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ABSTRACT

AERODYNAMIC INVESTIGATION OF A MODEL SCALE HELICOPTE R
ROTOR IN GROUND EFFECT

kahbaz, Me h me t
M.S., Department of Aerospace Engineering
Supevisor Assoc. Prof. Dr. Dil ek
Coi Supervisor: Ast. Prof. Dr. Nilay Sezer Uzol

October2017,126 pages

In this thesisground effect issue which is a vital topic falicopter industry
is investigated with model scale.For this purpostesa setup with model helicopter
rotor is establishedwith setup, ground effect isvestigatedwith inclined ground
and ground withouinclination. Thrust andorque values are obtained for different
rotationspeeds with constambllective pitch. Compaison with literature is done and
reliability of the test setup is proveimclined Ground Effect and Grouiitffect with
extreme proximityscenarios are tested. The proper trenfisthe performance
parameters in these scenarios are obtained.

For the sakefgerformance parameter alterations, CFD (Computationad F
Dynamics) Method is applietd analyze theotor downwashTo model the rotag
helicopter bladeSingle Moving Reference Frame Meth(®MRF) is used. In this
method the blade and ackground rash are kept still andotational velocity is
defined ateach cell inthe domain. Wih CFD results, flow physics is studiedd

performance changen ground effect are explained

Keywords: Ground Effect, Experimental Aerodynamics, Computational Fluid
Dynamics, Rotor, Helicopter, Model Scale
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kahbaz, Me h me t
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u tezde, heli kopter end¢gstrisi i -in °nen
tl erde incelenmicktir. Bu ama-1 a, mod el
nek kkubDylzmmek ¢zerinde yer et ki si dur um
y ol ar ak model |l enmi ktir. D¢zenekt e, far
énda itKki ve tork dejerl eri el de edi | n
€l akter ma gscoorenndd i dizéenejkiaméet |l anméxkt er .
felerdeki yer et ki si senaryol ar é t est
metrelerinin d¢zenli dejikimleri saptanm
czenekten el de edilen dejikimlere ne gi
ebil makéwrmdanal i zi i -1 n Hes apADa mal € Ak é «
eml eri Yluléll @malameé kd %men heli kopter pal.i
ket Referans Yapé y°%°nt emi kull anél méxt
én sabinzaman|l hbrandhhidéndks enu-1 aré il e a
[ i ncel ener ek, yer et ki si durumundaki
et edil miktir.
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CHAPTER 1

INTRODUCTION

1.1 BriefKnf or mati on About Herddynanocpt er s and Rc

Through the years, air tigportation keeps its unique place in the history of
humanity. Varous aircraft typeswere built ard used throughout the decadése

main aim of ai r c rapif dir transpdrtatedt reyx forespettpd wa y s
of aircraft, whichis not valid helicopters.

Helicopters aretype of aircraftthat can hoer in the air. This feature separates
helicopter from other aircraft. Since all other aircrafe designed fohorizontal

flying, helicopters are designed fdroth vertical and horizontal flighton the

contrary.The main usage areas of helicopterarailable in Figure 1.

Figurel.1 Helicopters \ith different usages a) ResqoeFreight transport ¢) Law
enforcement, d) Broadsting, e) Construction, f) Firg) Military [1]



The most important benefit of the helicopteraapability of landing/ takeoff from
the placewhere long landing strips or airfad are impracticato build. Since
helicoptercan descent or climb vertical]lya landing field withadequate sizés

enough for landing or takeoff.

The manuevers of hovering in the airdadlimbing/descenting verticallynake
helicoptes unique. In order to undstand the topic of this thesis accuratdlye
vertical and hovering flightharacteristicof the helicopter must bexaminedin
detail

Although a helicopter has aerodynamic iify surfaces, the working principle of
helicopters are quite different from fixed wing aircraft. Whappes in fixed wings

is that air is accelerated with propulsion systems and incoming air against
wing/aircraft creates lift force on the wings due teithairfoil shapes that creates
high pressure below the wing and low pressure above the wing. Basically this is the
lift creation principle of the fixeaving aircraft. However, helicopters have different
principle Instead of fixed wingshelicopters havdifting surfaces like wingghat

forms the most cruci al parmanobtohe. helicopte

Main rotor Tail rotor
¥

Drive shaft— e

Cockpit
Tail boom

Landing skids ~ Engine,
transmission,
fuel, etc.

Figurel.2 Themain components of a helicopt2]

As seen from Figuré.2, a conventionahelicopter consists dbasicelements. The
main rotor provides the thrust needed tloe hover flight, axial climb and descent.
Driving shaft connects engine and main rdimrthe transmission system. Landing
skids provide smooth vertical landing to therapted zones. Furthermor@jl rotor

has a mission of balancing the main rotor rotational torque avittoment creation

2



using tail boom as a momenguearRIBhavih®@mMd s n
Figurel.3.

Direction of torque reaction

|.f =

Figurel1.3 Anti torquesystem]3]

In Figure1.3, tail rotor balances the torque createdtlgymain rotor. Ifthere is no

tail rotor, helicopter does nperform hovering flight.

The scope of this thesis is thvestigation of the performancd the main rotor. As
defined beforehelicopter is unique with its verticdlight and axial descent/climb
motions.Of course, helicopter can perform forward flight with tilting the main rotor
by changing the helicopter attitude by performidpw pitch down motion But
forward flight is not the main scope of this work. In this work, axial flight

chaacterictics ohelicoptes areinvestigated.

Since main rotomprovidesthe axial thrust for helicopters, it createmost of the

uniqueflow featuresaroundhelicopters.

Rotor blades

Figurel.4 Helicopterrotor and its main componerjg
3



In Figure 1.4, main rotor consists of rotor blades, and hub. The rotor blades are

lifting surfaces of the rotoand hey are basicallg enot ed as WArotary wi ng
their sections are airfoils utilized for rotary wing applications. Rotor could have 2,3

or 5 blades depends on the type and weight capacity of the helicopter.

Rotor aerodynamics ia complex ssue even in forward flight. keever, for axial

flight, rotor aerodynamics have some fundamental poimts contribution of

research and experimeint literature Since helicopter design starts with axial flight

characteristics of rotor, vansscientificstudiesand empiricatelationsare available

about rotor aerodynamicg\lso, various mathematical models and experimental

results are established about the hovering flight of helicapter

The lifting capability of a rotor blade depends on two main parameters: local angle of
attackand local dynamic pressurg]][ If rotor blade is considered &site wing and
divided into D stations by taking slices, every station is considered as airfoil and
each one encounters to the incomingflaw created by rotation. Wh respect to the

locd angle of attack and local dynamic pressures on each station, local lift and drag
generation isevident Then forces areintegratedspanwisewhich is simply the
contribution of one blade to the thrust of the rotor. However, there is no fixed wing
situaton. Here, a rotation is taken into account. Blades are deliberately rdteing
means their position is changinithe blade position is denoted by azimuth angbe (
Azimuth angle is zero when blade tgwints downstream.During force, torque
calculations, another integration with respect to the azimuth angle is performed since
rotor blade location is not the sante.fixed wing cases, wing encounters with the
sameincoming air velocity from root to tip. In rotor case, due to the rotation, the
velocity profile is changing from root to tipdahmakes rotor flow complex hence,
blade flowdiffers from fixed wing casewith this aspect

The velocity described is inoang air velocity which is simply the production of
rotational velocity and locakdius. At the tip, this veloty is denoted as tip velocity

and reaches to maximufip velocity is a design parameter for rotor design.



y=180° | upstream

Vtip = QR

Direction of
rotation

Blade

. —Vip=RR | downstream
Blade azimuth angle, ¢ = 0

Figure 1.5 The incoming velocity distribution throug the blades for the sample 2
bladed rotof1]

Figure 1.5 showsthe incoming velocitydistribution azimuth anglera tip velocity.
Since this is the hover flow, the downstream sideHerlilade azimuth is determined

with respectda the forward flight conditions.

Another topic is the wing tip vortices. Due to the high dynamic pressure created by

high velocity at the tip of the rotor bladeerodynamic force load is collected in this

region . Thus, this force | oad | eads a vort
v o r tag shawn in Figurd 6. It emerges from blade tip and continues downside

from the rotor plane helically with rotation.

Figurel.6 Bladetip vortices ofCobra helicopter visualizedavith vapor[5]

Blade tip vortex is significantsubject for the main rotor design and rotor CFD

simulationssince net flow velocity and rotor wake flow distribution are strongly
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affected from thesdéip vortices[1]. For this reason, estimation of wing tip vortex
path is crucialSome empirical solutions for the tip vortex trails is available. This
subject will be explained in details on following sections.

The rotor flow during the hover, axial clbfdescent iscalled asupward or
downward axisymetric flowThe rotor blades are rotating and they are interacted
with air and rotational velocity creates linear local velocities from the root to tip.
However, the actual rotor flowfrom upside downemeges from the upside of the
rotor, air is pulled by rotor with rotation armbntintesatthe lower side of the rotor .

If rotor is considered asdask, the actual rotor flow is shown Figure 1.7 for hover

condition

Rotor thrust

lnﬁ:w into rotor disk Inflow into rotor disk

®

A N | t A X

At ; Dy x

- A q A Mok ow
Juiescent Quiescent

flow ) fl

~y ¥ « L3

A vy »

P y i -

f o \‘__ _en - -

Rotor slipstream or Slipstream boundary

“far’ wak
Tip vortices convect wake

aleng slipstream boundary

Figurel.7 Velocity field beneath the rotan hover[1]

Figure 1.7 shows the rotor flow at the downstream, which is called as rotor
downwas h. The flow which is pulled by rotor
geometry is enclosed by the halidrails of the tip vortices and it has a contealc

shape. The flow velocityncreass smoothly through the rotor disk due to the

rotation of blades and it exits from the disk with a higher velocity than inflow

velocity. As this contracted shape is siamifor every rotor flow in hover, empirical

mathematical models based on some experimentspsapesed

A new velocity type takes the scene which is called as induced or inflow velocity.

Inflow velocity is basically velocity belongs to the pulled layrthe rotor disk. It is
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created with rotating blades and again, inflow velocity is distributed locally from root

to tip like linear speed emerges from rotation.

Resultant relative wind

Angle of attack

Center of pressure

Rotational relative wind

Tip Path Plane

Chord line

Figure1.8 The inflow and rotational relatesvelocity on the section of a rotor blade

[6]

In Figure 1.8, rotational relative wind is linear velocity created by rotation. Induced
flow is designated bynflow velocity. It is evident that imbw changes the angle of
attack. Furthermore, angle of atkachangs the resultant relative wind that blade
section encounters with.

The inflow velocity is notspanwisey constant The distribution and value of the
inflow velocity directly affects the rotatesignparameters. There are many ways to
calculatetheinflow velocity distribution over the rotor disk

The first aprroach was application of three conservation laws which are mass,
momentum and energypplication of these equations in a control volume where
rotor and its downwasdmdrst letmcTlhesaerdy d sd ecva
Rankine (1865)[1]. Then further developments were made by Froude (1878),
Lanchester (1915)Betz (1920, 1922) and Glauert (193%). In thesestudies rotor

was assumed as different shapes such as infinitesimal rings,oaaliskt etc. But

concept was only estimate the thrust and torque of the rotor ratheobit@n a

inflow profile.

Since momentum theory did not take the azimuth rotation adht distribution of
one bladeit wasaccepteds a initial estimation toolrhen modifiedmethods called
Blade Element Method (BEM) andlade Element Momentum Methodere

introduced. They provide feasibility to calculate flow radially and azimuthally

7



duruing the rotor flow. The sectional aerodynamic coefficients and rotaspeal
were taken ito account. Thus, suitable stiosture to calculatenflow was set
Blade Element Method simply calculates the distributed load spanwise with using
inflow and relative velocity inputs or forward helicopter velocity, if exi€gstafson
and Gessow came with a new thought in order to estimate an inflow piadidgewas
combinationof Momentum theory and Bladddiment Method whiclwascalled as
Blade Element Momentum Metho@his method solves fluid continuum equations
on each blade seadm as if they are infinitesimal rings. dvantageous poimwas this
method allowed a proper inflow distributioBo proper mathematical models based
on some experimental correctiomereimplementedThe notable inflow models are,
Glauert (1926),Coleman et. (1945) , Mangler and Squire (1948) , Drees (1949),
Payne (1959), White et al. (1979), Pitt and Peters (1981) , Howlett (1981)

The importance of inflow parametes, when BEMT equations are set, evergjm
without any approximations an equationwith an inflow parameter ( non
dimensional inflow vedcdty which is division of inflow velocityto the tip velocity) is
emerged and it only allowsumerical solutioror setting some empirical coeffeits
with experimental result8veryinflow models cotainsa test setup and coefficients
of inflow models were based upon the results of the lesis.evident that, proper

inflow estimation yields a proper thust torque relation for the rotors.

Today, these methods are still improved but they are linfiednflow profile
estimation onlyDuring the design process, not only the inflow profile, but also tip
vortex profile and downwash profile of a rotor are also importBetause, any
change in downwasltould drastically change the inflow profile, whicheme
accepted as a correction parameter for inflow profitesrder tobetter inspection of

rotor flow, vortex methods are introduced. The main approach is calculation of
velocity field in terms of vorticyt by using Biot Savart LaW/7]. The vortex methals

are based on tip vortex paths gained from some experimental works. Again, these
methods are helpful during the initiation of rotor design sinceg tapture the rotor

wake efficiently.

