U'hus, in this section a figure depicting the ROBIN
helicopler fuselaes s shown, The cross geelional coordinates for the BOBIN bady and
pylon in Lhe ((IBL) format is also depicted.
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0.4

y-axis

D2F
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IPigure A.4: The robin eonfignration as o is ontputs from the Matlab code written
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A, A3 . Outputs of the code

A.3.1 Pylon coordinates in the .IBL format

Open Index Arclength

Begin section ! 1

Begin curve ! 1
0.410000 0.000000 0.155320
0.410000 0.008123 0.155315
0.410000 0.017393 0.155126
0.410000 0.027926 0.152926
0.410000 0.033896 0.144570
0.410000 0.034692 0.134296
0.410000 0.034711 0.125000
0.410000 0.034692 0.115704
0.410000 0.033896 0.105430
0.410000 0.027926 0.097074
0.410000 0.017393 0.094874
0.410000 0.008123 0.094685
0.410000 0.000000 0.094680

Begin section ! 2

Begin curve ! 2
0.420000 0.000000 0.162879
0.420000 0.010148 0.162874
0.420000 0.021730 0.162637
0.420000 0.034889 0.159889
0.420000 0.042347 0.149449
0.420000 0.043342 0.136613
0.420000 0.043365 0.125000
0.420000 0.043342 0.113387
0.420000 0.042347 0.100551
0.420000 0.034889 0.090111
0.420000 0.021730 0.087363
0.420000 0.010148 0.087126
0.420000 0.000000 0.087121

Begin section ! 3

Begin curve ! 3
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0.430000 0.000000 0.167994
0.430000 0.011519 0.167988
0.430000 0.024664 0.167719
0.430000 0.039600 0.164600
0.430000 0.048065 0.152750
0.430000 0.049194 0.138181
0.430000 0.049220 0.125000
0.430000 0.049194 0.111819
0.430000 0.048065 0.097250
0.430000 0.039600 0.085400
0.430000 0.024664 0.082281
0.430000 0.011519 0.082012
0.430000 0.000000 0.082006

Begin section ! 4

Begin curve ! 4
0.440000 0.000000 0.171917
0.440000 0.012570 0.171910
0.440000 0.026914 0.171616
0.440000 0.043213 0.168213
0.440000 0.052450 0.155282
0.440000 0.053682 0.139384
0.440000 0.053712 0.125000
0.440000 0.053682 0.110616
0.440000 0.052450 0.094718
0.440000 0.043213 0.081787
0.440000 0.026914 0.078384
0.440000 0.012570 0.078090
0.440000 0.000000 0.078083

Begin section ! 5

Begin curve ! 5
0.450000 0.000000 0.1751056
0.450000 0.013424 0.175097
0.450000 0.028743 0.174784
0.450000 0.046150 0.171150
0.450000 0.056014 0.157340
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A, A.3. Outputs of the code
0.450000 0.057330 0.140362
0.450000 0.057361 0.125000
0.450000 0.057330 0.109638
0.450000 0.056014 0.092660
0.450000 0.046150 0.078850
0.450000 0.028743 0.075216
0.450000 0.013424 0.074903
0.450000 0.000000 0.074895

Begin section ! 6

Begin curve ! 6
0.460000 0.000000 0.177782
0.460000 0.014141 0.177775
0.460000 0.030279 0.177444
0.460000 0.048616 0.173616
0.460000 0.059008 0.159068
0.460000 0.060394 0.141182
0.460000 0.060426 0.125000
0.460000 0.060394 0.108818
0.460000 0.059008 0.090932
0.460000 0.048616 0.076384
0.460000 0.030279 0.072556
0.460000 0.014141 0.072225
0.460000 0.000000 0.072218

Begin section ! 7

Begin curve ! 7
0.470000 0.000000 0.180079
0.470000 0.014756 0.180072
0.470000 0.031597 0.179727
0.470000 0.050732 0.175732
0.470000 0.061576 0.160551
0.470000 0.063022 0.141887
0.470000 0.063056 0.125000
0.470000 0.063022 0.108113
0.470000 0.061576 0.089449
0.470000 0.050732 0.074268
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0.470000 0.031597 0.070273
0.470000 0.014756 0.069928
0.470000 0.000000 0.069921

Begin section ! 8

Begin curve ! 8
0.480000 0.000000 0.182079
0.480000 0.015292 0.182071
0.480000 0.032744 0.181714
0.480000 0.052574 0.177574
0.480000 0.063811 0.161842
0.480000 0.065310 0.142500
0.480000 0.065346 0.125000
0.480000 0.065310 0.107500
0.480000 0.063811 0.088158
0.480000 0.052574 0.072426
0.480000 0.032744 0.068286
0.480000 0.015292 0.067929
0.480000 0.000000 0.067921

Begin section ! 9

Begin curve ! 9
0.490000 0.000000 0.183838
0.490000 0.015763 0.183830
0.490000 0.033753 0.183462
0.490000 0.054194 0.179194
0.490000 0.065778 0.162977
0.490000 0.067323 0.143039
0.490000 0.067359 0.125000
0.490000 0.067323 0.106961
0.490000 0.065778 0.087023
0.490000 0.054194 0.070806
0.490000 0.033753 0.066538
0.490000 0.015763 0.066170
0.490000 0.000000 0.066162

Begin section ! 10

Begin curve ! 10
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.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000

O O O O O O O O O O O o

(@]

Begin section !

Begin curve !

0.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
0.600000

O O O O O O O O O O o©o

Begin section !

Begin curve !

0.700000
0.700000
0.700000
0.700000
0.700000

.000000
.016181
.034647
.055629
.067520
.069106
.069144
.069106
.067520
.0565629
.034647
.016181
.000000
11

O O O O O O O O O O O O o

[N
[y

.000000
.018578
.039779
.063870
.077523
.079344
.079387
.079344
.077523
.063870
.039779
.018578
.000000
12

12
0.000000
0.019322
0.041372
0.066428
0.080627

O O O O O O O O O © O O ©

.1856397
.185388
.185010
.180629
.163983
.143517
.125000
.106483
.086017
.069371
.064990
.064612
.064603

O O O O O O O O O © O O ©o

.194344
.194334
.193900
.188870
.169758
.146260
.125000
.103740
.080242
.061130
.056100
.055666
.055656

O O O O O O O O O O O O o

.197120
.197110
.196659
.191428
.171550

O O O O O
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0.700000 0.082521 0.147111
0.700000 0.082565 0.125000
0.700000 0.082521 0.102889
0.700000 0.080627 0.078450
0.700000 0.066428 0.058572
0.700000 0.041372 0.053341
0.700000 0.019322 0.052890
0.700000 0.000000 0.052880

Begin section ! 13

Begin curve ! 13
0.800000 0.000000 0.197500
0.800000 0.019424 0.197490
0.800000 0.041590 0.197036
0.800000 0.066777 0.191777
0.800000 0.081051 0.171795
0.800000 0.082955 0.147228
0.800000 0.083000 0.125000
0.800000 0.082955 0.102772
0.800000 0.081051 0.078205
0.800000 0.066777 0.058223
0.800000 0.041590 0.052964
0.800000 0.019424 0.052510
0.800000 0.000000 0.052500

Begin section ! 14

Begin curve ! 14
0.825000 0.000000 0.196679
0.825000 0.019295 0.196669
0.825000 0.041316 0.196219
0.825000 0.066337 0.190994
0.825000 0.080516 0.171144
0.825000 0.082408 0.146739
0.825000 0.082452 0.124658
0.825000 0.082408 0.102577
0.825000 0.080516 0.078172
0.825000 0.066337 0.058321
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0.825000 0.041316 0.053097
0.825000 0.019295 0.052646
0.825000 0.000000 0.052636

Begin section ! 15

Begin curve ! 15
0.850000 0.000000 0.194601
0.850000 0.018906 0.194591
0.850000 0.040481 0.194150
0.850000 0.064997 0.189031
0.850000 0.078890 0.169581
0.850000 0.080744 0.145669
0.850000 0.080787 0.124034
0.850000 0.080744 0.102399
0.850000 0.078890 0.078487
0.850000 0.064997 0.059037
0.850000 0.040481 0.053918
0.850000 0.018906 0.053477
0.850000 0.000000 0.053467

Begin section ! 16

Begin curve ! 16
0.875000 0.000000 0.191305
0.875000 0.018238 0.191295
0.875000 0.039051 0.190869
0.875000 0.062701 0.185931
0.875000 0.076103 0.167169
0.875000 0.077891 0.144101
0.875000 0.077933 0.123230
0.875000 0.077891 0.102359
0.875000 0.076103 0.079292
0.875000 0.062701 0.060529
0.875000 0.039051 0.055592
0.875000 0.018238 0.055165
0.875000 0.000000 0.055156