As better inspection of rotor flow issue comes to the scene, tBes@kulations are
additionally applied during the rotor design process. Although they reqgbigh
8



computational power antdigh amount oftime, CFD simulatioa provide detailed
flowfield solution. One can obtain evetype ofdistributionfrom the CFD angkes

such as, velocity profile over the blade, lift profile over the blade, path of the blade
tip vortices etc. For this, CFD does not need any proposed inflow model or
experimental empirical solutons. The NavieBtokes equations are solved in the
evay cell of the solution domainumerically. If correct and proper grid distribution

will be created with proper boundary conditions and solution techniques, then, one

can obtain a reliable, accurate flow simulation for the rotary wing flows.

It is clearthat, rotor flow prediction does not have a straightforward way. In order to
observe the rotor flow, the inflow parameter should be accurately investigated. For
this, precribed models are alternative. Implementation of CFD Simulations are
another alternative roestablishment of a test rig is the most exact alternative.
However, rotary wing flowsiave complex characteristidse to the variable velocity
profile on the rotating blades, the azimuthal position of the blades and interactional
properties. The intertional issues are blade blade vortex interaction and blade
airframe interactions that makes the hover flow more comjgerspect In some
mathematical models, these interactional issues were defined as empirical corrections
based on experiments. In oelpter aerodynamics, interaction and flow distortion is
always a problem. These problems are evident during the axial flows and of course,

during the forward flight.

The established mathematical models and computatioetdods arall utilized for
purehover flow, pure climb or forward flight with constant speed etc. The empirical
outcomes must not only available for perfecrarios butvailable for the extreme
situationsas well wherethe whole flow field of helicopter is changing then, attitude
andstability of helicopter is changing. Finally, fatal results may arise. In this tlaesis,
widespread extreme conditiowhi ch i s call ed as #AGround

scope.



1.2 Ground Effect

The flow field around the rotor is described in the presisection. 8me conditions

that distort the rotor inflow are summarizethe ground effect is he one of th
conditions that distorts the whole rotor inflow and change the aerodynamic
parametersground effect is basically the recirculation of rotor dovast flow from

the ground to rotor, when rotor is located close to the ground.

Ground effect has a vital role in helicopters since it directly effects the helicopter
performance due to the reverse flow from ground to the rotor. Helicopters encounter
with the groundeffect during the approaches (Landing pad, ship deck, inclined hills).
Since flow becomes complex, handling the helicopter stability is the key point in
order to prevent catastrophiesults. Theground effect conditions are desceld in

Figurel.

l| rolling moment

weight equal
to thrust

plvot point

Figurel.9 Groundeffect types a)Normal b)Partial [34] c) Inclined
surface[8]

Geometrically, helicopter encounters with 3 differemtsin ground effect: normal,
partial and inclined. Theammal ground effect is observed during the every type of
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vertical landing. Brtial ground effect is generally seeturing landing onto the
battleship, landing onto the building helipad and etc. grioeind effect on inclined
surfaces is evident during theilttary operations or resque operations on the
mountains and on the hills.

During the close proximity of a rotor in hover, since ground musthiuadary for

the streamlined characteristiosthe flow, rotordownwashtends to rapidly expand

as seen inigure 1.10. This situation manipulates induced velocity and of course,
induced power and thrusOn the ground the vertical component of velocity
vanishes and it is expected that induced velocity is less than in free air. The reduction
of induced velocityefers to reduction of induced power for a given thrust.

(a) Out of ground effect (OGE) (b) tn ground effect (IGE)
No effect on rotor
thrust or power

. Large effect on rotor thrust
and/or power

No effect on Rotor height
wake near rotor off the ground
Large effect

Some effect
on wake near ;
ground /.

on wake

\. y Ground

Figure1.10 Expansion ofotor downwash1]

1.2.1 Mirror ImageApproach

The method of images provides an analytical expression for ground effect and it
showsthe occurence of grod effect basically. Cheeseman and Bennett (1955)
firstly proposed this approach with replacing the rotor by a source and adding it a
image sourceto define ground effectThe image of the rotor has the equal
momentum terms oftiength with actual rotor and distance of the image rotor is the
same with the actual one. The potential flow thelddyis referenced in order to
model the image rotor. Image rotor is modeled as a fluid sourckuaaibn ofthis

sources reduction ofmflow of the actual rotor flow.
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Knight and Hefnef9] and Rossow1985)[1] used vortex cylinder model in order to
simulate ground effeche theory of Knight and Hefnelincludes the mirror image
approachas well In this method, 2 significant assumpiso were madethe
circulation around the blade is constantortler to represent blade vortex system
with tip vortices only. Other assumption, ist uniform vortex cylinder is created by
helical tip vortices from rotor to the ground. With respect to toermpl, the image of
this vortex system is defined with vortex filaments and image rotoe. wake of
image rotor composes of a series of spiral vortex filaments generated from the blade
tips. The image rotor inflow velocity carries these vortex filamentsdapper zone,
where the actual rotor inflow velocity is reduced by the image of vortex filaments.
The image and actual vorticities have equal but opposite quarititiesder to

eliminatenormal velocity on the grouraks shown in Figuré.11.

rotor inflow
f
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2 J ;_, >
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T | \ ¥ /

o round plane
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\ A

Figurel.11a) Mirror Image and b) Vortex Cylinder Modgl|
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All in all, image system produces upflow which reduces the inflowreate the
ground effect The image vortices decrease the actual inducedityelmt the actual
rotor then, actual power decreaséhe decrease imduced power value could be
obtained as function of rotor height abowhe groundmathematicallyIn order to
create a better insight about this induced velocity reduction, it issde®dinspect
the change of flow structure in the vicinity of rotor blade, where flow is puljed b

rotor blades.

1.2.2 The Details of Ground Effect

This subsection is the sequel fbigure 1.8, where generation of rotor flow is
explainedin details. The occuree of inflow and downwash are clearly explained.
Now, the effect of the addition of ground in the rotor downwash is inspected and
change of inflow and flow near the blagieerepresented.
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Large rotor-tip vortex |

Angle of attack

Rotational relative wlnd‘

Lift vector inclined to rear

Larger induced flow velocity

a)
| Reduced rotor-tip vortex | @ i é | Adtitude at one rotor diameter or less |
b)

Figurel.12 Thechange in induced velocity due to the ground efféict

Figure 1.12 a) is the extended version of Figut& where rotor flow isvisualized

near the blade. The blade pitch angle is high which is the angle between the blade

chord androtor tip path planeTPP). Tip path plane is basically the plane where

relative wind (linear velocity created by rotation) is parallel to it. The inflow or

induced velocity is high during the out of ground effect case. The induced drag (drag

14



due to lift) angle is high and teedcy of lift vector direction is pointed to rear of the

blade. For entire rotor, rotor tip vortices are larger.

When helicopter approaches to the grouhd, great portion of the tip vortices pass
awayby transforming theirlbws streamlined to the grounidat leads to smaller tip

vortices in ground effect.

The method of the imagegsroves that induced velocity or inflow decreases in
ground effect. The reduction in inflow creates a reduced inflow velocity. Reduced
inflow velocity leads increasingngle of atack which results from the reduced blade
pitch angle. The blade pitch angle reduction leads to a reduced induced drag and
finally induced power is reduced which is exactly the power required to hover in
ground EffectFigure1.13 shows this process schatically:

Reduced Inflow

Increasing AOA

Reduced Blade Pitch

Reduced Induced Drag

Reduced Induced Power (Power
Required to for rotation IGE)

Figurel.13 The sequence of the ground effect on the blade section

By the way,angle of attack is not actually increased. After the inflow reduction,
Angle of attack has a tendency to increaseortker to keep relative wind stable and
keep the total thrust constatithe blade pitch angles reduced by pilot in order to
balance this tendency with reduction. Hence, reduced inflow results in reduced blade

pitch angle which creates less induceédhg, since the exposed area of blade

15



decreases with respect to the relative wifid.sum up, ground effect leads to less

power requirement for rotation for the same thrust.

1.2.3 Power Reductionin Constant Thrust

Previous section depicts a power reduction in gdoeffect. That means a benefit in
fact: The power required to operate rotor is lower in ground effect compared with out
of groundeffect at the samepm and thrst value. Reduction of power required
envisions that élicopter spend less energy in grourdfect in order to perform
hover.Anotheraspect ishelicopter could hover in ground effect with higher payload

with consumption of less energy théne out of ground effect case

101

hR

Figurel.14 Powerreducton with decreasing ground effegdf

In Figurel.14, height above the ground is nbrdimensionalized by radius (R) . the

term Aho denotes the di mensi onal di stance be
depicts the nofi dimensional rotor distance todtground. The power &lso noni

dimensionalised with @wer out of ground effect. It is clearly seen that with

decreasing distance between the rotor and ground, the power decreases.
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1.2.4 Thrust Increase in Constant Power

The ground effect leads increase limust when constant power ssippliedas well
(constantRPM). The difference of thisondition from the powerreduction in
constant thrust is, there is nagrvention to the blade pitch angle. the ground
effect, wheninflow decreases and angle of akkancreases with its tendency, this
time, noblade pitch decrease is amaliin order to set the constant thrust. Instead,
pitch angle remainsonstant, with decreasing inflow, angle of attack increases. Thus,
overall thrust increases with same power @pioh. This situation shows that, in
ground effect, helicopter could gain higher thrust than the out of ground effect case,

with constant power.

This thrust increase is, advantageous for helicoptgyscally for takeoff. During

the axial climb, with the lgiher thrust corresponding the same power facilitates the
helicopter take off that means, helicopter could hover and climb with the help of
ground.This is actually valid during the take off from the high altitudes (such as on

the top of the mountainBimilarly, during the axial descent, this feature facilitates

the helicopter |l anding and ground effec

helicopter that provides a smooth and secure landing.

There are vadus initial fundamental works about thground effect in hover and

these works are pionner for establishment of the mathematical relations of ground
effect in hover. Zbrozek (19471sed flight test data and arranged a mathematical
model in order to prove the thrust increase with constant power in geftet.

Betz (1937)applied a robr performance study in ground effedtradenburgh
(1960,1972) ,Stepniewski et al. (1984) ,Prouty (1985) and Hayden (1976} are a
collectedhovertest data for the hover ground effeld]. Variousmodifications were

done sich as, blade aspect ratldade twist changes etc. However, general outcome
was ground effect is efficient till the rotor distance is one rotor diameter. Beyond this
point, no ground effect was observed.
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Thrust ratio,

Figure 1.15 Increase of a rotothrust with respect to the rotor distance to the

ground[1]

In Figurel.15, height above the ground is nordimensionalized by radius (R) . the
onahle diizs/tRaon c e
depicts the noii dimensional rotor distance to the ground. It is evident ghaind
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1.2.5 Additonal Key Points of Ground Effect

The physical type of ground has an important role on the emergence of ground effect.
Maximum ground effect is achieved over the smooth and hard suirffaced/hen

hovering over the grass, bushes, water, surfacesnigdmpownoutconditions like

mud orsand groundeffect reducegl].

The ground effect approximations astudiesare generally assned for isolate
rotors. Whereas, &tal helicopters have fuselage beneath ibtor and it is studied
thatfuselage presence below the rotor accompanies the ground[&ffedbwever,
general relation of thrust and power is not changed with respedtetground
proximity. For the cases with isolate rotors, generally z/R value is started from 0.5

which is the clearance for the fuselage dimensions. Below the 0.5, ground effect is

denoted

as

fifextr eme
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All in all, ground effect in hover fligt have complex butinderstandablélow
characteristics that ipossible to model mathematically. Due to this feasibility,

ground effect models and works were initiated with hover tests. Today, still some
unknown points are available in ground effect &tare, but with the help of
technol ogy, better under st amelm enfgi sd bad Wt

possible

1.2.6 Ground Effect in Forward Flight

During the transition from hover to the forward flight, helicopter reaches a forward
speed that power remad decreases to a lower value than the power available and
forward flight is initiated. This transition and power gaining is provided by ground

effect in hover.

power 250
(HP)

200 F

150

0 0.5 1.0 15 2.0

v 0 20 40 60 80

_ Yi _ V(knots)
Figurel.16. Effect of forwardvelocity an ground effecf1]

In both figures, V denotes the forward velocitg. Figure 1.16 a) the forward
velocity breaks the ground effect regardless of the ground proximity. When forward
velocity reachedo the double of the inflow velocity, there is no grouefiect
presenceln Figure 1.16 b), the power need for the transition to forward flight is
shown It is clearly inspected that, during out of ground effdat, power required to

transition to the forward flight is higher than the in ground effect case. figure
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apparently proves the enhancement effect of ground cushion created on hover during
the transition to forward flight.
To conclude, in order to perform efficient take off with helicopter, the ground effect

characteristics ilhover are determinafdactors.

1.2.7 Main Scope ofThis Work

Up to that section, information about the helicopters, rotor aerodynamics in hover

flight and ground effect were provided.
The aims of this thesis aseimmarized as

1 Establishment of a model rotor tesstup in order tonvestigate ground effect
performance of a rotor.

{1 Validation of the test setup with the past outcomes, such as proving the
ground effect inefficiency when distance is 1 rotor diameter between the rotor
and ground

1 Application of a further work about the gmd effect, when ground is
inclined surface and depiction of a mathematical relation about this case.
Application of extreme grawd effect when z/R has a value below 0.5

1 Determination of a mmerial solution procedure for the rotor flom ground
effect and validation of simulations with the experimental results

1 Presentation of a ground effect insight including inclined surfaar@sanced

with rotor test setp and accurate computer simulation procedure.

The test setup could not only used for ground eftastes, but also available for
model scale propeller tests, visualisations etc. The establishment of adliFion
procedure will enlights the any other rotamyng CFD simulations since ground
effect is extreme case for rotorcraft€FD requireshigh comuiting power fine
solution domairand accurate solution proceduire order to capture the flow beneath

the rotor inground effect, evefor inclined cases.
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CHAPTER 2

LITERATURE STUDY

The fundamental mathematical relations affiliated witton@iaft aerodynamics are
obtained with established test setuipsorder to uderstand the nature of the flow
experimentation is inevitable. Especially, if issue is ground effect which is an
extreme condition for rotorcraft industry, correct experimematrumentation is
needed. After establishment of initial mathematical relations and tests, some advance
works were done. In this chapter, the literature experimentations about the ground
effect are presented. Sincenstruction of experimental sgt is the one of the targets

of this thesis, it is significant to clearly understand what had been done in the past.

2.1 TestSetups

Before the introduction of test setups, it is important to sort them by their sizes. Most
of the works are done with actual rotoresi whereas, tests with scaled models are

available.
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2.1.1 Actual Rotor Sized TestSetups

Figure2.1 Testsetup of Knight and HefndB]

Knight and Hefnel{9] conducted a ground effect research with tiedp of three
different helicopter rotoras seen in Figur2.1 The effect ground presence over the
rotor flow and performance was investigated. The main aim of the program was
expansion of the previous works and declare a general outcomes about tiege grou
effect issue.

Fradenburgh10] observed the ground effect with performance effects and hover
flow characteristics by utilizing a model rotor test setup. Sloped surface, power
comparison during transition to forward flight issues were examined. Teptiseu
bladed 2 ft diarater rotor with untwisted, untered blades. Tip speed is denoted as
600 ft/s. Extreme ground effect is simulated starting from the ground proximity of
z/IR =0.1.
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Figure2.2 Testsetup of Bolanovich et 4fl1]

Bolanovich etal. [11] investigated the effect of rotor downwash to the turboshaft
inlet with the test setup shown in Figu?e2 The power supply of a helicopter is
turboshaft engine which includes turbine sections. Sind@ne engine is located
beneath the rotom ground effect, some air intake problems were observed. Hence,
overall performance losses are detected. To create a remedy for this problem, a
velocity profile beneath the rotor in ground effect must be estich The main aim

of this work was estimation of this type of geity profile in order to overcome the

performance losses in the vicinity of turbine engine intakes.

CAMERASTROBE
' STAND

Figure2.3 Testsetup of Light [12]
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The work of Light [L2] has a main target of tip vortex monitoring in/out of ground
effectwith model tail rotor test rig. Tip vortices visualization of a hovering rotor was
conducted in ground effect. The tip vortex geometry and performance data from the
tests were compared with the tip vortex geometry and performance data were
predicted using a free wake hover performance analysis and several computational
methods. As a test setup, full scalnx tail rotor wasmounted with a radius of 1.1

m and 0.18 m abrd as shown in Figurg2.3. As a tip Mach number, 0.56 to 0.6 range
wasaccepted .In order to visualize tip vortices, shadowgraph methsdsed.

Xin et al.[13] investigaed partial ground effect which is clearly a portion of rotor in
ground effect whexas other portion i®catedout of ground effect, like approach to

the landing pad behind the battleship. The rotor of Yamah@&ORunmanned
helicopterwas used which has a rotor diameter of 3 m and chord of 0.106 m.
Reynolds is kept on 700000 around thperegion. Both full and half ground effect
cases with five different ground proximitie®retested.

Figure2.4 Testsetup of Tanner al. [14]

Tanner et al. I4] observed theoutwash relation duringhe ground effect. The

outwash is clearly the turned and continued downwash flow after exposition with
ground The flow visualisation is done with phase locked PIV which is the most
accurate visulatization technique for rotorcraft, rather than smoke or tuft

visualization. The testing was conducted in NASA Langley Research Center. The

used rotor system was Armyds Gener al Rot or
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rotor with 5.54 ft rotor radius and a 118PM rotationas shown in Figur@.4. A

generic ROBINfuselage is added ftine interactional testings

2.2 ScaledSized TestSetups

Iboshi et al.[8] conducted a ground effect studyluding the partial surface and

inclined surface. The tests were conducted with moving rotor on the inclined/partial
ground. Themid section of ground planeasset as a center and variations of the

torque and thrusts valuageredetected during the center to ground edge movements

of the rotor. The alterationsh ow o u't of ground effect re
ef fect 0 octleedistancednareasetoccured by expdngortion of inclined

surface.

Anotherresearch of Iboshi et al%] is themid - size test setup fdanvestigation of

the ground effect over the confined area. The confined area is simplyiatee
enclosed by baiers and the effect of these barriers over the rotor performaase
investigated during ground effect. The dimension of barriers, the longitudinal
location of rotor with rescept to the barriers and ground proximityhaearameters

of this test setupgMain approach is the helicopteonditionduring resque operains

or law enforcement operationk thesemissions helicopter may encountevith
some obstacles which are clarified as confined zones in this work. The effect of
confined areas may be hauhfThe rotor may enter to the vortex ring state due to
the hove on the confined area. Finallgatasthropic results mdgeseen. In order to
gain better insight about tlidynamics of the helicopter, the behavior of the rotor and

flow field during the onfined area hovering must be estimated.
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Figure2.5 Testsetup of Iboshi et a[16]

Additional work of Iboshi et al[16] contains a model rotor test system in order to
observe the effects of ground effewith/without ground inclination as shown in
Figure 25. The blade flapping motion of a rotor in ground effect is inspedied.
hovering performance of a model scale rotor is investigated during the presence of
inclined surface. Setup includes 2 bladetbr with blade dimensions 0£.138 m
diameter ad 0.06 m chord. Blade sections are NACA 0015. The rotational speed is
94.2 radianper second and 2 blade pitchgies are tested.

Yeager et al. I7] performed an investigation about the directional conéod
performance helicopter rototail-fin configuration in ground effédén Langley Fult

Scale Tunnel.This work contains a ground effect studyhich is not only
investigaing the isolated rotor but also investigate the effect of other elements of
helicopter like tail fin, tail rotor, fuselage etc. in ground effect. The forward velocity
effects are also iheded with different conditionsThe results of this work
investigates the modifications of the other elements of helicopter if necessary. The
interadion of ground effectwith the other elements are taken into account. The
experimentsvere done with constant ground proximity value. However, this study is
beneficial to show that, test setups including the other helicopter elements are
available and graud effect study is extended with additiontbém n order toshow

their effects and conbutions to the ground effetest setup includes a main rotor
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with a diameter of 3.35 m arildade chod of 0.171 m. Tip speed is defined as 210
m/s. As aground proxmity, z/R: 0.7 is used.7 different forward velocities are

simulated as an incoming wind velocities.

Gilad et al. [18 studied ground effect on hovering rotor performance both
experimentally and theoretically. The experimental cases are done with @esator
system. The work is endorsed by the Sikorsky Human Powered Helicopter
Challenge (HPH)This work contains a ground effect investigation for both elastic
blades and rigid blades in order to observe the effect of blade elasticity in ground
effect. Besi@s, test results are used in order to validate a computational method
which includes structural and aerodynamic methods like Chillte element
methods and their couplinder the prediction of elastic blade behavior in ground
effect. Main approach of tlsi work is inspection of ground effect during extreme
conditions where z/R is below 0.5. For this purpose, 2 different test setups are set.
First setup has a rigid untwisted untapered NACA 0012 bladeshown in Figure

2.6. The other test setup includesotor specifiedor quadrotor configuration.

Height varying
winch

F C channels
supporting rotor |

S

L
P

}oto r bl a{cs

Figure2.6 Test setup oGilad et al[18]

Caradonna and Tur{@9] establisedh rotor test system with two NACA 0012 blades
as shown in Figure.2 This work includes informatiorabout the blade pressure
measurements and tip vortex reseaB@sides, it is a comprehensive benchmark for

CFD validation since it includes a wide range of cases such as differenalues.
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Although this work contains nothing ababe ground effect, its test setup presence
and well known widespread CFilidation acceptability makes this work a key

reference for this thesis.

Figure2.7 Testsetup of Caradonna and Turj9]

Leishman et al.( [20] - [23] ) set up a micro rotor test system in order to investigate

the rotor aerodynamics, ground effect, brownout effects and fuselageor

interactionas seen in Figure.2 For better investigation, rotor downwash and blade

tip vortices are examined with both PIV (Particle Image Velocimetry) method and

particle tracking velocimetry technique. During the experiments, test setup with two

bladed rotor is used. Rotor has a diameter of 0.17 m and blades have 0.018 m chord.

Since thissetupsi desi gned as fAmicroscal eo, there 1is
airfoil section or simple arc section for the rotor blades in this Regnotdrval.

Hence, blades are available with simple arc shape sectioriReljpdds numberis

preserved around 280
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Figure2.8 Testsetup of Leishman et a[20] - [23])

The work of LeestalR41i s al most similar to Lei shman
as shown in Figure.2 In addition, this setup is used fomse CFD validations to

measure the capabilities of the CFD codes used for ground wake interactions, thrust
and torque measurements and tip vortex flow field predictions.

Ground
plane

Rotor

| Laser sheet

|

Figure2.9 Test setup of Lee al. [24]

The work of Hanker and Smitl2$] presentsan experimental investigation on a

model rotor test rig in the Boeing Vertol 2041 by 2041 V/STOL wind tunnel to

develop further insights into the parameters that affect helicopter interactional

aerodynamicsin ground effect which affects helicopter handling qualities.

Interactional aerodynamics means affection between the main rotor and tail rotor

etcTest sect on cons sts of 1:4.85 scal e )
ran d | accheor d n.Ap p4r.o7x4 ImlaR® My plagp ma n Fort or .
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Figure2.10 Testsetup of Hanker and Smi{R5]

Balch et al[26] established a rotor test rig to observe main rotor/tail rotor/ airframe
interaction. Modelscde hove tests were carried ouin the Sikorsl Aircraft Modd

Rotor Fadity. The work is a comprehensive benchmark for CFD validation since it
contains many main rotor cases such asum of ground effect, differempm values,
with/without tal rotor. Four different rotor blade sets were used on 9 ft diameter
rotor rig which is not meant that all blades have span length of 4.5 ft. The rotor
blades are UH60,-36, High Solidity and H34 blades. The conducted combinations
are, isolatednain/tail rotor, main/tail rotor with fuselage, lowered rotor head with

respect to the fuselage. Besides, flow visualization techniques are applied.

The research of Curtiss et al27] describes the results of an experimental
investigation of the aerodynaencharacteristics of an isolated rotor operating at low
advance ratios close to the grourithe study includes flow visualization in addition

to measurement of the forces and moments of the rotor as a function of collective
pitch, advance ratio, and rotdreight above the grourtd-diameter ratio. The

experiments were conducted in the Princeton Dynamic Model Track Test Rig using a
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model moving over the ground. Test setup includes a 4 bladed rotor with 8 ft
diameterby aapplication of tip speed around 5#/s. 3 different rotor heights with

two blade pitch angles were tested.

Ganesh and Komeratf28] carried out a work that is basically the aerodynamic
characteristics of rotor close to the ground by means of the model tastsfigwn in
Figure 211 Flow visualization wasloneto assess the flowharacteristics in ground
effectand compare it with the out of ground effect case. Force measurements were
doneto measure the loads at various advance ratios and yaw ahdllegled rotor

has 3 ft diameter witlblades of 3.37 inchord. As a blade sectioNACA 0015

profile is used. 200rpm rotor revolution is appéd z/R = Q72 is the only parameter

for ground proximity. 7 different advance ratio values are determined as

experimental parameter for forward fiig

Figure2.11 Testsetup of Ganesh and Komerd#8]
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2.3 Flight Tests

Figure2.12 Flight testhelicopter of Flemming eal. [29]

Flemming et al. 29] conductflight tess where NASA 740 Helicopter configuration
was used. Rotor has 31 feet radius with a blades containing NACA 0012 airfoil
sectionswhich is shown in Figur@.12 Ground effect casewere performed at 5
different heights with a Xnots rdative wind. Besides, forward flight data were

obtained with 5 different heightsd 15 knots forward velocity.

Wadcock et al30] conducts dlight test work about the ground effect. Main aim of

this study is getting detailed insight about the helicopmodynamics in ground
effect with brownout conditions. Brownout is basically the flow separation during
the descent onto the sand, sea etc. In this experiment, in order to visualize ground
vortex mth, tuft monitoring is apmd on the ground and heliceptfuselageTuft

configurations are shown in Figu2el3
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Figure2.13 Tuft visualisation on a) Ground b) Fligtasthelicopter (S-70
Blackhawk)[30]

The outstanding concerns are mostly performancati@ns, flow visualizations,
rotor interactional effects with thadditional components of helicopter and CFD
validation benchmask Besides, ground effe@r the seperation of engine outflows,
ground effect during the inclinedionfined and partial suates investigation of
ground effect during the low forward speeds or with wind interactions, effect of
blade flexibility in ground effect andnvestigation of ground effect during the
extreme ground proximity were additional research topics in the past.