Begin section ! 17

Begin curve ! 17
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0.900000 0.000000 0.186706
0.900000 0.017259 0.186697
0.900000 0.036956 0.186294
0.900000 0.059337 0.181621
0.900000 0.072021 0.163865
0.900000 0.073712 0.142035
0.900000 0.073752 0.122284
0.900000 0.073712 0.102533
0.900000 0.072021 0.080703
0.900000 0.059337 0.062947
0.900000 0.036956 0.058274
0.900000 0.017259 0.057871
0.900000 0.000000 0.057862

Begin section ! 18

Begin curve ! 18
0.925000 0.000000 0.180616
0.925000 0.015913 0.180608
0.925000 0.034074 0.180236
0.925000 0.054709 0.175928
0.925000 0.066403 0.159556
0.925000 0.067963 0.139429
0.925000 0.068000 0.121218
0.925000 0.067963 0.103008
0.925000 0.066403 0.082880
0.925000 0.054709 0.066509
0.925000 0.034074 0.062201
0.925000 0.015913 0.061829
0.925000 0.000000 0.061821

Begin section ! 19

Begin curve ! 19
0.950000 0.000000 0.172658
0.950000 0.014095 0.172651
0.950000 0.030179 0.172322
0.950000 0.048456 0.168506
0.950000 0.058814 0.154006
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A. A.3 . Outputs of the code
0.950000 0.060196 0.136179
0.950000 0.060228 0.120049
0.950000 0.060196 0.103920
0.950000 0.058814 0.086093
0.950000 0.048456 0.071593
0.950000 0.030179 0.067777
0.950000 0.014095 0.067448
0.950000 0.000000 0.067440

Begin section ! 20

Begin curve ! 20
0.975000 0.000000 0.162022
0.975000 0.011583 0.162016
0.975000 0.024801 0.161746
0.975000 0.039820 0.158610
0.975000 0.048332 0.146694
0.975000 0.049467 0.132044
0.975000 0.049494 0.118790
0.975000 0.049467 0.105535
0.975000 0.048332 0.090885
0.975000 0.039820 0.078970
0.975000 0.024801 0.075834
0.975000 0.011583 0.075563
0.975000 0.000000 0.075557

Begin section ! 21

Begin curve ! 21
1.000000 0.000000 0.146297
1.000000 0.007729 0.146293
1.000000 0.016548 0.146112
1.000000 0.026570 0.144020
1.000000 0.032250 0.136069
1.000000 0.033007 0.126294
1.000000 0.033025 0.117449
1.000000 0.033007 0.108605
1.000000 0.032250 0.098830
1.000000 0.026570 0.090879
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1.000000 0.016548 0.088787
1.000000 0.007729 0.088606
1.000000 0.000000 0.088602

Begin section ! 22

Begin curve ! 22
1.001800 0.000000 0.144776
1.001800 0.007348 0.144772
1.001800 0.015733 0.144600
1.001800 0.025261 0.142611
1.001800 0.030661 0.135052
1.001800 0.031381 0.125758
1.001800 0.031398 0.117350
1.001800 0.031381 0.108942
1.001800 0.030661 0.099648
1.001800 0.025261 0.092089
1.001800 0.015733 0.090100
1.001800 0.007348 0.089928
1.001800 0.000000 0.089924

Begin section ! 23

Begin curve ! 23
1.003600 0.000000 0.143163
1.003600 0.006942 0.143159
1.003600 0.014865 0.142997
1.003600 0.023867 0.141118
1.003600 0.028969 0.133976
1.003600 0.029650 0.125195
1.003600 0.029666 0.117250
1.003600 0.029650 0.109306
1.003600 0.028969 0.100525
1.003600 0.023867 0.093383
1.003600 0.014865 0.091503
1.003600 0.006942 0.091341
1.003600 0.000000 0.091338

Begin section ! 24

Begin curve ! 24
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1.005400 0.000000 0.141441
1.005400 0.006508 0.141438
1.005400 0.013935 0.141286
1.005400 0.022373 0.139524
1.005400 0.027156 0.132829
1.005400 0.027794 0.124597
1.005400 0.027809 0.117150
1.005400 0.027794 0.109703
1.005400 0.027156 0.101472
1.005400 0.022373 0.094777
1.005400 0.013935 0.093015
1.005400 0.006508 0.092863
1.005400 0.000000 0.092859

Begin section ! 25

Begin curve ! 25
1.007200 0.000000 0.139586
1.007200 0.006038 0.139583
1.007200 0.012928 0.139442
1.007200 0.020758 0.137807
1.007200 0.025195 0.131596
1.007200 0.025787 0.123959
1.007200 0.025801 0.117050
1.007200 0.025787 0.110140
1.007200 0.025195 0.102503
1.007200 0.020758 0.096292
1.007200 0.012928 0.094657
1.007200 0.006038 0.094516
1.007200 0.000000 0.094513

Begin section ! 26

Begin curve ! 26
1.009000 0.000000 0.137565
1.009000 0.005523 0.137563
1.009000 0.011827 0.137434
1.009000 0.018989 0.135938
1.009000 0.023048 0.130256
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Begin curve !
1.
.010800
.010800
.010800
.010800
.010800
.010800
.010800
.010800
.010800
.010800
.010800
.010800
Begin section !
Begin curve !

.012600
.012600
.012600
.012600
.012600
.012600
.012600
.012600
.012600
.012600

N N e e

1

[ S T = = = = =

1

1

T = = T S Y o

.009000
.009000
.009000
.009000
.009000
.009000
.009000
.009000

Begin section !

010800

.023590
.023602
.023590
.023048
.018989
.011827
.005523
.000000
27

O O O O O O O O

N
~J

.000000
.004951
.010600
.017020
.020658
.021144
.021155
.021144
.020658
.017020
.010600
.004951
.000000
28

O O O O O O O O O O O O O

N
o0}

.000000
.004296
.009200
.014771
.017928
.018349
.018359
.018349
.017928
.014771

O O O O O O O O o o

O O O O O O O O

O O O O O O O O O O O O O

O O O O O O O O O ©

.123270
.116949
.110628
.103642
.097960
.096464
.096335
.096332

.1356327
.135324
.135208
.133868
.128775
.122513
.116848
.111182
.104921
.099827
.098487
.098371
.098369

.132783
.132781
.132680
.131517
.127097
.121663
.116746
.111829
.106395
.101975
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1.012600 0.009200 0.100812
1.012600 0.004296 0.100712
1.012600 0.000000 0.100709

Begin section ! 29

Begin curve ! 29
1.014400 0.000000 0.129766
1.014400 0.003515 0.129764
1.014400 0.007527 0.129682
1.014400 0.012086 0.128730
1.014400 0.014669 0.125113
1.014400 0.015013 0.120667
1.014400 0.015022 0.116644
1.014400 0.015013 0.112621
1.014400 0.014669 0.108175
1.014400 0.012086 0.104559
1.014400 0.007527 0.103607
1.014400 0.003515 0.103525
1.014400 0.000000 0.103523

Begin section ! 30

Begin curve ! 30
1.016200 0.000000 0.125839
1.016200 0.002491 0.125838
1.016200 0.005334 0.125780
1.016200 0.008564 0.125106
1.016200 0.01039%4 0.122543
1.016200 0.010638 0.119393
1.016200 0.010644 0.116542
1.016200 0.010638 0.113692
1.016200 0.010394 0.110541
1.016200 0.008564 0.107979
1.016200 0.005334 0.107304
1.016200 0.002491 0.107246
1.016200 0.000000 0.107245
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A.3.2 ROBIN coordinates in the .IBL format

Open Index Arclength

Begin section !
Begin curve !

0.
.010000
.010000
.010000
.010000
.010000
.010000
.010000
.010000
.010000
.010000
.010000
0.
Begin section !
Begin curve !

0.
.020000
.020000
.020000
.020000
.020000
.020000
.020000
.020000
.020000
.020000
.020000
0.
Begin section !

Begin curve !

O O O O O O O O O O O

O O O O O O O O O O O

010000

010000

020000

020000

O O O O O O O O O O O O O -

O O O O O O O O O© O © O O N

1

.000000
.005834
.011733
.017550
.022777
.026487
027776
.026487
.022777
.017550
.011733
.005834
.000000

.000000
.008536
.017164
.0255641
.032763
.037534
.039031
.037534
.032763
.025541
.017164
.008536
.000000

3

.043599
.044023
.045473
.048245
.062645
.058698
.065795
.072892
.078945
.083345
.086116
.087566
.087990

.026803
.027384
.029512
.033699
.040324
.049183
.0569240
.069297
.078156
.084781
.088969
.091097
.091677
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A, A.3 . Outputs of the code
0.030000 0.000000 -0.013745
0.030000 0.010649 -0.014403
0.030000 0.021445 -0.017000
0.030000 0.031847 -0.022297
0.030000 0.040542 -0.030738
0.030000 0.045948 -0.041833
0.030000 0.047496 -0.054144
0.030000 0.045948 -0.066456
0.030000 0.040542 -0.077551
0.030000 0.031847 -0.085992
0.030000 0.021445 -0.091289
0.030000 0.010649 -0.093885
0.030000 0.000000 -0.094544

Begin section ! 4

Begin curve ! 4
0.040000 0.000000 -0.002715
0.040000 0.012442 -0.003407
0.040000 0.025112 -0.006345
0.040000 0.037262 -0.012578
0.040000 0.047148 -0.022619
0.040000 0.052960 -0.035649
0.040000 0.054486 -0.049840
0.040000 0.052960 -0.064030
0.040000 0.047148 ~-0.077061
0.040000 0.037262 -0.087102
0.040000 0.025112 -0.093335
0.040000 0.012442 -0.096273
0.040000 0.000000 -0.096965

Begin section ! 5

Begin curve ! 5
0.050000 0.000000 0.006970
0.050000 0.014022 0.006271
0.050000 0.028372 0.003081
0.050000 0.042093 -0.003968
0.050000 0.052983 -0.015471
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0.050000 0.059050 -0.030238
0.050000 0.060515 -0.046060
0.050000 0.059050 -0.061883
0.050000 0.052983 -0.076650
0.050000 0.042093 -0.088153
0.050000 0.028372 -0.095202
0.050000 0.014022 -0.098392
0.050000 0.000000 -0.099091

Begin section ! 6

Begin curve ! 6
0.060000 0.000000 0.015665
0.060000 0.015446 0.014977
0.060000 0.031333 0.011603
0.060000 0.046495 0.003828
0.060000 0.058251 -0.009036
0.060000 0.064464 -0.025394
0.060000 0.065848 -0.042667
0.060000 0.064464 -0.059940
0.060000 0.058251 -0.076298
0.060000 0.046495 -0.089163
0.060000 0.031333 -0.096937
0.060000 0.015446 -0.100312
0.060000 0.000000 -0.101000

Begin section ! 7

Begin curve ! 7
0.070000 0.000000 0.023587
0.070000 0.016746 0.022921
0.070000 0.034058 0.019415
0.070000 0.050563 0.010987
0.070000 0.063071 -0.003162
0.070000 0.069350 -0.020994
0.070000 0.070642 -0.039576
0.070000 0.069350 -0.058158
0.070000 0.063071 -0.075990
0.070000 0.050563 -0.090139
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0.070000 0.034058 -0.098566
0.070000 0.016746 -0.102073
0.070000 0.000000 -0.102739

Begin section ! 8

Begin curve ! 8
0.080000 0.000000 0.030876
0.080000 0.017945 0.030240
0.080000 0.036589 0.026644
0.080000 0.054354 0.017623
0.080000 0.067523 0.002253
0.080000 0.073804 -0.016955
0.080000 0.075000 -0.036731
0.080000 0.073804 -0.056507
0.080000 0.067523 -0.075715
0.080000 0.054354 -0.091085
0.080000 0.036589 -0.100106
0.080000 0.017945 -0.103703
0.080000 0.000000 -0.104339

Begin section ! 9

Begin curve ! 9
0.090000 0.000000 0.037634
0.090000 0.019058 0.037032
0.090000 0.038956 0.033379
0.090000 0.057911 0.023817
0.090000 0.071660 0.007279
0.090000 0.077896 -0.013222
0.090000 0.078995 -0.034094
0.090000 0.077896 -0.054966
0.090000 0.071660 -0.075467
0.090000 0.057911 -0.092005
0.090000 0.038956 -0.101567
0.090000 0.019058 -0.105220
0.090000 0.000000 -0.105822

Begin section ! 10

Begin curve ! 10
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A3.

Outputs of the code

Begin section !

Begin curve !

Begin section !

Begin curve !

.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000
.100000

O O O O O O O O O O O o

(@)

0.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000
.200000

O O O O O O O O O O O

(@)

0.300000
0.300000
0.300000
0.300000
0.300000

.000000
.020097
.041178
.061264
.0755623
.081674
.082680
.081674
.075523
.061264
.041178
.020097
.000000
11

O O O O O O O O O O O O o

—
-

.000000
.027684
.057814
.086788
.103486
.107896
.1082863
.107896
.103486
.086788
.057814
.027684
.000000
12

12
0.000000
0.031904
0.067409
0.102008
0.118269

O O O O O O O O O O O O °©

O O O O o

.043933
.043368
.039686
.029628
.011967
.009751
.031636
.0563520
.075239
.092899
.102958
.106639
.1072056

.0898565
.089604
.086421
.073072
.046033
.015196
.013715
.042626
.073463
.100503
.113851
.117034
.117285

.115428
.115331
.113020
.098273
.064542
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A, A.3. Outputs of the code
0.300000 0.120918 0.028665
0.300000 0.121031 -0.003735
0.300000 0.120918 -0.036135
0.300000 0.118259 -0.072012
0.300000 0.102008 -0.1056743
0.300000 0.067409 -0.120490
0.300000 0.031904 -0.122802
0.300000 0.000000 -0.122899

Begin section ! 13

Begin curve ! 13
0.400000 0.000000 0.125000
0.400000 0.033484 0.124965
0.400000 0.071277 0.123455
0.400000 0.108819 0.108819
0.400000 0.123455 0.071277
0.400000 0.124965 0.033484
0.400000 0.125000 0.000000
0.400000 0.124965 -0.033484
0.400000 0.123455 -0.071277
0.400000 0.108819 -0.108819
0.400000 0.071277 -0.123455
0.400000 0.033484 -0.124965
0.400000 0.000000 -0.125000

Begin section ! 14

Begin curve ! 14
0.500000 0.000000 0.125000
0.500000 0.033484 0.124965
0.500000 0.071277 0.123455
0.500000 0.108819 0.108819
0.500000 0.123455 0.071277
0.500000 0.124965 0.033484
0.500000 0.125000 0.000000
0.500000 0.124965 -0.033484
0.500000 0.123455 -0.071277
0.500000 0.108819 -0.108819
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A3.

Outputs of the code

Begin curve !
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
.600000
Begin section !
Begin curve !

. 700000
.700000
.700000
.700000
.700000
.700000
. 700000
. 700000
.700000
. 700000
.700000
. 700000
0.
Begin section !

Begin curve !

0.
0.

0

0

O O O O O O O O o O o

o

0

O O O O O O O O O o ©

500000
500000

.500000

Begin section !

700000

0.071277

0.033484

0.000000
15

[N
(2]

.000000
.033484
.071277
.108819
.123455
.124965
.125000
. 124965
.123455
.108819
071277
.033484
.000000
16

O O O O O O O O O O O O o

—
(o)}

.000000
.033484
.071277
.108819
.123455
.124965
.125000
.124965
.123455
.108819
.071277
.033484
.000000
17

O O O © O O O O O O o O ©

[N
\]

.123455
.124965
.125000

.125000
.124965
.123455
.108819
071277
.033484
.000000
.033484
071277
.108819
.123455
.124965
.125000

.125000
.124965
.123455
.108819
071277
.033484
.000000
.033484
071277
.108819
.123455
.124965
.125000
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A. A.3. Outputs of the code
0.800000 0.000000 0.125000
0.800000 0.033484 0.124965
0.800000 0.071277 0.123455
0.800000 0.108819 0.108819
0.800000 0.123455 0.071277
0.800000 0.124965 0.033484
0.800000 0.125000 0.000000
0.800000 0.124965 -0.033484
0.800000 0.123455 -0.071277
0.800000 0.108819 -0.108819
0.800000 0.071277 -0.123455
0.800000 0.033484 -0.124965
0.800000 0.000000 -0.125000

Begin section ! 18

Begin curve ! 18
0.900000 0.000000 0.122284
0.900000 0.032267 0.122234
0.900000 0.068506 0.120466
0.900000 0.104043 0.105853
0.900000 0.118656 0.070317
0.900000 0.120423 0.034078
0.900000 0.120474 0.001811
0.900000 0.120423 -0.030457
0.900000 0.118656 -0.066695
0.900000 0.104043 -0.102232
0.900000 0.068506 -0.116845
0.900000 0.032267 -0.118613
0.900000 0.000000 -0.118663

Begin section ! 19

Begin curve ! 19
1.000000 0.000000 0.117449
1.000000 0.030103 0.117378
1.000000 0.063705 0.115374
1.000000 0.096216 0.101250
1.000000 0.110340 0.068739
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A, A.3 . Outputs of the code
1.000000 0.112344 0.035136
1.000000 0.112416 0.005034
1.000000 0.112344 -0.025069
1.000000 0.110340 -0.058671
1.000000 0.096216 -0.091183
1.000000 0.063705 -0.105306
1.000000 0.030103 -0.107310
1.000000 0.000000 -0.107382

Begin section ! 20

Begin curve ! 20
1.100000 0.000000 0.111445
1.100000 0.027414 0.111346
1.100000 0.057786 0.109125
1.100000 0.086766 0.095803
1.100000 0.100088 0.066823
1.100000 0.102309 0.036450
1.100000 0.102408 0.009037
1.100000 0.102309 -0.018377
1.100000 0.100088 -0.048749
1.100000 0.086766 -0.077729
1.100000 0.057786 -0.091051
1.100000 0.027414 -0.093272
1.100000 0.000000 -0.093371