The literature study provides a competitor study for thelynelgsigned test setup

desribed in this thesis.
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CHAPTER 3

TEST SETUP

The key parameters groundeffect testsetup is available in this chaptekfter the
competitor studyand size determiian, the test setup was shapéue design was
freezed then produced. Test rgglocated at the METUWIND Research Facility at
Middle East Technical University.

During the design process of test setup, various combinations were taken int

accoumn as shown in Figurad.l1

ALTERNATIVE 1 ALTERNATIVE 2 ALTERNATIVE 3 r

ALTERMATIVE 4

ALTERNATIVE 5

Figure3.1 Designalternatives

In fact, first and second alternatives are same setups. The only difference is rotation
direction of robr and location of plate that repesgs the ground with respect to the

rotor. Second alternative is more advantageous than the first one since rotor mast in
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the first one spoils the flolnd clean flow does n@rovided onto the ground plate

Hence, first alternative was eliminated.

The difference of 8, 4" and %" conceps from the first two cases, rotor and ground
are positioned in order to create the flow verticaln alternative 3, ground plate
can move vertically whereas, on 4tbncept rotor can move vertically abovbe
floor. Although alternative 4ppearauseful, it was eliminated due to the need for
durable parts for the higipm valuesthat increase the overall cost. On alternative 5,
downwash flow is interacted with the rotor mas&iue to this disadvantage

alternative 5s eliminated. At last, alternative 2 andaBeremained.

Since, inclired ground effect must be apgdi, alternative 3 requires abundantly high
motor location from the ground. This condition creates difficulty for useriand
increases the overall cosifter all assessements, alternative 2 was decided to

produce

Test ®tup is designed to create the flparallel to the reajround in order to create
dowrnwash on the ground plate. The reason why setup is designed horizantally
facilitate the application ofriclination angleof the ground plate. The dimensions of
ground plate are dimensionalized with regp® the rotor diameter. The reasof

this dimensionalization ifo createground effect compherensively.
General Properties:
The dimensionand specificaonsof the test setup are defined in TaBié.

Table3-1 Generabroperties otestsetup

Rotor Plane Center Height[mm] 1980
Plate Sizgfmm x mm| 2000 x 2000
Maximum Plate Distance[mm] 1500
Plate Inclination Angle Interval J -25:25, v
Blade Collective Angle Interval J -20:20, ¢
Rotor Radius [mm] 364
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Figure3.2 shows the detaile8D Computer Aided Drawing of the test setup
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Figure3.2 CAD of thetestsetup
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Figure3.3 Breakdownof thetestsetup[58]
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Figure 3.3 is the breakdown of entire testtap including mechanisms, propulsion

and data acquisition elements.

3.1 The Mechanismsof TestSetup

3K Carbon Fiber RC Helicopter blades amecially designed for R@elicopers.
Each blade has 325 mm span withy &¢bonfiber degree. With this feature, blades
are duable for highrpm values. Blades have symmetric airfoil section which is not
belong b any known airfoil familyNo twist and tapeareavailable. The lade tip is
sharp and aft swepBlades are mounted from the real groumith a height of 3

diameter similar teetup of referencil?].

Motor anglemechanism provides a adton for rotorhub. Maximum 90rotation is
available. Theadvantage of this mechanism itor could be operated vertibako

the real ground. Vertical ground effect and rotor tests could be initiated with this
mechanism. Besides, Inclined ground effect tests coallddme with changing the

angle of rotor with respect to the ground plate.

Collective mechanism provides changing the blade collectiv pitch angle Its
rangestars from -20Jto 2Q) with increment of2J. Collective mechanism does not
change automaticallguring the tests. It iadjustedwhen rotor does not work and

tests arelone.

The ground plate rail mechanism arrantfesdistance between the ground plate and

rotor

Ground plate inclinatiormechanism is located behind the ground plate. With the
help d this mechanism, the angle of plate with respect to the rotor could be arranged.
The piston bars are mounted in order to reinforce the heavy ground plate during the

inclined cases.

The rotor mast mechanism is located below the rotor hub. Rotor hub cowlel m
vertically by means of this meanism. It provides centerine rotor with respect to
the midpoint of ground plate. Besides, when rotor hub is rotateddier to create

vertical flow, this mechanism works as a ground proximity adjuster.
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3.2 Propulsion and Power Elements

These elements supply the power and rotational energy needed for rotation. Simply

motor, electronic speed controller gmawer supply forms this section

The AXI 5345/18 Brushless Motor is utilized model for aircrafts up to 15 kg in
weight. Dueto its high current capacity am®PM/V ratio, motor can work with high

rpmvalues utp to 6000 and can generate high thrust values with connected blades.

The purpose of electronic speed controller is controlling the speed of motor with
available pwer supply and voltage limit. Motor gains voltage with respect to the
desiredrpm valueswith ESC. Jeti Opto 90 is a fully programmable brushless motor
controllerand it provides smooth throttle response and motor cutoff in case of danger

or low battery vtiage.

DC power supplylefined inFigure 3.3is programmable to desired voltage or current
which is easy to usdJp to 600 V voltagecould be reachabléVith the current
choice, at most 5000 W power is gained.

3.3 Data Acquisition Elements

Data Acquisition gstem is responsible for obtain the experimental outputs with
converting them from analog to digital values. This conversion is necessary in order
to process experimental outputs with computer. Data Acquisition classify the test
outputs like forces and mamnts on 3 axisRPM, Voltage, Current and Power. For
force and torque, force torque sensor is utilized. Fam, current and voltage,

elogger andpmsensor is used.

ATI GAMA F/T Sensor, which is mauted on the test seip in Figure3.3, could be
used in oder to obtain force and torque values of the rotor in all thegtesian
coordinatesSix seperatanalog signals are available( Fy,Fz Ty, Ty, T7) .The system
consists of a sensor, shielded hiftgxible cable, DAQ power supply and
ethernetdevicenetinterface or F/T controller. The sensor uses silicon strain gages to

measure forces.
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The systenmonitor clearly shows the powevoltage current that consumpted by
whole system with the elogger card. It is connected between the ESC and Battery in
orderto calculate how much electrical power is consumpted by system from the
power supply. Besides, an additiomain sensor that mounted below the rotor hub is
also plugged to system monitor card. HagleEye rpm sensor estimates thpm. It

i s fwhurot es ecnosliot i ve sensor . That i s, a ti
part of the motorOn every revolution, sensor detects this white strip and coiinet

rom as shown in Figure.8 Then Eagle tree cardransmit thisrpm signal to the
computer instamgl In addition, throttle controller is also connected to a elogger card
which will be explained on following section&ystem monitor is only affiliated with
electrical power andpm signals. It does not transmit a signal from the force/torque
transducerHowever, additonal power and torque calculation could be made from

system monitor electrical power output.

Figure3.4 Working principle ofrpm sensor

National Instruments NI USB210 DAQ Hardware collectgshe signals from the
force/torque sensor and digitize them in ortteuse on a computefhe LabView
Software on computeshowsthe signals digitized by DAQ. With LabView, outputs

could be obtained with different frequencies and time intervals.
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HJ Servotester consistency is basically the throttle controller. With the fuse on it, the
RPM could be adjustable hence, thrastd torque value arealtered. Servo tester

consistencys connected to a elogger card

Each element of test setup introduced. Howeer, the significant point is the
explanationof how entire system works. A sample diagram which includes the

elements could clearly represent the working principle of test setigure3.5.

Rotor
Motor
ATl F/T Transducer
RPM Sensor
System Monitor
Electronic Speed Controller
DAQ Power Supply
DAQ
9. Computer
. 10. Power Supply
11. Servo Tester Consistency
12. Ground Plate
13. Real Ground
14. Rail Mechanism
o 15. Ground Inclination Mechanism

|
’ 7 . '
.7 ;)_—5 -

10)

O NSOk WN e

13)

Figure3.5 The diagram of the test setup

As seen from Figur&.5, rotor is connected tthe motor and motor is connedtto

the F/T Sensor. During the rotation, F/T Sensor gathers the force and torque with the
strain gages insideRotor creates force on the sensor.eTéensor transmits the
signals to the DAChardware which needs extra power supply to work. In DAQ,
force and torque signals converted into digmiaiputs then they are transmét the
computer. Futtermore, system monitor is located between the matdr ESC.
System monitor collects the consumpted volfagerent and power data by motor.
Then it transmits these signals to the computer. Besides, system monitor gathers the
rpm data withRPM sensor bBlow the rotating part of the motor and this signall$®
transmitted to the computer. In order to start the system setup, power supply is
activated. Then rotation is started by using the fuse of the Servo Tester Consistency.
With the signal coming from Servo Tester Consistency, system monitor obtains

signalthen corresponding voltage is gained from the power supply with the usage of
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ESC, finally, rotor is rotated with desiredm related to voltage valueThe ground
plate is moved orthe rail system for the sake of ground proximity creation. In

addition, gound could be rotated with inclination mechanism

Additionally, for tuft monitoring, tuft particles are glued onto the ground in order to
visualize the flow path on the ground plate. The ground plate is painted with black in

order to be compatible with YI(Particle Image Velocimetry) flow visuahtions.
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CHAPTER 4

THEORY

This thesis contains both experimental and numerical study about a model scale
helicopter rotor. In order to clearly justify the resuind make logical comments, it

is important to explain the theories behind them. Both experimental and numerical
methods includes a systematic equations system tla@ories basedipon past

mathematicastudies

4.1 Experimental Data Analysis

The experimentadata analysis contains the error source detection, classification and

management.

4.1.1 Classification andManagement ofExperimental Data

The test setups introduces outputs with defined inputs. However, a perfect
experimentation could not be seerliiaratue. Every experiment contains errors and

it is the nature of experimentation. The main target in experimentation is
Ami ni mizingo the errors in order to obta
the sourcef the errors must be clegniinderstoodn order to minimize them. They

are classified as follows:

4.1.1.1 Sources ofRandomError s

Random errors are unpredictildad could be mcounteredn all experiments due to

the imperfedbns. Basically, random errors occur during the repeat of experiments.
When data is obtained with timestopwach may be stopped early or late in time.
These time exceedings may depict a value that is below the mean or above the mean.

The remedy ofhis error is gtheringdata in a long time period or applicating several
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repeats lien taking their mean values. If most of the mean values of repeats are

accurate around a value, then random error is prevented.

As an example, changing the air humidity or automobile passing near the test facility
could be apparent. The force sensor is#®e to the outside sourldvel. This could

be prevented by doing the tests on fully silent placest@ppingthe data grabbing
procedure temporarily when car is passing. Air humidity or density may cause
random errors. For this reason, experiment$ &l made if there is no additional
smoke generator or density altering element around the facility since multiple
experimentsnay bedone in the laboratory. The instrumental resolution is additional
random error source. For instance, measuremeRtPM for the ground effect test
setup could be defined as a resolution error. However, this erralics if little
change could lead high difference. For this experiment, sin&PM6 s wift h 10
scales are taken into account, the differences®ftould not dratically change the

result. So resolution is not important for this study.

4.1.1.2 Human Error Sources

Human error is simply the errors created by researcher. For iastamwong
establishment of setypnrong reading of an output value or wrong management of
experimental data after the data acquisitibonportant point is, human emoare not
defined as a error due to the nature of experiment. They could be denete¢draal
effect. In addition, due to the sensitivity ébrce torque sensor, walking or talking
during the experiment could create an erroeskherrors could badenoted as human

errors.

4.1.1.3 Systematic Error Sources

Systematic errors are basically errors createthbynature of the experimemtr the
malfunction, wong design of an experimental elemb. For example, for the ground
effect test setup, the blade pitch angles must be equally arranged for both of the
blades. If there is a little difference observed, this will monitor wrong results
diverging from the mean value, on every repeat. For tbgeption of systematic

error, experimental setup must be consistent with its all elements. Another example
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is calibration. For instance, the setup used for this thesis includes a force torque
transducer. Before experi mevaltes, whemutsh e
is no thrust. Calibrations are done with putting weight on the force sensor to

investigate if it monitors theorrectforce value or not.

Another systematic error source is hysteresis which is clearly to reach a equilibrium
value dung experimentation. For this study, the thrust and torque values could not
be obtained immediately after the motor starting. Approximately 5 minutes, it is

waited until rotor downwash completelgach the ground then return the rotor to

create ground efté completely.

It is clearthat, errors have different reasons. There is not a strict classification, for
example walking during the data grabbing may defined as random error for some
issues. Definition of error type is important but, minimizing it in oregain more

reliable data isnuch more important. For the sake of experimental accuracy, all
possible experimental error sources must be foresought and setup must be designed
in order to remove or minimize this error sources. For example, on the weviou
chapter, the clean downwash flow creation was said to be main target. For this
reason, alternatives include additional part except ground plate was eliminated to

reduce the errors.

If multiple testing depicts the close value to the true value, thatiexgrarcould be

defined as fAaccurateo. I f multiple testi
value into the accont, that experi ment c
Instrument Readings
i B
e =

Inaccurate Imprecise Inaccurate
but but &
Precise Accurate Imprecise

Accurate
&
Precise

Figure4.1 Precision an@ccurag definitions[57]
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Figure 4.1 definesthe precision and accuracy terms. These terms creates the error
types and detailed error analysis fibre experimental data.