Begin section ! 21

Begin curve ! 21
1.200000 0.000000 0.104717
1.200000 0.024399 0.104582
1.200000 0.051184 0.102176
1.200000 0.076377 0.089899
1.200000 0.088654 0.064706
1.200000 0.091060 0.037921
1.200000 0.091195 0.013522
1.200000 0.091060 -0.010877
1.200000 0.088654 -0.037662
1.200000 0.076377 -0.062855
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A. A.3 . Outputs of the code
1.200000 0.051184 -0.075132
1.200000 0.024399 -0.077538
1.200000 0.000000 -0.077673

Begin section ! 22

Begin curve ! 22
1.300000 0.000000 0.097604
1.300000 0.021211 0.097424
1.300000 0.044232 0.094876
1.300000 0.065571 0.083835
1.300000 0.076613 0.062496
1.300000 0.079160 0.039475
1.300000 0.079341 0.018264
1.300000 0.079160 -0.002947
1.300000 0.076613 -0.025969
1.300000 0.065571 -0.047307
1.300000 0.044232 -0.058349
1.300000 0.021211 -0.060896
1.300000 0.000000 -0.061077

Begin section ! 23

Begin curve ! 23
1.400000 0.000000 0.090408
1.400000 0.017982 0.090171
1.400000 0.037227 0.087540
1.400000 0.054804 0.077866
1.400000 0.064479 0.060288
1.400000 0.067109 0.041043
1.400000 0.067346 0.023062
1.400000 0.067109 0.005080
1.400000 0.064479 -0.014165
1.400000 0.054804 -0.031743
1.400000 0.037227 -0.041417
1.400000 0.017982 -0.044048
1.400000 0.000000 -0.044284

Begin section ! 24

Begin curve ! 24
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A3.

Outputs of the code

Begin curve !
.600000
1.600000
1.600000
1.600000
1.600000
1.600000
1.
1
1
1
1
1

Begin curve !
1.
1.
1.
1.
1.

T N e e = S S Gy VUSRS

1

1

1

.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000
.500000

Begin section !

600000

.600000
.600000
.600000
.600000
.600000
.600000

Begin section !

700000
700000
700000
700000
700000

.000000
.014843
.030456
.044510
.052751
.055396
.0565700
.055396
.0562751
.044510
.030456
.014843
.000000
25

O O O O O O O O O O O O o

[\
o

.000000
.011933
.024218
.035123
.041946
.044534
.044917
.044534
.041946
.035123
.024218
.011933
.000000
26

26
0.000000
0.009407
0.018839
0.027103
0.032630

O O O © O O O O O O O O O

O O O O O O o o

O O O O O O O O ©o

o O O O O

.083420
.083116
.080471
.072230
.058176
.042563
.027720
.012877
.002736
.016790
.025031
.027675
.027980

.076950
.076567
.073980
.067156
.066251
.043966
.032033
.020101
.007816
.003090
.009913
.012500
.012884

.071352
.070874
.068396
.062869
.054604

Page 112

Centre for Research in Computational and Applied Mechanics

University of Cape Town



University of Cape Town

A, A.3. Outputs of the code
1.700000 0.035109 0.045173
1.700000 0.035586 0.035765
1.700000 0.035109 0.026358
1.700000 0.032630 0.016926
1.700000 0.027103 0.008662
1.700000 0.018839 0.003135
1.700000 0.009407 0.000657
1.700000 0.000000 0.000179

Begin section ! 27

Begin curve ! 27
1.800000 0.000000 0.067085
1.800000 0.007467 0.066479
1.800000 0.014713 0.064093
1.800000 0.020990 0.059600
1.800000 0.025483 0.053323
1.800000 0.027868 0.046077
1.800000 0.028475 0.038610
1.800000 0.027868 0.031143
1.800000 0.025483 0.023897
1.800000 0.020990 0.017620
1.800000 0.014713 0.013127
1.800000 0.007467 0.010742
1.800000 0.000000 0.010135

Begin section ! 28

Begin curve ! 28
1.900000 0.000000 0.065000
1.900000 0.006470 0.064148
1.900000 0.012500 0.061651
1.900000 0.017678 0.057678
1.900000 0.021651 0.052500
1.900000 0.024148 0.046470
1.900000 0.025000 0.040000
1.900000 0.024148 0.033530
1.900000 0.021651 0.027500
1.900000 0.017678 0.022322
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Outputs of the code

Begin section !
Begin curve !

.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
.910000
Begin section !
Begin curve !

.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
.920000
Begin section !

Begin curve !

1.
1.
1.

1

[ = = = T SN Wy T =

1

1

T = T = S e e S

-

900000
900000
900000

0.012500

0.006470

0.000000
29

N
©

.000000
.006438
.012437
.017589
.021542
.024027
.024875
.024027
.021542
.017589
.012437
.006438
.000000
30

O O O O O O O O O o O o o

w
(@]

.000000
.006340
.012247
.017321
.021213
.023660
.024495
.023660
.021213
.017321
.012247
.006340
.000000
31

O O O O O O O O O o o O o

w
S

0.018349
0.015852
0.015000

O O O O O O O O O © O O O

O O O O O O O O O O O O ©

.064875
.064027
.061542
.057589
.052437
.046438
.040000
.033562
.027563
.022411
.018458
.015973
.0156125

.064495
.063660
.061213
.057321
.052247
.046340
.040000
.033660
.027753
.022679
.018787
.016340
.015505
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A, A.3 . Outputs of the code
1.930000 0.000000 0.063848
1.930000 0.006172 0.063036
1.930000 0.011924 0.060653
1.930000 0.016863 0.056863
1.930000 0.020653 0.051924
1.930000 0.023036 0.046172
1.930000 0.023848 0.040000
1.930000 0.023036 0.033828
1.930000 0.020653 0.028076
1.930000 0.016863 0.023137
1.930000 0.011924 0.019347
1.930000 0.006172 0.016964
1.930000 0.000000 0.016152

Begin section ! 32

Begin curve ! 32
1.940000 0.000000 0.062913
1.940000 0.005930 0.062132
1.940000 0.011456 0.059843
1.940000 0.016202 0.056202
1.940000 0.019843 0.051456
1.940000 0.022132 0.045930
1.940000 0.022913 0.040000
1.940000 0.022132 0.034070
1.940000 0.019843 0.028544
1.940000 0.016202 0.023798
1.940000 0.011456 0.020157
1.940000 0.005930 0.017868
1.940000 0.000000 0.017087

Begin section ! 33

Begin curve ! 33
1.950000 0.000000 0.061651
1.950000 0.005604 0.060913
1.950000 0.010825 0.058750
1.950000 0.015309 0.055309
1.950000 0.018750 0.050825
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A3.

Outputs of the code

Begin curve !
1.
1.

Begin curve !
.970000
.970000
.970000
.970000
.970000
.970000
.970000
.970000
.970000
.970000

[ O T T =Y

1

1

[ T T ™ Y SNy O TNy ST

1

T T

.950000
.950000
.950000
.950000
.950000
.950000
.950000
.950000

Begin section !

960000
960000

.960000
.960000
.960000
.960000
.960000
.960000
.960000
.960000
.960000
.960000
1.

Begin section !

960000

.020913
.021651
.020913
.018750
.015309
.010825
.005604
.000000
34

O O O O O O O O

w
N

.000000
.005176
.010000
.014142
.017321
.019319
.020000
.019319
.017321
.014142
.010000
.005176
.000000
35

SO O O O O O O O O O o o O

w
(6]

.000000
.004621
.008927
.012624
.015462
.017245
.017854
.017245
.015462
.012624

O O O O O O O O O O

O O O O O O O O O O O o o O O O O O O O o

O O O O O O O O O O

.045604
.040000
.034396
.029175
.024691
.021250
.019087
.018349

.060000
.059319
.057321
.054142
.050000
.045176
.040000
.034824
.030000
.025858
.022679
.020681
.020000

.057854
.057245
.055462
.052624
.048927
.044621
.040000
.035379
.031073
.027376
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A, A.3. Outputs of the code
1.970000 0.008927 0.024538
1.970000 0.004621 0.022755
1.970000 0.000000 0.022146

Begin section ! 36

Begin curve ! 36
1.980000 0.000000 0.055000
1.980000 0.003882 0.054489
1.980000 0.007500 0.052990
1.980000 0.010607 0.050607
1.980000 0.012990 0.047500
1.980000 0.014489 0.043882
1.980000 0.015000 0.040000
1.980000 0.014489 0.036118
1.980000 0.012990 0.032500
1.980000 0.010607 0.029393
1.980000 0.007500 0.027010
1.980000 0.003882 0.025511
1.980000 0.000000 0.025000

Begin section ! 37

Begin curve ! 37
1.990000 0.000000 0.050897
1.990000 0.002820 0.050526
1.990000 0.005449 0.049437
1.990000 0.007706 0.047706
1.990000 0.009437 0.045449
1.990000 0.010526 0.042820
1.990000 0.010897 0.040000
1.990000 0.010526 0.037180
1.990000 0.009437 0.034551
1.990000 0.007706 0.032294
1.990000 0.005449 0.030563
1.990000 0.002820 0.029474
1.990000 0.000000 0.029103

Begin section ! 38

Begin curve ! 38
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A3.