4.2 Computational Fluid Dynamics

Computational Fluid Dynamics is a branch of the calculati@hadoservation of fluid
flow physics. The reaction of fluid to the solid interfaces, the totalefmver a
defined body et are all the subparts dfomputationalFluid Dynamics.Viscous
flow simulations are done with the numerical solution sidecial tyes of partial

differential equations which are called as NavieBtokes Equations.

4.2.1 Navier StokesEquations

Navier Stokes equations are the set of coupled partial differential equstives!
for the understandintipe insight of theviscousfluid flow. These equationgefinethe
density, velocitypressurendtemperatureariationsof the fluid.

Under NS equations, anservation of masgcontinuity), momentum and energy
equations are given in Eq.-69.

To To To Ta ®

176 176 176017060 1R p 1t 1t 1t 2
To To To T1Ta& ToYwaTloaTlola

T”0 T"60T1T "0 T"OO0O ThH op Tt TT T

e To 1o 1T& TovYole To Ta ®
U BRI I L Thop Tt Tt Tt ‘8
To6 To To T1a& fTaYoTo Tola

T
1O 160 1 VO 1 0O Ton T on T on
T O T o T T a Tw T

p Tn 1A 1nq

T
01YQ T o T

p . . , . .
5 T & %TQOT vt 0t T—,o’r 0t 0t

)

T, ) .
—., 0T 0t 0t 8
T a

The aboveset of partial differemal equations are solved numerically with various

method: finite element, finitevolume method or gotral approachedn this thesis,
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Finite Volume Method is utilized in order to solmamericallythe flow of the rotor

in ground effet.

The independent variables of equationssgectralcoordinatex,y,zandtimet. The
dependent variables of equations are velocity in x direction(u), velocity in y
direction(v) ,velody in z direction (w), pressuygl ensi ty } and Tot al
These dependent variables are functions of the independent variablesntétite

Navier Stokesequations.

The left hand side of thmo ment um equations are call ed
Convection isa process of the pperty transportation by systematic motion of fluid
flow. The ri ght hand side of the momentum e
terms. Diffusion is groperty transportatioprocess with random molecular motion
in gaseous flow. The terms including skest ensor s andardrélatedd vi s

to diffusion. Turbulence and boundary layer are created by the diffusion of flow.

4.2.1.1 Solution Procedure ofthe N-S Equation

The five equations (massjomentum and energy) must be solved simultaneously
which is cenoted as coupled solution procedure. In order to equate the number of

unknowns with number of equations, equation of state is takie 6% equation:
n "'vY"Y &

Perfect gas assumption with Sutherland Law is used for the solution algorithm of

Navier Stokes Equation87].

Finally, the stress tensor terms are specified which are approximated byriaebul
model. Most of the rotary wing flow simulations implenteiNS equations as

observed in the study of Kim et aBZ. The vortex structure passed parallel to the
ground must be fully resolvedhich requires a full NS Equation solution, as

discussed by Kang et aBJ.
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4.2.2 ReynoldsAveraged Navier Stoke€quations

In the previous section, it is stated that viscous stflegsuationsare approximated

by theturbulence model. In other words, turbulence is integrated to the NS equations
underviscous terms. In order to better understanding of this phenomenon, &eynol
Averaging definiton must be stated.

As flat plate assumption is madbetflow becomegurbulent when Raylds number
is around 16 - 1C°. Thus, a laminar flow assumption could not be made and,
turbulent characteristics of fluidoiv must be taken intaccount.The turbulent flow

is shown in kgure4.2

Ul

u
El
A

WA

Figure4.2. Turbulent velocity fluctuatiomwith respect to the timg34]

As seenn Figure 4.2 turbulent flow velocity has mean value and fluctogtvalue.
Each variable could be writteanalogouslywith its time averagd value and

fluctuated valueDefine u as a primitive variahle
6 0 0 T
Afterwards,above variablés plugged into Navier Stokes equations with a systematic

procedureAfter certain stps, total shear stress term has additional term when

compared tmriginal Navier Stokes equation.

Additional stress terni:6 6
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This stress term is called @kse Reynolds stressturbulert shearstress or eddy
viscosity which is the 7thunknown variable forthe set of NS equations. This
nonlinear stress term requires additional equation which is estimated by modelling to
solve the set of RAN equationsFor this purpose, variouarbulence stress models

are available itheliterature.

4.2.3 Turbulence Modelling

As turbulence modeltwo equationSST k-¥ Turbulence Mdel of Menter 35 is
selectedThis model could alsbe utilized as Low Reynolds Turbulence modeé
to thethe usage of k angt orfiega functions in tle inner parts of boundary layer.
The past experienceshow that SST Model could handtke flow seprations and

adverse pressure gradients.

Basically, in this model, for inner parts of the boundary layer, original Kk Mo d e | I s
applied. Then, for outer parts of the boundary layg¢rModel is utilized.

The k equation designates the tudnde kinetic energy equatio@n the other hand,
¥ equationis denoted as specific dissipation rate

Transport equation & (Turbulence Kinetic Energy)

oaQr.1a. iy ] + iT'Q
To 7ot U T Te e "

Transport equation of (Specific Dissipation Rate)
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The terms 'O RA®h A K °h, ©& Q are auxillary closure coefficients
established by Ment¢B5| .

The ceoperation of two models is achieved with addition of blending terms obtained
by thetransport equation of the turbulent shear stress which is defined as the Shear
Stress Transport (SST) [35].
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Turbulence model selection is based on Ilsimiiterature studiesexplained in
reference$36], [37] and[38].

4.2.4 Finite Volume M ethod

The finite volume method is a discretization method in order to solve the Navier
Stokes equations in a control volunrieh e contr ol vol ume i s

CFD simulations. The flow field is discritized by amount of cells.

Suppose a conservation equation with a primitive variabfgiofintegral form:

TT_o ®Q "@H @A ® p

TheQ is a matrix composed of conservetivariables:

T é"u

llp R ” l’)~ T& c
o U
v Qi

F is a vector of inviscid fluxconvective flux)term

- 2 LT
I’IJ” é’ll I’IJ:QIJ
D "ud Qn ®»o
S o
VARSEVIRYI- V.

G is a vector term of viscous flux teigiven ky Eqn 4.14).

N T[ 2.

o 1— o
T v,

pot 0t otg wot 0t ot wdt O Of g

For geady state process where dt efnservatiorequations shown inEgn. 4.15
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When conservation equation ippdied to a sample teahedal cell as shown in
Figure4.3, equationis discretized agiven inEgn4.16

Figure4.3 Tetrahedratontrolvolume

0°Y 0°Y 0

Rearranging the terms on left hand side:

O 0O m P X

For farfield cells, convective flux terms are calculated. wall boundary cells, both
convective andriscous fluxes are calculated. iegt.17 is defined for one celbs

shown in Figure 8. For each cell in grid system, flux computations are made.

The flux calculation is the key issue of t6ED. The ongoing flow lsaracteristics are
calculated by the flux computations which the celldocated through the flow path.

All flux variables are defined at cell center.

However, the continuity of the flow and variations of flow characteristics are
changing from one cell tthe another contiguous cell. The variation of the flow

characteristics are determined by calculation of fluxes over the cell faces. Various
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flux calculation methods are availaloeliterature.The criteria like the type of flow,
fluid, compressibilty ef#cts etc.could be a reason for the development of the
different flux calculation method3he relation between the two contiguous cells are

identified by face flux computation.

Theterm™O O i s denot ed aragnairfitarges is ckach & cesidual

value of A00 or very close value to the

oo

equation reaches A00, the higher accuracy i

to zero, proper flux calculation method must be selected.a solver, CFD++

software is used.

4.2.5 Solution Algorithm

Implicit Forward Euler Scheme is utilized since it is a stable method and provides
betterstability rather than the explicit methods. Issid terms are computed by using
2nd order discretization polynomial scheme as available in the work of Doerffer et
al. [31] and in the study of Kao et al. [36]

4.2.6 Total Variation Diminishing (TVD) Scheme

TVD flux calculation method is efficient and acateimplicit stable highresolution
scheme to steaestate calculations. It is a member of a -paeameter family of
explicit and implicit seconarder accurate schemes developed by Haateal.[39].
Numerical experiments show that this scheme not lba$ya rapid convergence rate,

but also generates a highly resolved approximation to the st¢adysolution.

4.2.7 Preconditioning Methods

Various numerical solution algorithms for the solution of Navier Stakgmtions
are available in literatureTwo main widespread solution algorithms are pressure

based algorithm and density based algoritithe pressure based solvers are

Afsegregatedo solvers where, governing
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density based sol ver s apled systaenoofi goveenthg s o |
equations is solved. Since momentum and continuity equations are sohad in
coupled manner the convergence rate is higher when compared with the pressure
based algorithm. For this reason, density based algorithm is selectetafgrwing
simulations[31] .

However, density based scheme is specialized for solutions of compressible Navier
Stokes equations where flow may have a velocity vaiueMach > 0.45. The

maximum velocity of the rotor simulations are arounach 0.3 whichs calculated

from tip velocity. If density based algorithm is solved for incompressible cases,
numer i cal errors <called Adiffusiono ari
important for rotary wing cases, density based algorithm must -barrangedda the

rotor flow with incompressible regime. Solving incompressible flow with density
based al gorithm i s whihi$dewklopadsby fuked@.c ondi t i

4.2.8 Mesh Generation

The finite volume method is applicable when the solution domain ahcopéow is
definite. In order to solve the flow accurately, discretization with multiple control
volumes must be ap@d which is denoted as mesh generatior.this purpose, the
flow domain is partitioned with a number of control voluswehich are dested as

i ¢ e IFirssotall, surface grids ammeshed as shown in Figuel.
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Figure4.4 a) Surfacagrid of blade and b) Farfieldurfacegrids

The surface grid could bareated either with quadeshents otriangle elements. In
Figure 4.4, boundary grid surfaces arealable for blade and farfieldhe surface
mesh of rotor blde is generated with quaglements. During the mesh generation
process, the root cuatut section is ignored since it ha® aerodynamic force
contribution to the overall thrust. The zone with lifting capability is meshed. On the

surface of tip region, additional refinement is done in order to capture tip vortex
initiation accurately.

Secondly, the space between the blade fanfield will be filled with volume grid
which is created by discretization of space with cell elemanshown in Figure.B.
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In order to solve the viscous fluxes thre blade surface, boundary layer must be
fully resolved. To do this, boundary layer mesh generation is done on the blade
surface mesh. Boundary layer mesh is created by inflation of blade surface mesh
with defined initialspacing, growtlate and numbeof layels.

Finally, remaining space is filled with tetrahedral elements. In this phase, local grid
refinements for tip vortex visualization are don@rid refinement is simply
refinement of specified zone with smaller cells-or ground effect without ihioed
surface casegrid with one rotor bladés created. For inclined caseslume grid

containing two subblocks is created. The details will be explained on MRF section.

4.2.9 Boundary Conditions

Boundary condition implementation is done for cases grbund effect with no

inclination and inclined ground effect cases seperately.
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BC6

Figure4.6 Boundaryconditions ofgroundeffect with no inclination

On account of the definition of the periodicity of the rotaséiomotion of the blade,
periodicity is imposed téhe boundaries #1 and #2 shown in Figure.@. In order

to achieve mesh reduction for computational time saving, modelling one of the the
two blades is adequate. The working principle of periodic boyndandition is
interpolation of variables between the periodic boundary conditions with given
rotational offset. For thisase, rotational offset is 186ince it is the angle between

the two periodic faces. Hence rotation of the blade is adequately ethdeihally,

the net thrust and torque values areltiplied by 2 since onblade is modelled and

2-bladed rotor is available.

Periodic boundary condition is implemented in the similar work of Thomas et al.
[41].

For farfield boundarie€BC3 and BC4)a sgcialized boundary condition called
Al nf |l owi/Poruetsfsluorme Temper ature using inside vel

features of this boundary condition are:

9 Outer region of the flow has zero velocity

9 Direction of the flow is not known due to the rotaryhg/ simulation

Both of the features are compatible to the CFD case of the rotor simulation. The

ambient pressure and temperature values aneedito this boundary condition
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BC5 designates the mid root wall and BC7 designates the gesusicown in Figur

4.6. The flow velocity has a free slip at the boundary and it becomes tangential to the
surface. Foground, the boundary layer solution is not applied since tip vortex and

the ground boundary layer interaction are not the issues of this thesis. Dhat to t

point, no boundary layer grid is generated on the ground and ground is defined as
ASlip Wallo. Slip Wal.l Boundary Conditi ol
in the study of Filippone et g42] and in the work of Tanabe et §3]. In additon,

the volume mesh without the ground wall boundary layer reduces the computational

time [31]. For BC5,comments made for B&around are valics well

For no slip condition, v = 0 for stationary walls. In rotor CFD cases, rotor blade is
stationary but f’w moves around it. The turbulence related variables and the wall
limiting parameters are implemented into this boundary condition with exact

turbulence model selection.

Rotating Frame

Non- Rotating
Frame

Figure4.7 Rotating and notrotatingframesfor inclinedgroundeffect case

For inclined cases, no slip boundary conditisnimposed to blades, slipvall
condition is imposg t o ground andsinngf lionw/i det fv el
condition is imposedo the farfield similar to the gound effect without inclination

cases. Main differences are described as:

9 Periodicity fails when ground inclination is taken into account. Hence both of
the blades are meshed and number of elements in the volume grid iecrease

as shown in Figure.4.
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1 Unlike the cases of ground effect without inclinatidwo subblocks are
createdasshownin Figure 47. Inner block encapsulates the rotor blades and
wake region. Outer block is the remaining block between the wake outer
boundary and farfield. The reason bistblockdivision is, rotation definition
fails when one block is created for inclined cases. The rotation definition will

be explained in details on MRF section.