Outputs of the code

Begin curve !
1.
.992000
992000
.992000
.992000
992000
.992000
.992000
.992000
.992000
.992000
.992000
.992000
Begin section !
Begin curve !

1.
1.
1.
1.
1.

[ T e T e S e S e O S S S

[ R S S S N T T

=

.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000
.991000

Begin section !

992000

993000
993000
993000
993000
993000

.000000
.002683
.005183
.007329
.008977
.010012
.010365
.010012
.008977
.007329
.005183
.002683
.000000
39

O O O O O O O O © o o ©o o

w
©

.000000
.002536
.004899
.006928
.008485
.009464
.009798
.009464
.008485
.006928
.004899
.002536
.000000
40

40
0.000000
0.002378
0.004594
0.006498
0.007958

O O O O O O O O O O © O o

O O O O O © O O O O O o o

O O O O © O O O O O O O o

o O O O o

.050365
.050012
.048977
.047329
.045183
.042683
.040000
.037317
.034817
.032671
.031023
.029988
.029635

.049798
.049464
.048485
.046928
. 044899
.042536
.040000
.037464
.035101
.033072
.031515
.030536
.030202

.049189
.048876
.047958
.046498
.044594
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A, A.3 . Outputs of the code
1.993000 0.008876 0.042378
1.993000 0.009189 0.040000
1.993000 0.008876 0.037622
1.993000 0.007958 0.035406
1.993000 0.006498 0.033502
1.993000 0.004594 0.032042
1.993000 0.002378 0.031124
1.993000 0.000000 0.030811

Begin section ! 41

Begin curve ! 41
1.994000 0.000000 0.048529
1.994000 0.002208 0.048239
1.994000 0.004265 0.047387
1.994000 0.006031 0.046031
1.994000 0.007387 0.044265
1.994000 0.008239 0.042208
1.994000 0.008529 0.040000
1.994000 0.008239 0.037792
1.994000 0.007387 0.035735
1.994000 0.006031 0.033969
1.994000 0.004265 0.032613
1.994000 0.002208 0.031761
1.994000 0.000000 0.031471

Begin section ! 42

Begin curve ! 42
1.995000 0.000000 0.047806
1.995000 0.002020 0.047540
1.995000 0.003903 0.046760
1.995000 0.005520 0.045520
1.995000 0.006760 0.043903
1.995000 0.007540 0.042020
1.995000 0.007806 0.040000
1.995000 0.007540 0.037980
1.995000 0.006760 0.036097
1.995000 0.005520 0.034480
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A3.

Outputs of the code

Begin curve !
1.
.996000
.996000
.996000
.996000
.996000
.996000
.996000
.996000
.996000
.996000
.996000
1.
Begin section !
Begin curve !

1.

Begin curve !

1.
1.
1.

Begin section !

[ T T N S Sy Wy U Gy S =

1

995000
995000
995000

996000

996000

997000

1.997000
1.997000
1.997000
1.997000
1.997000
1.
1
1
1
1
1

997000

.997000
.997000
.997000
.997000
.997000
.997000

Begin section !

0.003903

0.002020

0.000000
43

i<
w

.000000
.001812
.003500
.004950
.006062
.006761
.007000
.006761
.006062
.004950
.003500
.001812
.000000
44

O O O O O O O O O O O O o

D
S

.000000
.001573
.003039
.004298
.005263
.005871
.006078
.006871
.005263
.004298
.003039
.001573
.000000
45

O O O O O © O O © O o O o

N
(6}

0.033240
0.032460
0.032194

O O O O O O O O O O O o o

O O O O O O O O © O O O O

.047000
.046761
.046062
.044950
.043500
.041812
.040000
.038188
.036500
.035050
.033938
.033239
.033000

.046078
.045871
.045263
.044298
.043039
.041573
.040000
.038427
.036961
.035702
.034737
.034129
.033922
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1.998000 0.000000 0.044975
1.998000 0.001288 0.044805
1.998000 0.002487 0.044308
1.998000 0.003518 0.043518
1.998000 0.004308 0.042487
1.998000 0.004805 0.041288
1.998000 0.004975 0.040000
1.998000 0.004805 0.038712
1.998000 0.004308 0.037513
1.998000 0.003518 0.036482
1.998000 0.002487 0.035692
1.998000 0.001288 0.035195
1.998000 0.000000 0.035025

Begin section ! 46

Begin curve ! 46
1.999000 0.000000 0.043527
1.999000 0.000913 0.043407
1.999000 0.001763 0.043054
1.999000 0.002494 0.042494
1.999000 0.003054 0.041763
1.999000 0.003407 0.040913
1.999000 0.003527 0.040000
1.999000 0.003407 0.039087
1.999000 0.003054 0.038237
1.999000 0.002494 0.037506
1.999000 0.001763 0.036946
1.999000 0.000913 0.036593
1.999000 0.000000 0.036473
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A.4 Actual code

A hard copy of the software is presented in this section:

%FILE: main.m{E}

%{L}robinone, robintwo, robinthree, robinfour, pylonone, pylontwo
%Prepared by: Vaneshen Naidoo

%Purpose: To create the non dimensional coordinates of the

#ROBIN helicopter configuration and write it out to an .IBL file
%0verall method:

%1. Calculates the coordinates of the ROBIN 0.0 < x/1 < 0.1
%2. Calculates the coordinates of the ROBIN 0.1 < x/1 < 0.4
%#3. Calculates the coordinates of the ROBIN 0.4 < x/1 < 0.8
%4. Calculates the coordinates of the ROBIN 0.8 < x/1 < 1.9

%5. Calculates the coordinates of the ROBIN 1.9 < x/1 < 1.99

%6. Calculates the coordinates of the ROBIN 1.99 < x/1 < 2.0

h7. Calculates the coordinates of the pylon 0.4 < x/1 < 0.5

%8. Calculate the coordinates of the pylon 0.4 < x/1 < 0.8

%9. Calculates the coordinates of the pylon 0.8 < x/1 < 1.0

%10.Calculates the coordinates of the pylon 1.0 < x/1 < 1.018

%»11.Creates a matrix with the co-ordinates of the ROBIN and deletes the any
%repeated coordinates

%#12.Creates a matrix with the co-ordinates of the pylon and deletes the any
Jirepeated coordinates

%#13. Plots the ROBIN with the pylon

%14. Writes the output (.ibl) file for the ROBIN body

%14. Writes the output (.ibl) file for the pylon

clc

clear all

%Calculates the coordinates of the ROBIN 0.0 < x/1 < 0.1

x_beg8 = 0.0; %add sumtin here
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X_inc8

x_end8
interval8

x_plot8 =

y_plot8 =
z_plot8
[x_plot8,

%Calculat

0
0
0

x_beg

X_inc

x_end

interval

x_plot

y_plot
z_plot =

[x_plot,y

%Calculat

X_beg2

X_inc?2

X_end?2
interval

x_plot2

y_plot2 =

z_plot2
[x_plot2,

%Calculat

0.01;

0.1;

= ((x_end8 - x_beg8) / x_inc8 ) + 1;
zeros(interval8, 13);
zeros(interval8, 13);

zeros(interval8, 13);

y_plot8,z_plot8] = robinone(x_beg8, x_inc8, x_end8, intervals);

es the coordinates of the ROBIN 0.1 < x/1 < 0.4

.1

.1;

.4;

= ((x_end - x_beg) / x_inc ) + 1;
zeros(interval, 13);

zeros (interval, 13);

zeros(interval, 13);

_plot,z_plot] = robinone(x_beg, x_inc, x_end,interval);

es the coordinates of the ROBIN 0.4 < x/1 < 0.8

0.4;

0.1;

0.8;

2 = ((x_end2 - x_beg2) / x_inc2 ) + 1;
zeros(interval_2, 13);
zeros(interval_2, 13);

zeros(interval_2, 13);

y_plot2,z_plot2] = robintwo(x_beg2, x_inc2, x_end2,interval_2);

es the coordinates of the ROBIN 0.8 < x/1 < 1.9
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x_begld = 0.8;

x_inc3 = 0.1;

x_end3 = 1.9;

interval 3 = 12;% ((x_end3 - x_beg3) / x_inc3 ) + 1;
x_plot3 = zeros(interval_3, 13);

y_plot3 = zeros(interval_3, 13);
z_plot3

zeros(interval_3, 13);

[x_plot3,y_plot3,z_plot3] = robinthree(x_beg3, x_inc3, x_end3,interval_3);

YCalculates the coordinates of the ROBIN 1.9 < x/1 < 1.99

x_begd = 1.9;

x_inc4 = 0.01;

x_end4 = 1.99;

interval_4 = ((x_end4 - x_beg4) / x_inc4 ) + 1;
x_plot4 = zeros(interval_4, 13);

y_plot4 = zeros(interval_4, 13);
z_plotd

zeros{(interval_4, 13);

[x_plot4,y_plot4,z_plot4] = robinfour(x_beg4, x_inc4, x_end4,interval_4);

%Calculates the coordinates of the ROBIN 1.99 < x/1 < 2.0

x_beg7 = 1.99;

x_inc7 = 0.001;

x_end?7 = 2.0;

interval_7 = ((x_end7 - x_beg7) / x_inc7 ) + 1;
x_plot7 = zeros(interval_ 7, 13);

y_plot7 = zeros(interval 7, 13);

z_plot7 = zeros(interval_7, 13);

[x_plot7,y_plot7,z_plot7] = robinfour(x_beg7, x_inc7, x_end7,interval_7);
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%#Calculates the coordinates of the pylon 0.4 < x/1 < 0.5

X_beg9
x_inc9

x_end9

0.4;
0.01;
0.5;

interval9 = 11 ; %((x_end9 - x_beg9) / x_inc9 ) + 1;

x_plot9
y_plot9
z_plot9

zeros(interval9, 13);
zeros(interval9, 13):

zeros(interval9, 13);

[x_plot9,y_plot9,z_plot9] = pylonone(x_beg9, x_inc9, x_end9,interval9);

%Calculates the coordinates of the pylon 0.5 < x/1 < 0.8

X_begb
x_inch

x_endb

0.5;
0.1;
0.8;

interval5 = ((x_end5 - x_begb) / x_inc5 ) + 1;

x_plotb
y_plotd
z_plotb

zeros(intervalb, 13);
zeros(interval5, 13);

zeros(interval5, 13);

(x_plot5,y_plot5,z_plot5] = pylonone(x_begb, x_inch, x_end5,intervalb);

%Calculates the coordinates of the pylon 0.8 < x/1 < 1.0

x_begb
X_inc6

x_end6

0.8;
0.025;
1.00;

interval6 = 9; %((x_end6 - x_beg6) / x_inc6 ) + 1; % x_end / x_beg

x_plot6
y_ploté6

zeros{(interval6, 13);

zeros(interval6, 13);
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z_plot6 = zeros(interval6, 13);

[x_plot6,y_plot6,z_plot6] = pylontwo(x_beg6, x_inc6, x_end6,interval6);

%Calculates the coordinates of the pylon 1.0 < x/1 < 1.018

x_begl0 = 1.00;
x_1incl10 = 0.0018;
x_end10 = 1.018;

intervall0 = 11; %((x_end6 - x_beg6) / x_inc6 ) + 1; % x_end / x_beg
x_plotl0 = zeros(intervallO, 13);

y_plotl0
z_plotl10

zeros(intervalll, 13);

zeros(intervall0O, 13);

[x_plot10,y_plot10,z_plot10] = pylontwo(x_beglO, x_inc10, x_end10,intervalil0);

% creates a matrix with the co-ordinates of the robin

x_finalplotter = [x_plot8;x_plot;x_plot2;x_plot3;x_plot4;x_plot7];

% deletes repeated co ordinates

x_finalplotter(12,:) = [ ];
x_finalplotter(15,:) = [ ];
x_finalplotter(19,:) = [ J;
x_finalplotter(30,:) = [ J;
x_finalplotter(39,:) = [ 1;

x_finalplotter(l,:) = [ 1;
x_finalplotter(47,:) = [ ];

y_finalplotter = [y_plot8;y_plot;y_plot2;y_plot3;y_plot4;y_plot7];

y_finalplotter(12,:) = [ 1;
y_finalplotter(15,:) = [ ];
y_finalplotter(19,:) = [ ];
y_finalplotter(30,:) = [ 1;
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y_finalplotter(
y_finalplotter(
y_finalplotter(

z_finalplotter

z_finalplotter(
z_finalplotter(
z_finalplotter(
z_finalplotter(
z_finalplotter(
z_finalplotter(
z_finalplotter(

% creates a mat

x_pylon = [x_pl

% deletes repea

x_pylon(12,:) =

x_pylon(15,:)

x_pylon(23,:)
x_pylon(l,:) =
x_pylon(31,:) =

y_pylon = [y_pl
y_pylon(12,:)

y_pylon(15,:)

y_pylon(23,:)
y_pylon(1,:) =
y_pylon(31,:) =

z_pylon = [z_pl
z_pylon(12,:) =

39,:) = [1];
1,:) = [ 1];
47,:) = [ 1;

= [z_plot8;z_plot;z_plot2;z_plot3;z_plotd;z_plot7];

12,:) = [ 1;
15,:) = [ 1;
19,:) = [ 1;
30,:) =[1;
39,:) = [1;
1,:) =101;

47,:) = [ 1;

rix with the co-ordinates of the pylon
ot9;x_ploth;x_plot6;x_plotl0];

ted co ordinates
L1
L1
L]
L1
L1
ot9;y_plot5;y_plot6;y_plotl0];
L1
L1
(1
L]1;
L1
ot9;z_plot5;z_plot6;z_plotl0];
C1;
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C1;
z_pylon(23,:) = [ 1;
z_pylon(i,:) = [ 1;

z_pylon(31,:) = [ 1;

z_pylon(15,:)

%plots the robin with the pylon

hold

surf (x_finalplotter,y_finalplotter,z_finalplotter);
surf (x_pylon,y_pylon,z_pylon);

xlabel (’x-axis’), ylabel(’y-axis’), zlabel(’z-axis’);
axis equal;

hold off

% Writes the output (.ibl) file for the ROBIN
count01l = 1;
count03 = 1;
fid = fopen(’the_robin.ibl’,’w’);
fprintf(fid, ’Open Index Arclength’);
for count01l = 1:46,
fprintf (fid, ’\n Begin section ! %d’,count01) ;
fprintf(fid, ’\n Begin curve ! %d’, countO1);
for count03 = 1:13,
fprintf(fid, ’\n%12.6f %12.6f %12.6f’, x_finalplotter(count01,count03
y_finalplotter(countO1,count03), z_finalplotter(count0l,count03));
end
end
fclose(fid);

% Writes the output (.ibl) file for the pylon
pylol = 1;
pyl03 = 1;

fid = fopen(’the_pylon.ibl’,’w’);
fprintf(fid, ’Open Index Arclength’);

for pylOl = 1:30,
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fprintf(£fid, ’\n Begin section ! %d’,pyl0ol);
fprintf(fid, ’\n Begin curve ! %d’, pylOl);
for pylO3 = 1:13,
fprintf(fid, ’\n%12.6f %12.6f %12.6f’, x_pylon(pyl01,pyl03),
y_pylon(pyl01,pyl03),z_pylon(pylOl,pyl03));
end
end
fclose(fid);
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%#Name of Function: pylonone.m

%Prepared by: Vaneshen Naidoo

#Purpose: To generate the pylon shape between 0.4 < x/1 < 0.8
%hParameters: x_beg, x_inc, x_end, interval

%Return Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

%METHOD :

h2. Specifies the angles for the calculations of the coordinates on the
hcross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

%radial coordinate(R) as well as Upper and Lower parts of the equation which
%calculates the radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates(vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/1 and z/1

%4. Changes the format of x/1 to that of y/l1 and z/1

function [x_plot,y,z] = pylonone(x_beg,x_inc,x_end,interval)
% Intialise variables
A=0;
value = 0.0;
theta_beg = O;
pi;
pi/12;

zeros{(interval,l);

theta_end

theta_inc
H
W

Zo = zeros{(interval,l);

zeros(interval,l);

N = zeros(interval,l);
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R = zeros(interval,13);
Upper = zeros(interval,13);
Lower = zeros(interval,13);
y = zeros(interval,13);

z = zeros(interval,13);

xx = x_beg : x_inc : x_end; % assigns a vector for x coordinates

x_plot = repmat(xx, [13 1]); Yswaps the colums and rows of the x coordinates

% looping over the angles specified
for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end % looping over x for 0.0 to 0.4

A= A+1
% defining coeff for H
Hc=1[1.0; -1.0; -0.8; 0.4; 3.0; 0.0; 0.145; 3.0];
% defining coeff for W
W_c=1[1.0;, -1.0; -0.8; 0.4; 3.0; 0.0; 0.166; 3.0];
% defining coeff for Zo
Z_c = [0.125; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
% defining coeff for N
N_c = [5.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
[value] = calcval(H_c,x);
H(A) = [value]; % calculates H
[value] = calcval(W_c,x);
W(A) = [valuel]; % calculates W
[value] = calcval(Z_c,x);
Zo(A) = [valuel]; % calculates Zo
[(value] = calcval(N_c,x);
N(A) = [valuel; % calculates N

% calculates the value for R(radial coordinate)
Upper(A) =((H(A)/2)*(W(A)/2))~(N(A));
Lower(A) =1 / (((abs((H(A)/2)*sin(theta))) ~(N(A))) +
((abs((W(A)/2)*cos(theta))) " (N(A))));
if Lower(A) > 10e20

Lower(A) = 0 ;
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end
R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A))) ;
y(A) = R(A)*sin(theta); % calculates y/1
z(A) = R(A)*cos(theta) + Zo(A); % calculates z/1
end
end