Hence, new boundary condition emerges: Zonal Interference. The boundary
between the two blds which is the outeboundary of the wake regigrovides

the informationexchange between the rotating inner frame and- motating

outer framelt is in Figure4.7 with redcoloured bounds

4.2.10 Volume Grid Generation

The volume mesh is composed of unstured tetrahedral grids for farfield mesh and
prismatic elements for the boundary layer mesh. Similar approach is ollearvab
the work of Abras et a[44]. The volume grid generation could be divided into two
parts: Grid of ground effect without inohtion and grid of ground effect with

inclination.

For cases without inclination, in order to achieve grid size saving, mrdyof the
two blades is mesheth the end, total thrust and torque are computeatbablingof

theresultdue to the single bladgmulation.

For cases with inclinationas defined inFigure 4.7, it is impossible to define a
periodicity due to the unsymmetry of the rotating flow. Hence, both of the blades are

modelled and grid generatias performed due to that point.

For all cass, grid refinement study is done for the accurate visualization of the tip
vortices. A tip vortex grid refinement study availablein the work of Kutz et al.
[37]. In order to determine the possible tip vortex path, the path of tip vortices is
generated y Ko c ur e k45| @s shosv ih Figdire 4.8
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Figure4.8 Tip Vortex Refinement on Volume Grifor z/R 0.8

4.2.11 Kocurek - Tangler Prescribed Wake Model [45]

The helicopter in hover condition creates a sewvdownwash flow either in the
vicinity of the blades or downside from the rotor tip path plane. The tip vortices
emerged from blade tip, affect the aerodynamics of the succeeding rotor blade which
causes local inflow and angle of attack change. For dlaison, it is significant that,

rotor wake and tip vortices must be captured accurately in order to achieve a
satisfactory rotor flow simulation. Hence, possible path of tip vortices must be

refined during mesh generation.

The volume grid refinement is domecording as the possible blade tip vortex path.

In order to define the path of the refinement, a prescribed wake model derived by

Kocurek and Tangledb] is used

In literature, Abras et al4f] implement a grid refinement study in order to satisfy
the wake vortex preservation. Blade tip vortex path is valid only for the region
between the rotor and ground. On the ground, mesh refinement continues parallel to
the ground with one rotor diameter distance from the end of the tip vortice path to the
farfield. Additional mesh refinement is performed approximately 10 radius apart
from the helicopter blade. Figude8 shows the refinement zorfer z/R=0.8 casand

Figure 4.9 presents thip vortex refinement zone for OGE case.
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Figure4.9 Tip vortex pathcreated by Kocurek Tangler Method and captured tip
vortices

4.2.12 Q Criterion

When tip vortices are captured with grid refinement, they could be clearly visualized
with specialized variable called Q Criteriod6]. Tip vortices are accurately
visualized in the defined wake region which is an indicator for the rotor CFD

solution accuracy.
Q criterion is simply the second invariant of the velocity gradient tensor

Velocity gradient tensoiO is given by eqn4.18

O — P Y

Since this is a second order tensor, it could be seperated into a&sjecrand skew
symmetric parts as given lBgn.4.19
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The characteristic equation ®b (velocity gradient) igiven by Eqn 4.22.
_ 0L_ uv_Y m 18 ¢

The P,Q,R a three invariants of the velocity gradient tensor. By symmaiedniti

symmetric decompositigrthey are defined by eqr&23 4.24 and 4.25

0 010 18 O

5 P Ll Y 18 T
C

Y QQ® 8 L

The second invariant which is denoted by Q is the Q criterion. When definition of Q
is inspected, it provides a balance between the rate e#r gtrain and vorticity
magnitude. The positive values of Q denotes the zones with high vorticity whereas
negative values of Q denotes the the zone with high strain rate. Hence, with positive
values of Q, tip vortices could be clearly decomposed andlwedas shown in
Figure4.9.

Baeder et al. 47] implies that, Q Criterion presentation is useful for vorticity
dominated flowfields like rotor flows. For this reason, rotary wing Q Criterion
applications are widespread as practiced by Kao 486., Kalra et al. 48 and
Baeder et a[49] .

4.2.13 Moving ReferenceFrame

For rotary wingflow simulation applications, rotation could be implemented in
various ways. One way it® define a rotation to the grid where specified grid block
rotates. The simulationsvith actual grid rotation are geradly transient and
consumes high amount aomputational power and time. Another and simpler
approach is definition of rotational velocity to the each cell of the grid. In this
aprroachgrid is not rotating but rotatia velocity is added as an additional source

term into the RANS equations. When the rotor simulation is considered, this

approach coul d be named a ssimildtions Zhes n rot e
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approach is much more time and computational power sauicg snsteadyflow
simulations areconductedwith steady statetime invariant analyses. The general

definition of thismé hod i s cal |l edcas Fii Moneiong Ref er e

In MRF approach, it is possible to transform the NS equations into a rotating
reference fame when single rotating geometry is taken into accdbuating the
rotation, to an observer in globadferance frame, flow appears unsteady. However,

when observer is moving with the rotating frame the flow appears steady.

When rotabnal velocity is dded in MRFapproach, flow equations are redefined in
rotating frame. The rotation of frame is accadhtor the relative velocities and
additional coriolis force source terms addition to the Navier Stokegsations
Besides, flux terms are relative to thefined rotational velocity.

For ground effect cases without inclination, rotation is defined to entire frame and
satisfactory results are obtained. Whereas, for cases with ground effect inclination,
definition of rotation to the entire grid fails and gtompts unrealistic solutions.
When volume grid is divided into two parts as defined in Figuvethe rotational
velocity is redefined to the inner block only. Hence, results close to the experimental
results are obtained. It is assessed thi&F approah is invalid when asmmetric

features are taken into accound i.e. inclined surfaces.

All simulations are done with isolated rotor. No interface effects of any other part of
the test setup is added extepound surfaceThe study of Pandey et dl50]
includes the MRF implementation for isolated rotor CFD solutions.

4.2.14 Computational Hardware

CFD cases were run at theoyraz High Performance Computelocated in
METUWIND Facilities. The HPC has 8odes. Each node includes 4 AMD Opteron
6276 2.3 GHz. CPUs wit16 cores and a 256 Gb of shared memory.
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This chapteexplainsthe test campaign and results in dstals mentioned before,

tests wereconductedo obtain force amh torque values at different ground distances

CHAPTER 5

TEST CAMPAIGN, RESULTS

with respect to the rotor plane. The test campaign is sioWable5-1.

Table5-1 Testparameters andumber ofcases

RPM 2000, 2500, 3000 3
Tip MachNumber 0.22, 0.28, 0.34
Tip ReynoldsNumber 112K, 140K, 170K
Noni Dimensional | 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0. 16
Distance (z/R) 0.9
1,1.2,1.4,16,18,25,3
Ground Inclination i b ng vhd mhd v J 6
Angle ()
# of repeat 3
Total # ofcases 864
Data Collection Frequency [HZ] 10000

As shownin Table5-1, 3 differentRPM, 16 non- dimensional distance and 6 ground
inclination angles artested In order to validate the repeatibility of the experiments,
each case is repeated 3 times. Qatiéection frequency is simply how mariyrust

and torque value is obtaingersecond for one case. The raimensional distance

is distance of the rotor tip path plane (TPP) with respect to the ground plate divided

by rotor radius. If inclination is k&n into account, the z/R distance is accepted as the
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distance between the TPP and groundeptdong the hub axis as shownFkigure
5.1.

________________________________

Hub Axis

T e

Z
|
Tip Path Plane

Figure5.1. The Groundglate andotor axes

Figure5.1 shows hav inclination anglg big adjustedwith resgect to the rotor. The
hub axis, isused as a reference which passes from the center of the rotor disk. When

inclination angle is zero, it is the ground effect with no inclination.

Each test proceedspproximately5 minutes. In tis time interval,force, torque
RPM, current, and/oltage values could be obtainedth F/T sensor and Eagleye
sensor. During the Force/Torqdatagathering, output data is defined on 3 axgs (
Fy, Fz and Ty, Ty, T,). Thrust is simply the force rdamg on z direction K, and
denoted by T. Torque is the total moment on z direcfignahd denoted by Q.
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5.1 Data Analysis Pocedure

After obtaining the output values, each output value has a dataset with respect to the

time as showin Figure5.2

Torque [N/m]

0 50 100 150 200 250 300 i 50 100 150 200 250 300
t[s] t[s]

Figure5.2 Samplea) Force and) Torque output for the z/R = 0.25 case with 2500
RPM, with respect to time

Figure 5.2 includesvastamount of data due to the highata collection frequencyn
order toidentify the trend of the datdhe data collection rate in one period must be
plotted. Period is simply the data collectionone revolution. For 250&PM, the

period is defined on egn.

@1t Fh'QE
¢ v Ti TK¥O Q¢

mic i QO LY

The period is 0.024 seconds which is the time interval for one rotor revolution in
2500RPM. Hgure 5.2 are replottd between the 6 0.025 s time interval anfibrce

and torque change ome period could be observable.
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Figure5.3 Unsteadyforce and érquemeasurements one period

As seen fronFigure 5.3, force and torque values are oscillating around the mean
value without any sudden amplification. That picture proves that a clean and logical
data collection procedure is done. Another key point is the precision of the F/T

Sensomhichis high enough.

Table5-2 Sersorranges [63]

Fx ,Fy [N] Fz [N] | TX,Ty [Nm] | Tz [Nm]
32 100 2.5 2.5

The sensor ranges defined in Tabl® define that force and torque variations

described in Figur6.3have a trend in acceptable range.

After obtaining sample forcand torque vales, he mean andtandarddeviation
values are calculated for allatasets in order to inspect the stability of the data
obtaining process in defined time interaa shown in Figuré.4. Besidesstandart
error is calculated in order to investigate tlaidity of the mean value in repeated

cases.
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Figure5.4 Standardeviationand mearof sample datasets

If standard error is in the accepteble range, mean values are used for the case. If not,
experimentatlata could not be used. For this test campaigoy range is defined as
% 0.3 as a maximumThe reason of the error range selection will be explained on

following sections.

The frequency check is done for each dataset in order to identify theldatament

with defined frequency is correct or not.

Finally, each force and torque values are calculated amadvritten with their
corresponding z/R valueBorce and Torgue values could be defined with 3 different

definitions:

1 Dimensionalalues:
Thrust andorque valuegare defined with their dimensional values.
1 Thrust andorquecoefficients
Thrust andtorque could be defined as nerdimensionalthrust coefficient

andtorquecoefficient with eqgn. 5.2 and eqn 5.3.

5 — (5.2)
5 — (5.3

With this noni dimensionalization, the difference of the Force/Torque walue
arising from the RPM could be removed. Coefficient data of the

Force/Torque values corresponding to diffeleRiM values will be the same.
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T

T/Tinf

Non dimensional hrust and Torquwith respect to the Out of Ground Effect
Values

This non - dimensionalization mbbd is again similar with coefficient
method. However, it is specialized non dimensionalization for ground effect
studies It is simgdy the division of Thrust and Torque values to the reference

Out of ground effect thrust/torque value

uasOQoth0|QY— vd
L . N PR T R T AV S ) ’,!6
ussOQoh(elr]o—Q—G ud

For this study, reference thrust and torque values are chosen as Thrust/Torque
values of z/R 3 since it is arfiout of groundeffec case.
The sample trend curves for Thrust and Torque are glotteh standard

error bars:

Q/Qinf

Figure5.5 Standarderror bars

In Figure 5.5, as torque curves investigated, a peak point is available as &£
1.1. This value is out of trend curve. When standard error percentage of this value is
investigated, it is calculated approximately 0.3%. The error range is determined with
this way. Hencgcases withstandard error percent higher thaB %are eliminated

and they cannot h@acedin force andorque figures.

After elimination of values with high error percentagesnd curveof point clous
are estimated where an exact trend is observable. Iniagddomparison with

literature data will be introduced.
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The ground effect test results could be investigated into two parts: Ground Effect

with no inclinaton and Inclined Ground Effect.

5.2 Results ofGround Effect Without I nclination

This section of théest campaign includes thrust and torque relationground plate
distances defined onable 5-1 with 3 different RPM values. Thrust ah Torque

values are showm Figureb.6.

40 — 11~
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o
b
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Figure5.6 .Dimensionathrust andorquevalues

As seen fronfigureb.6, thrustvalues converges a steady value between z/R 1.8 and
2. Since power is constant for eaRFPM, constant torque profile idoserved between
z/R 0.5 and z/R3. Test runs are repeated 3 times. The abdayerd includes 3

repeats for eacRPM.

Another important issue is, thartust values of 200(RPM do not represent the
desired trend. It is evident when nondimensional thrust values are plotkeglre
5.7.
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Figure5.7. In ground effechoni dimensionakhrustfor 2000rpm, 2500rpm and
3000rpm

It is apparent thatotor flow does noperformground effect whenpm has a value of
2000.1t is assessed that a rotor with a blade tip Reynolds number beldvdb&3
not create a ground effedBesides, the standard error percentages of PN

cases are all have a value higher tda&8%bas defined in TablB-3:
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Table5-3 Standard error values of 2000 rpm cases

ZIR Test 1 Test 2 Test 3
0.25 0.41 0.48 0.57
0.3 0.43 0.48 0.54
0.4 0.44 0.57 0.58
0.5 0.30 0.63 0.53
0.6 0.46 0.74 0.56
0.7 0.54 0.70 0.55
0.8 0.54 0.83 0.63
0.9 0.41 0.85 0.60
1 0.49 0.79 0.61
1.2 0.53 0.58 0.63
1.4 0.57 0.57 0.60
1.6 0.63 0.56 0.57
1.8 0.50 0.59 0.61

2 0.50 0.59 0.61
2.5 0.43 0.44 0.67
3 0.53 0.59 0.61

As observed from experimental resuttataset with a standard error lower than 0.3%
creates the expectedrust trend for ground effeat iFigure 57. Data points of 250

rom and 3000 rpm have standard errors lower than 0.3% which means repeatability
deoes not create any alteration in overall trétmvever cases with a standard error
higher than 0.3% does not create a relevant trend as seen on 2000 rpm values.

At first glance high errors mayhave reasons of outer effects like noise and
experimental errors. Howevdor 3 repeatsstill the same high error characteristics
are evident. Hencgossible reasons ar2000 rpm is not adequate for ground effect

creation and ater eror source effectare dominant when rpom has a value of 2000.

Thus they are all eliminated and following trends are obtained for tlansttorque

as nori dimensional as shown in FiguseB.

73



14 1.04
135F© 12k 00
130! . >§§§8g E o ¢
o ] 2500 RPM 11— 8580 1 ©
125F 8% o 3000RPM o 8 68 8§ §
] I
sk 00@838 0.98 g
S
o
“g’, 115} gg g.’, 0.96 .
E uf cgg go,gct—‘ﬁ
°
1.05F g o 092k
o8 g '
1k ! 8 8 o
8°3 0o%
0.95 ! A
s 088
1 1 1 1 1 1 J 1 1 1 1 1 1 J
0855 0.5 1 15 2 25 3 35 0865 0.5 1 15 2 25 3 35
z/IR z/IR

Figure5.8 In ground effechon- dimensionathrust andorque valuegor 2500rpm
and 3000pm

The key experience is that 20B®M is not enough to create a ground effect for the
rotor scale used in this work. Due to that reasperiments are conducted it
2500 and 300&PM values.

Soon noni dimensionalization is doneon dimensional valudsecomandependent
of RPM. Hence the values of tw&RPM setscould beplotted together. Thiarust and

torque oefficient values are shown Hgure5.9for 2500 ad 3000RPM values.
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Figure5.9 Non dimensionakhrust andorque independent &PM
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When Figure5.9 is inspected again the same trends for thrust and torque are
obtained as obtained with Td&e approadb.

5.2.1 Comparison with Literature
The literature data are obtained from therks of Bennettet al[51] , study of

Hayden[52] and flight tes measurementsetrieved from[1]. The comparison of

current study witHiterature data ishown inFigure5.10.

135 ) o Current Study

Hayden

Ch and B tt
FLIGHT TEST DATA

TIT,,

Figure5.10 Non'i dimensionakhrustcomparison witHiterature

The results of current study are relevant with literature data. This situation represents
the validity of the test setup. In additiditeratureincludes a ground effect datath
a minimum distance af/R: 0.5. This studyncludes a ground effect data between the

distances o£/R:0.25andz/RO. 5. Thi s i nterval i s call ed
since helicopter ground effect simulations canmxlude this zone due to the

Af us eltarmgce . A's sgera5.10, genaral trend isimilar and hrust

i ncreases with decreasing distance in t6bFh

when z/R is around0.25, Thrust losses are observed. Thanditon tells that

Afactual 06 ground effect starts for a rotol

Refs. [53] and [1] imply that ground effect vanishes around z/R.8 71 2. This
situation is actually apparent on current stutlgould be saidhat when the distance
is z/R 2or higherthan1.8§thr ust values are assumed to

Values.
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5.3 Results ofGround Effect with Inclination

The ground effect phenomena is drastically changing when ground inclination is
taking the scene. Similar to groumffect without inclination, tests with standard

error percent lower thab.3%are taken. 200BRPM does not taken into account.

During the inclinationrotor encounters with different ground proximitias shown
in Table5-4.

Table5-4 Ground proximity maximum and minimum values for inclined ground

effect cases

nd, J nd, J nq J nd, J ng J
z/IR Z/Rmin Z/Rmax Z/Rmn | Z/IRmx | Z/Rmn | Z/Rmx | Z/Rmn | Z/Rmx | Z/Rmn | z/Rmx
0.8 0.71 0.89 0.62 0.98 0.53 1.07 0.44 1.16 0.33 1.27
1 0.91 1.09 0.82 1.18 0.73 1.27 0.64 1.36 0.53 1.47
1.2 1.11 1.29 1.02 1.38 0.93 1.47 0.84 1.56 0.73 1.67
1.4 131 1.49 1.22 1.58 1.13 1.67 1.04 1.76 0.93 1.87
1.6 1.51 1.69 1.42 1.78 1.33 1.87 1.24 1.96 1.13 2.07
1.8 1.71 1.89 1.62 1.98 1.53 2.07 1.44 2.16 1.33 2.27
2 1.91 2.09 1.82 2.18 1.73 2.27 1.64 2.36 1.53 2.47
2.2 211 2.29 2.02 2.38 1.93 2.47 1.84 2.56 1.73 2.67

The values written with red colour are IGE cases. Remaining cases are OGE cases.
The minimum and maximum values are calculatedtdking Figure5.1 as a

reference.

The inclined ground effect will be investigated with 2 differplatting parameters.
First one is plotting datasets with respect to the z/Rhe other one is plotting

datasets with respect to the inclination arigle

5.3.1 Ground Effect Change with respect to theGround Angle

Figure 5.11shows the noin dimensional torque and thrust change with respect to the
angle with different z/R distances.
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Figure5.11 Groundeffect with respect to theground inclinatiorangle( b )

Due to the clearance limitationsclined ground effect cases start with z/R:0.8. The

colors designatéhe following z/R datasets

f Red:z/R:0.8 and 0.9
M Black z/R:1,1.2 1.4 1.6
1 Greenz/R:1.8 2,2.2 (OGE)

Assigning same colors to the consequéistance values provides a better insight

about inclined ground effect issue.

When non dimensional thrust values are inspectgdund effectreduction is
apparent when zfRL.8 or higher. The green points are dense on tlerad 29
inclination zones. Wen z/R is 0.8 or 0,ground effect is apparefdr all inclination

angles

The important observation about this casethsust reduction. Duringhe out of
ground effect T/Toce value must be 1 or a value in the vicinity of 1. However

T/Toce 0.9 isinspected. The possible reasons are:

1) During the inclinationrotor downwash encounters with variable proximity
profile. The boundaries of the tip path plane encounter with different z/R
values. This condition leads asymmetric inflow distribution. Normaijow
decreases during the ground effect. But inclined surface may increase inflow

on the half of the rotor disk if proximity aine half is out of ground effect
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and other half is in ground effect. S&mall but apparent thrust reductions
maybeobservale.

2) The asymmetric inflow may cause precise but not accurate thrust values.
When figure is inspectedlifferent thrust values are detected tbe same
inclinationangle.

3) In ground effect the size of the tip vortices the vicinity of blade tip
reducs. During the inclined ground effecbtor blades may have variable tip
vortice sizes with respect to the ground distance during rotation. The tip
vortex change may cause strong alterations on thrust values and inflow

profiles.

When torque values are iresfied better and more stable trend is available. The
common explanation about torque is maximum torque is obtained when ahgle is
then it suddenly reduce®/hen z/R is 0.8 or 0.%igher torque values are available.
With increasing proximitytorque dereases but trend is similas shown in Figure
5.11 However for ground effect without inclinatigiorque has a stable trend when
z/R > 0.8. The torque reductiatefined in Figure 5.12s almost negligible which
stays around 2%. The details of this attan will be explained on following chapter
(Computational Results)
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Figure5.12 Approximatetrendcurves with respect to trground inclination angle

(b)

5.3.2 Ground Effect Change with respet to the Ground Distance

This part is similar with ground effect with no inclinatisaction The figures are

plotted with respect to the ziR Figure5.13and Figures.14
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Figure 5.14. Non- dimensionalforce andtorque values for ) and 25 inclined

ground effect and comparison with no inclination.

The outcomes of Figur@13and Figures.14are:

1) Increasinginclination angle reduces the thrust value for the same z/R in
ground effect.Hence thrust is not a determinant for ground effect
observation

2) Increasing angle results in increasing torque trend for the sanveheiR
angle changes fromJ3o 15J. Due to the asymmetric inflow and tip
vortex distribution profile drag increases hence torque increases.
However from 15Jinclination to 25J inclinaton lower torque trend is
obtained with respect to the ground effect with no inclination.

3) The #fApreci se baults are evidentadoectaitheaasymraetric e
inflow characteristics of inclined ground effect.

4) For 2QJinclination, abundanthrustloss is olerved.
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5) In general thrust and torque have opposite relatisimilar to ground
effect with no inclination cases. The increasing thrust is the result of the
decreasing inflow and increasing angle of attaéingle of attack

increment leds to local drag imement that leads to higher torque values.

5.4 Tuft Monitoring

In order to visualize the flow direction over the ground platé& monitoring is
applied. The importance of this modification is monitor the flow during the inclined

ground effect casesspedally the close side of the ground plate to the rotor.

Ground
Plate

y

Flow directions

\

rotor

Figure5.15 Tuft monitoring (z/R =1, 15J Inclination)

A flow beneath the close side of the rotor could be seen by tuft monitsiagown
in Figure5.15 Even though ground is tilted flow through uphill is available which

is a source to create higher ground effect on the close side of the rotor to the ground.

Additional tuft figures are available in Appendix part.
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CHAPTER 6

COMPUTATIONAL F LUID DYNAMICS
RESULTS AND DISCUSSIONS

The ground effect test setugveals the thrust and torque chafmedifferent ground
effect conditions. Howevean underlying reason of these performance changes are
flow alterations around the rotor. In orderkteter inspection of flowgroundeffect
cases are simulated with CFD methods. Basic@lyD analyses could be diled

into 3 parts:

1 CFD Simulations of OGE case
1 CFD Simulations of ground effect with no inclination

1 CFD Simulations of ground effect with iintation

For the validity of CFDmethod a known experimental case is used as a validation
case in CFrommunity. The test setup used for this thesis is accepted as a validation
case for proposed CFiDethods at the same timEhe study of Bensing et ab4] is

an example for ground effect helicopter rotor CFD application.

6.1 CFD Smulation of Out of Ground Effect Case

The out of ground effect case is simulated for validation and determination of OGE

values for noni dimensionalization of thrust andrtjue véues
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6.1.1 Simulation Parameters

The simuation parameters are described in Tablke

Table6-1 CFD solution parameters

# of elements in volume griillions] 10 M
# of elements on surface grid 63K
y+ p
Turbulence Model k- ¥ -SST
RPM 2500
Rotor Radiugm] 0.364
Blade pitch 10J
Boundary layer initial spacinign] 2x10°
# of layers in boundary layer 40
Boundary layer growth type Geometric (First 20 step with growth rg
of 1.1. Remaining 20 stewith growth
rate of 1.2)
Volume Grid Type Tetrahedral
Surface Grid Type Quadrilateral
6.1.2 Results

The results tabulated in Tab&2 coul d be denot ed as
values for Test <13 are obtained from the z/B case which is almost the touof -

ground effect scenario.
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Table6-2 CFD1 experimentcomparison (250&RP M)

Thrust (N) Torque (Nm)
Test1 17.9 0.656
Test 2 18.6 0.662
Test 3 18.7 0.662
CFD 18.2 0.663

As seen from valuesiTable6-2, both CFD andexperimental results seem relevant.
This conditions prove that both CFD procedure and experimental test setup are

validated

6.1.3 Flowfield Analysis

Exacttip vortex caption leads to accurate CFD solution in rotary wing simulations

Figure6.1.

Figure6.2 Q criterion contours[s?]
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As seen fronfFigure 6.2, tip vortex is capured yp to 27Q revolution for steady state

case.

lus

8.79e-001
6.59e-001
4.39e-001

2.20e-001
0.00e+000

Y_plus
8.79e-001

6.59e-001
4.39e-001
2.20e-001
0.00e+000

Figure6.3 y* distribution a) Uppesurface b) Lowersurface

In Figure 6.3, the y+ distributionon the rotor blade is almostp which clearly
shows thaithe inner parts of the boundary layer is accurately resolved by provided
boundary layer clustering and turbulence model. Heegact thrust and torque

solution could be obtained

6.1.4 ConvergenceCheck

In order to investigate the accuracy of CFD solutijoosnvergence check is

performed
1E0
40 1E-1 = energy
e mass
1E-2 m— X-momentum
% y-momentum

= T.momentum

1E-3

Log(Res)

1E4

THRUST (N)
w
(=]

[~
@
T

1E-5

20

1= I ! I ! 1 I I L
0.000e+000 1.000e+003 2.000e+003 3.000e+003
iterations

Figure 6.4 a) Convergenceates of the thrust values for inclined cases b) Residuals

and theirorder ofmagnitudes
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As seenin Figure6.4 a) and b) convergence rates aré satisfactory level. Thrust

values converge in 1000 iterations howevaost of the cases were run till 3600
step.