% arranges x/1 coordinates in the same format as the y/1 and z/1
% coordinates

x_plot = x_plot’;
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%Name of Function: pylontwo.m

#Prepared by: Vaneshen Naidoo

#Purpose: To generate the pylon shape between 0.8 < x/1 < 1.018
JParameters: x_beg, x_inc, x_end, interval

J#Return Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

JMETHOD :

1. Specifies the angles for the calculations of the coordinates on the
Jicross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

hradial coordinate(R) as well as Upper and Lower parts of the equation which
hcalculates the radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates (vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5 Calculates y/1 and z/1

%4. Changes the format of x/1 to that of y/1 and z/1

function [x_plot,y,z] = pylontwo(x_beg,x_inc,x_end,interval)

A=0;

value = 0.0;
theta_beg = O;
theta_end = pi;
theta_inc = pi/12;

H = zeros(interval,l);
W = zeros(interval,l);
Zo = zeros(interval,l);

N = zeros(interval,1l);
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R = zeros(interval,13);

Upper = zeros(interval,13);

Lower = zeros(interval,13);
y = zeros(interval,13);

z = zeros(interval,13);

xx = x_beg : x_inc : x_end;
x_plot = repmat(xx, [13 1]);
for theta

theta_beg : theta_inc : theta_end

for x = x_beg : x_inc : x_end % looping over x for 0.8 to 1.018
A= A+1
% defining coeff for H
Hc = [1.0; -1.0; -0.8; 0.218; 2.0; 0.0; 0.145; 2.0];
% defining coeff for W
W_c =1[1.0; -1.0; -0.8; 0.218; 2.0; 0.0; 0.166; 2.0];
% defining coeff for Zo
Z_.c=1[1.0; -1.0; -0.8; 1.1; 1.5; 0.065; 0.06; 0.6];
% defining coeff for N
N_c = [5.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
[value] = calcval(H_c,x);
H(A) = [value]; % calculates H
[value] = calcval(W_c,x);
W(A) = [valuel]; % calculates W
[value] = calcval(Z_c,x);
Zo(A) = [valuel; % calculates Zo
[value] = calcval(N_c,x);
N(A) = [valuel]; % calculates N

% calculates the value for R(radial coordinate)
Upper (A) =((H(A)/2)*(W(A)/2))~(N(A));
Lower(A) = 1 / (((abs((H(A)/2)*sin(theta))) ~(N(A)))
+ ((abs((W(A)/2)*cos(theta)))~(N(A))));
if Lower(A) > 10e20

Lower(4A) = 0 ;

end
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R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)));
y(A) = R(A)*sin(theta); % calculates y/1
z(A) = R(A)*cos(theta) + Zo(A); % calculates z/1

end
end
% arranges x/1 coordinates in the same format as the y/1 and z/1
% coordinates

x_plot = x_plot’;
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%Name of Function: robinone.m

#Prepared by: Vaneshen Naidoo

#Purpose: To generate the ROBIN body shape between 0.0 < x/1 < 0.4
%Parameters: x_beg, x_inc, x_end, interval

#Return Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

%METHOD :

%»1. Specifies the angles for the calculations of the coordinates on the
%cross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

Jradial coordinate(R) as well as Upper and Lower parts of the equation which
%calculatesthe radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates(vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/1 and z/1

%4. Changes the format of x/1 to that of y/1 and z/1

function [x_plot,y,z] = robinone(x_beg, x_inc, x_end, interval)
% Intialise variables

A=0;

value = 0.0;

theta_beg = O;
theta_end = pi;
pi/12;

zeros(interval,l);

theta_inc
H
W

Zo = zeros(interval,1);

zeros{interval,l);
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N
R

Upper = zeros(interval,13);

zeros(interval,1);

zeros(interval,13);

Lower = zeros(interval,13);

y
z

zeros(interval,13);

zeros(interval,13);

xx = x_beg : x_inc : x_end; % assigns a vector for x coordinates
x_plot = repmat(xx, [13 1]); %swaps the colums and rows of the x coordinates
% looping over the angles specifiedSepc
for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end 7 looping over x/1 for 0.0 to 0.4

A= A+1

% defining coeff for H

Hc¢c=1[1.0;, -1.0; -0.4 ; 0.4 ; 1.8; 0.0 ; 0.25; 1.8];

% defining coeff for W

W_c=1[1.0; -1.0; -0.4 ; 0.4 ; 2.0; 0.0; 0.25; 2.0];

% defining coeff for Zo

Z_c=[1.0; -1.0; -0.4; 0.4; 1.8; -0.08; 0.08; 1.8];

% defining coeff for N

N_¢ = [2.0; 3.0; 0.0; 0.4; 1.0; 0.0; 1.0; 1.0];

[value] = calcval(H_c,x);

H(A) = [valuel; % calculates H

[value] = calcval(W_c,x);

W(A) = [valuel]; 7% calculates W

[value] = calcval(Z_c,x);

Zo(A) = ([value]; % calculates Zo

[value] = calcval(N_c,x);

N(A) = [valuel; % calculates N

% calculates the value for R(radial coordinate)

Upper(A) =((H(A)/2)*(W(A)/2)) " (N(A));

Lower(A) = 1 / (((abs((H(A)/2)*sin(theta))) " (N(A))) +
((abs((W(A)/2)*cos(theta)

% If the lower part of the equation is too great let it = 0
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if Lower(A) > 10e20

Lower(A) = 0
end
R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)));
y(A) = R(A)x*sin(theta);’ calculates y/1
z(A) = R(A)*cos(theta) + Zo(A); %calculates z/1

end
end
% arranges x/1 coordinates in the same format as the y/1 and z/1
/» coordinates

x_plot = x_plot’;
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%Name of Function: robintwo.m

#Prepared by: Vaneshen Naidoo

%Purpose: To generate the ROBIN body shape between 0.4 < x/1 < 0.8
%Parameters: x_beg, x_inc, x_end, interval

%Return Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

%METHOD :

%1. Specifies the angles for the calculations of the coordinates on the
hcross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

hradial coordinate(R) as well as Upper and Lower parts of the equation which
hcalculates the radial coordinate(matrices) ; y(y/l) coordinates(vectors);
%z (z/1)coordinates(vectors)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/1 and z/1

%#4. Changes the format of x/1 to that of y/1 and z/1

function [x_plot,y,z] = robintwo(x_beg,x_inc,x_end,interval)
% Intialise variables

A=0;

value = 0.0;

theta_beg = 0;
theta_end = pi;
theta_inc = pi/12;

H = zeros(interval,l);
W = zeros(interval,l);

Zo = zeros(interval,l);
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N
R

Upper = zeros(interval,13);

zeros(interval,1);

zeros(interval,13);

Lower = zeros(interval,13);
y = zeros(interval,13);

z = zeros(interval,13);

xx = x_beg : x_inc : x_end; % assigns a vector for x coordinates
x_plot = repmat(xx, [13 1]);%swaps the colums and rows of the x coordinates

% looping over the angles specified

for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end % looping over x/1 for 0.4 to 0.8
A= A+1

% defining coeff for H

H_c = [0.25; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
% defining coeff for W

W_c = [0.25; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
% defining coeff for Zo

Z_c = [0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
% defining coeff for N

N.¢c=[5.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0]1;
[value] = calcval(H_c,x);

H(A) = [value]; % calculates H

[value]l] = calcval(W_c,x);

W(A) = [valuel; Y% calculates W

[value] = calcval(Z_c,x);

Zo(A) = [valuel; % calculates Zo

[value] = calcval(N_c,x);

N(A) = [valuel]; % calculates N

% calculates the value for R(radial coordinate)

Upper (A) =((H(A)/2)*(W(A)/2))~(N(A));

Lower(A) = 1 / (((abs((H(A)/2)*sin(theta))) ~(N(A))) +

((abs ((W(A)/2)*cos(theta))) " (N(A))));

% If the lower part of the equation is too great let it = 0
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if Lower(A) > 10e20

Lower(A) = 0 ;
end
R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)));

y(4)
z(A)

R(A)*sin(theta); % calculates y/1
R(A)*cos(theta) + Zo(A); % calculates z/1

end
end
% arranges x/1 coordinates in the same format as the y/l1 and z/1
% coordinates

x_plot = x_plot’;
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7#Name of Function: robinthree.m

%Prepared by: Vaneshen Naidoo

%#Purpose: To generate the ROBIN body shape between 0.8 < x/1 < 1.9
%Parameters: x_beg, x_inc, x_end, interval

%Return Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

%METHOD :

%1. Specifies the angles for the calculations of the coordinates on the
hcross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

%radial coordinate(R) as well as Upper and Lower parts of the equation which
%calculates the radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates(vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/l1 and z/1

%#4. Changes the format of x/1 to that of y/1 and z/1

function [x_plot,y,z] = robinthree(x_beg,x_inc,x_end,interval)
% Intialise variables

A=0;

value = 0.0;

theta_beg = 0;
theta_end = pi;
theta_inc = pi/12;

H = zeros(interval,l);

W

Zo = zeros(interval,l);

zeros(interval,l);

Page 142 Centre for Research in Computational and Applied Mechanics
University of Cape Town



A4. Actual code

N
R

Upper = zeros(interval,13);

zeros(interval,l);

zeros{(interval,13);

Lower = zeros{(interval,13);

y
z

zeros(interval,13);

zeros(interval,13);

xx = x_beg : x_inc : x_end; % assigns a vector for x coordinates
x_plot = repmat(xx, [13 1]); Y%swaps the colums and rows of the x coordinates
% looping over the angles specified
for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end % looping over x for 0.8 to 1.9
A= A+1
% defining coeff for H
H.c=[1.0; -1.0; -0.8; 1.1; 1.5; 0.05; 0.2; 0.6];
% defining coeff for W
W.c=1_[1.0; -1.0; -0.8; 1.1; 1.5; 0.05; 0.2; 0.6];
% defining coeff for Zo
Z_c = [1.0; -1.0; -0.8; 1.1; 1.5; 0.04; -0.04; 0.6];
% defining coeff for N
N_c =[5.0; -3.0; -0.8; 1.1; 1.0; 0.0; 0.0; 0.0];
[value] = calcval(H_c,x);
H(A) = [valuel; % calculates H
[value] = calcval(W_c,x);
W(A) = [valuel; % calculates W
[value] = calcval(Z_c,x);
Zo(A) = [valuel; % calculates Zo
[value] = calcval(N_c,x);
N(A) = [value]; % calculates N
% calculates the value for R(radial coordinate)
Upper (A) =((H(A)/2)*(W(A)/2)) " (N(A));
Lower(A) =1 / (((abs((H(A)/2)*sin(theta))) " (N(A))) +
((abs((W(A)/2)*cos(theta))) " (N(A))));
% If the lower part of the equation is too great let it = 0
if Lower(A) > 10e20
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Lower(4A) = 0 ;
end
R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)));
y(A) = R(A)#*sin(theta);’ calculates y/1
z(A) = R(A)*cos(theta) + Zo(A); % calculates z/1

end
end
% arranges x/1 coordinates in the same format as the y/1 and z/1
% coordinates

x_plot = x_plot’;
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%Name of Function: robinfour.m

%#Prepared by: Vaneshen Naidoo

%#Purpose: To generate the ROBIN body shape between 1.9 < x/1 < 2.0
%Parameters: x_beg, x_inc, x_end, interval

JReturn Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

%METHOD:

%1. Specifies the angles for the calculations of the coordinates on the
%icross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

%radial coordinate(R) as well as Upper and Lower parts of the equation which
hcalculates the radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates(vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/1 and z/1

%4. Changes the format of x/1 to that of y/1 and z/1

function [x_plot,y,z] = robinfour(x_beg,x_inc,x_end,interval)

A=0;

value = 0.0;
theta_beg = O;
theta_end = pi;
theta_inc = pi/12;

H = zeros(interval,l);
W = zeros(interval,l);
Zo = zeros(interval,l);

N = zeros(interval,l);
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R = zeros(interval,13);
Upper = zeros(interval,13);
Lower = zeros(interval,13);
y = zeros(interval,13);

z = zeros(interval,13);

XX = x_beg : x_inc : x_end; % assigns a vector for x coordinates
x_plot = repmat(xx, [13 1]);

%swaps the colums and rows of the x coordinates

for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end % looping over x for 1.9 to 2.0
A= A+1

% defining coeff for H

Hc=1[1.0; -1.0; -1.9; 0.1; 2.0; 0.0; 0.05; 2.0];
% defining coeff for W

W_c = [1.0; -1.0; -1.9; 0.1; 2.0; 0.0; 0.05; 2.0];
% defining coeff for Zo

Z_c = [0.04; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];

% defining coeff for N

N_c = [2.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0];
[value] = calcval(H_c,x);

H(A) = [value]; % calculates H

[value] = calcval(W_c,x);

W(A) = [value]; % calculates W

[value] = calcval(Z_c,x);

Zo(A) = [valuel; % calculates Zo

[value] = calcval(N_c,x);

N(A) = [valuel; % calculates N

Upper (A) =((H(A)/2)*(W(A)/2))~(N(A));
Lower(A) = 1 / (((abs((H(A)/2)*sin(theta))) ~(N(A))) +
((abs((W(A)/2)*cos(theta))) ~(N(A))));
if Lower(A) > 10e20
Lower(A) = 0 ;

end
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R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)));
y(A) = R(A)*sin(theta);
z(A) = R(A)*cos(theta) + Zo(A);

end
end
% arranges x/1 coordinates in the same format as the y/1 and z/1
% coordinates

x_plot = x_plot’;
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JName of Function: robinthree.m

hWPrepared by: Vaneshen Naidoo

%WPurpose: To generate the ROBIN body shape between 0.8 < x/1 < 1.9
%Parameters: x_beg, x_inc, x_end, interval

JReturn Value: x_plot,y,z(output non dimensional coordinates)

%Calls To: calcval.m

4METHOD :

%1. Specifies the angles for the calculations of the coordinates on the
hcross section.

%2. Intialises variables for the functions H,W,Zo,N(vectors);

Jradial coordinate(R) as well as Upper and Lower parts of the equation which
%calculates the radial coordinate(matrices) ; y(y/l) coordinates(vector);
%z(z/1)coordinates(vector)

%3. Loops over the angles specified

% 3.1. Loops over the range of the x/1 values specified

% 3.2. Specifies the coefficients for H,W,Zo,N

% 3.3. Calculates H,W,Zo,N

% 3.4. Calculates R(non dimensional radial coordinate)

% 3.5. Calculates y/1 and z/1

%4. Changes the format of x/1 to that of y/l and z/1

function [x_plot,y,z] = robinthree(x_beg,x_inc,x_end,interval)

% Intialise variables
A=0;

value = 0.0;
theta_beg = 0;
theta_end = pi;
pi/12;

zeros(interval,1);

theta_inc
H
W

Zo = zeros(interval,l);

zeros(interval,1);
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N
R

Upper = zeros(interval,13);

zeros(interval,l);

zeros(interval,13);

Lower = zeros(interval,13);

y
z

zeros(interval,13);

zeros(interval,13);

xx = x_beg : x_inc : x_end; % assigns a vector for x coordinates
x_plot = repmat(xx, [13 1]); %swaps the colums and rows of the x coordinates
% looping over the angles specified
for theta = theta_beg : theta_inc : theta_end
for x = x_beg : x_inc : x_end 7 looping over x for 0.8 to 1.9
A= A+1
% defining coeff for H
H.c =[1.0; -1.0; -0.8; 1.1; 1.5; 0.05; 0.2; 0.6];
% defining coeff for W
W.c=1[1.0; -1.0; -0.8; 1.1; 1.5; 0.05; 0.2; 0.6];
% defining coeff for Zo
Z_.c = [1.0; -1.0; -0.8; 1.1; 1.5; 0.04; -0.04; 0.6];
% defining coeff for N
N.c=[5.0; -3.0; -0.8; 1.1; 1.0; 0.0; 0.0; 0.0];
[value] = calcval(H_c,x);
H(A) = [value]; % calculates H
[value] = calcval(W_c,x);
W(A) = [value]; % calculates W
[value] = calcval(Z_c,x);
Zo(A) = [value]; % calculates Zo
[value] = calcval(N_c,x);
N(A) = [valuel; % calculates N
% calculates the value for R(radial coordinate)
Upper (A) =((H(A)/2)*(W(A)/2)) " (N(A));
Lower(A) = 1 / (((abs((H(A)/2)*sin(theta))) " (N(A))) +
((abs((W(A)/2)*cos(theta))) ~(N(A))));
% If the lower part of the equation is too great let it =0
if Lower(A) > 10e20
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Lower(A) = 0 ;
end
R(A) = (Upper (A) * Lower(A)) .~ (1/(N(A)Y));
y(A) = R(A)*sin(theta);’% calculates y/1
z(A) = R(A)*cos(theta) + Zo(A); % calculates z/1

end
end
% arranges x/1 coordinates in the same format as the y/l1 and z/1
% coordinates

x_plot = x_plot’;
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%Name of Function: calcval.m

#Prepared by: Vaneshen Naidoo

%Purpose: To calculate the values of H,W,Zo,N
%Parameters: co,xinc

%Return Value: value(H,W,Zo,N)

METHOD :

%1. Inputs the coefficients and the x/1 value

%2. If C4 = 0 the output is = C1

%#3. Otherwise if C8 = O then exclude the last term in the equation when
/icalculating the output.

»4. Otherwise just use the equation provided to calculate the outputx

function [value] = calcval(co,xinc)

if co(4) ==
value = co(l);
elseif co(8) ==
value = co(1) + co(2)*((abs(((xinc + co0(3))/co(4)))) " (co(5)));
else
value = co(6) + co(7)*((co(1) + co(2)*((abs(((xinc +
co(3))/co(4))))"(co(5))))~(1/co(8)));

end
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