The residuals reach™or 5" order of magnitude which are appat indicator for
convergence.

6.2 Ground Effect Caseswithout I nclination

The IGE Simulations are done fot af the z/R values. The parameters are shown in
Table6-3.

Table6-3 IGE CFDcases

z/IR 0.25
0.3:1 (+0.1)
1.2:18 (+0.2)
2,25,3
VolumeGrid SizegMillions) 11M71 15M

6.2.1 Results
25 ‘ ‘ ‘ 07,
= — 2500 RPM (CFD)
2500 RPM (EXP) 068~ i I i
oy M e e I S '--’1"—} o, i
FAN 088 1-u'l"' LR e
2 ' ] _
E o o T P doedod. P 2064 I ’
221 : @
o s | ; g_ e 2500 RPM (CFD)
S i o6z L ‘ W 2500 RPM (EXP)
20 1 2 ]
4% n
19 = 08
[ ‘ \.,,_._—' ;
1Bt | \’\ 058
7. i B | I HE R 1 HE | 1 1 1 1 1 1 J
" o5 52 25 3 35 056 o5 1 5 2 25 3 35
z/R z/R

Figure6.5 Comparison otlimensionakorque andorceresults for 250@RPM
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Figure 6.5 clearly showsthe comparison of CFD Results and test results for 2500
RPM runs. The differences betwedimne CFD and experiments are denoted by %
(percent) as a deviation from the experimental dataerimental data is shown with
mean and errdpars which are calculated by standard deviation for each dafaset.
maximum deviation of botthrustand torque i calculated approximately 4% which

is a negligible since differeecmay take lower values arou@o or 1% on whole
figure with respect to the errdsar bounds The maximum difference of torque i
calculated around 2%when z/R = 0.25 wheremodelling theflow simulation is
compelling and flow is more cagolex when compared with other caséghen z/R
value is between 0.8 ands3eady torque trend is inpected. Howewvdren errorlars

and differeces are investigate#% oscillations could be observable andeptable.

The dimensional thrust values between z(R5 and z/R 1 in Figure6.5, are under
estimated. It is an expected condition since rotor is simulated without hub in flow
simulations (isolated rotor). Since blockage effect of rotor hub is nogleddvhich

is contributor to thrustthrust value may be obtained slightly low. This condition is
encountered wring the similar study of Kutet al. p5]. Based on this comment
same explanation could be made for the little difference of the CFD andnegptal
torgue valuessince the torque formation over the blade is connected to overall thrust

formation.
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Figure6.6 CFD resultcomparison wittexperiment(Non - dimensionakhrust)[59]

In Figure 66, solutions are almost compatible with experimental results and
literature studies occupied by flight test ddkee approximation of Haydgh2] .the

calculations of Cheeseman and Benigtf, data of Zhao et al. [5&nd results of

Light [12]. This work hcludes extra information about the extreme ground effect
cases where z/ R value is between 0.25 an
by Leishman[1] .In Figure 6.6,dataset of 300@0pm is also available singenon

dimensional values Show the satrend independent of thrpm.

When solutions are compared with literature studias$ current studythey are quite
compatible even for extreme ground proximities (z/82571 z/R: 0.5). For better
comparisonall thrust values are nesimensionalized wit OGE thrust value since
literature data are available with that way. It is inspected that betweelBzARd

z/R: 2, ground effect is decreasing and loses its effect over rotor performance which

is declared by Leishmdnd].
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Figure6.7 Noni dimensionakorquecomparison beteen the experiment and CFD

The overall torque relation is plotted in Figu7. The non- dimensional

experimental values contains both values for 2B6M and 3000RPM. Normally,

dueto the constanRPM, torque is expected as constant. It could be accepted as

correct when z/R :0.5 and higher. The total torque oscillates Wil differene at

that z/ R interval which coul d WwenzBecepted as
0.5. evensame power is supplied by power supphe overall torque of the rotor

decreases henceverall power decreases as if constant thrust / decreasing power

condition of ground effeds emerging.The outcome ispower could decrease when

extreme ground eftd occurs (z/R<.5)

6.2.2 Inflow

The inflow parameter variation on the rotor disk is calculated by division of inflow
velocity to the tip speedhe inflow is dependent to the x and y coordinate feD
simulationsas shown in eqn 6.1.
8D 0 B0
= Y
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The inflow parameter is integrated over the circular surfgad sectionwhich is
definedclose to the tigath plang TPP)and above the rotor disk in order to obtain

accurate inflav velocity distribution
b Q@O QX b _ i 0o o'

A is, simply the disk area.

0,045
0,04

0,035

Mean Inflow

0,03
0,025
0,02

zZIR

Figure6.8 Inflow variation wth increasingground distance

Figure 6.8 clearly shows the inflow reduction with increasing ground proximity.

When thrust data are inspectegound effect ineffectivity is apparent. Howeyer

when inflow is inspectedsmall amount of ground effect could be is still alvable

since total inflow increases whenognd proximity changes from z/R to z/R: 3.

The contour pl ot s ghéwninmghre6®@withdalfeotorr i but i on

cooocoocoooon
SHEERESEE "™

BN

z/IR 0.25 0.4 0.8 1.2 1.6 3
Figure6.9 Inflow distribution forvariousgroundproximities
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The rotor power hastwo main components: Induced component and profile

componenas defined by egn 6.3
0 o0 O 0 (0:5)
Profile power is the power that rotor blade consumpts against inccanirdyag.
Induced power is the consumpted powecreate inflow.The power is defined as a
power coefficient which is the same with torque coefficientin fact, rotor power
has auxillary contribution caleleeddofa AAnNnci | |
external elements like rotor hub and rotor mast. Howenaor is $smulated as
Ai sol atedo. Hence this ghersdabscophof PosvdP n ot avail
could be replaced with torqu@. Hence profile power coefficient will be denoted
with #Aprofil e tnduceq pavercoeffieentf coutdibe denaied as

Ai nduced t or fgureference ElLf sfatescthateducedopower coefficient

60 will be simplified as defined in equati@.

5 I_6 08

The o is the <corr e ¢l}l Thismelatiomis teoved fiom then as 1.
Blade Element Methodl]. Since inflow andthrust coefficient data aregiven in

Figure 66 and Figure B, induced power coefficient could be shown in FigbuEl
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Figure6.10 Powercontributionsin ground &ect for constant thrust

In Figure 6.10, total power induced power and profile power contributions are
available innon - dimensionaformat. The total power has a stable profileen z/R

> 0.8. Induced power has the same relation with inflow change as expected. The
profile power, on the contrarydecreases in the regi@between z/R: @ and z/R3.

In the extreme ground effect zo(region A)which is the region between z/R: 0.25
and z/R:0.5inducedcontribution is dominant whereas when z/R is higher than 0.5
power contribubns begin to balance each other in ordetelep total power constant

for the samepm input.
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Table6-4 Powercoefficientcontributions as a percentage of total power coefficient

in ground effect

2R FEY | PR
0.25 |34.66 |65.34
0.4 | 4125 |58.75
0.8 |40.89 |59.11
12 [4260 |57.40
1.6 | 44.43 |5557
2 4759 |5241
3 49.77 |50.23

Table 6-4 reveals that profile drag is dominant in extreme ground effddie term
Adomi nanceo musédnwitt h ot HWeilluBtrateg whierr z/iRb u t |
0.25 profile power contribution is higher than induced contributor. Howenvken
overall power curve is investigateithe extreme induced power loss is dominant on

total power curvevhen total poweof the z/R:0.25 is lower than the any other power

values

For ground effect studies in literatuieduced power term is often used since the
nature of ground effect flow arises from the inflow change. Howetle profile
power change must also be comsall. The induced power is affiliated with the
pulled and released flow with rotor. In ground effeeteased flow leads a reduction

in inflow. In addition The recirculating flow from ground to the blades create extra
drag on rotor bladesespecially inextreme ground effect cases. With increasing
distance drag contribution decreases due to the decrease of the recirculating flow.
Even for out of ground effect case (z/R:0.3) the profile power contribution is half of
the total power. Howeveinduced poweistarts to behalf of the total powewith

increasing ground distance where rotor is out of ground effect and in hover condition

as stated in reference [52]

The profile contribution of rotor power &sostrongly dependent with blade airfoil
#of bladesand rotational velocity in hover flightn ground effect with the same

power inputinflow decreases howeviangle of attack increases since blade pitch is

94

ono.



constant. The increasing angle of attack creates the thrust increase in ground effect.
However this angle of attack increase leads to higher dragefdence higher

profile power as well.The profile power increase Figure6.10is the proof fo drag
increase since profile power is directly proportional with dtagorder to increase

the efficierty of rotor bladedrag characteristics of blade airfoil must handle the

complex flow environment in ground effect.

Figure 6.11 shows the non dimensional induced torque coefficients. The non
dimensionalization is done by dividing the each torque coefficralue to the OGE
induced torquecoefficient value. In Figures.11, CFD data is compatible with

literature data.

1.2

Cooke Fitzpatrick
Hayden

[ ] Hayden

Knight Hefner
Brown et. al.

] Bellinger et al.
Gilad et al.
Fradenburgh

Griffits et al. (Vortex Method)
Griffits et al.(Measurement) |

| L1
B Knight Hefner measurement
0.2 Koo Oka -

L | Lee Leishman
| | | Layton
(n] Zbrozek
B | Light Experiment

Light Prediction I
[ [ =— - — - = Current Study (CFD)

4p0Q

] i /- /- - | J—— ! Il /- | I | /-
0'20.5 0 0.5 1 1.5 2 25 3 3.5

Figure6.11 Non- dimensionainducedorque change with respect to the ground
proximity

95



In Figure6.11, the induced power ratios tetrieved from Brown et al. [63§yden
[61]. Griffits et al. [62] and other works retrieved from Leishman ghows good

corellation with CFD data.

6.2.3 Tip Vortices

Figure6.12shows that the tip vortices are captuirethe defined wake region which

is an indicator for the rotor CFD solution accuracy.
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Tip vortex trajectoriechange with changing ground proximities. It is definite that
tip vortex refinement in volume grid has a great role on tip vortex visualization in all

casesas stated in [52]

As vortex path structures are investigaedplitting outer tip vortex ring is obsred

during ZR: 0.8 and z/R: 1. After z/Rt.2, no splitting vortex ring is observed since
these vortices are quite weak compared to the attached vortices. If Q criterion value
reduces below 20062 weak vortices will be visible for the higher z/R casErom

z/R: 1.2 toz/R: 1.6. attached helical vortex path is quite observable. After1z8R

the effect of ground started to vanish which could be understood from quite weak

lowermost vortices.

It is clear thatin ground effecta vortex path is not ctracted. On the contrarit
expands by trigger of reduced inflod]][ This expansion is started to reduce when
z/R is 1.8 and higher which is another clue tgetud effect is started to demise after
a certain proximity ratio. Approximatelgfter z/R 2, no ground effect is observable
as defined by Leishmdd]. It is the first validated point of both test setup and CFD
Method.

Figure 6.13 and Figure 6.14how the radial and axial locations of the blade tip

vortices for different ground proximities.
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Figure6.13 Radial location of blade tip vortices for each ground proximity value

In Figure6.13, with increasing proximity (decreasing z/R valydghe expansion of
rotor downwash is evident. Maximyi.75Rexpansion is observed when z/R: 0.25.
This expansion decreases till ground proximity decreases hemgeg the out of
ground effegtrotor downwash becomes contracté&tie vortex age is detected till
54QJazimuth angle. For some casesrtex ages up ta08QJazimuh are available.
With this wide range of plothe possible locations of uncaptured vortices could be
estimated for azimuth values higher than 540 ground effect.
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Figure6.14 Axial location of blade tip vortices for each ground proximity value

Figure 6.14 shows the axial locations of the blade tip vortices for each ground
proximity value with changing azimuth. For low z/R valugsial location reaches a
steady value due to the ground mmse. When z/R increasebe axial location

increases beneath the rotor tip path plane and esazltonstant trend after z/R:
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which shows the demise of the ground effect after this proximity value. Figiie

and Figure 6.14re valid for 10 bladecollective angle only.

6.3 Ground Effect Caseswith Inclined Ground

The solution parameters alownin Table6-5:

Table6-5 Solutionparameters

z/R 0812162
l nclination A 5J,153,25]
Volume Grid Sizes 20 Millionsi 30 Millions

6.3.1 Results

Results are classified ith selection of non- dimensional distance (z/R) or

i nclination angle (b) as independent

6.3.1.1 The Change ofInclinatonAn gl e ( b)

zZ/R=038 zZIR=038
13 I I 13
CFD
125 Experiment 125 CFD
Experiment
12 12
115 1 115
8 8
=] — (=]
= — g 1iF
= ] o
_—
105 t — 105
1 1 —_—
095 095
1 1 1 1 1 | 1 1 1 1 1 |
0 90 5 10 15 20 25 30 0 90 5 10 15 20 25 30

Figure6.15Noni dimensionakhrust andorque values for z/R0.8
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In Figure6.15, at first glance results &e strongly dispersed. Howevelor non -
dimensional thust values ardocatedin theerrorbar boundsf experimental results.
The dispersion is at most 2% for thrust case. For torque sy&@t®5 acceptable
difference is observed. As explained in previous secabmost 2% oscillation is
acceptable for staly torque trendlorque is almost oscillating around the Q&2:1
value which is expected since with constRRM, constant power is supplied into

system

Thrust reduction with increasing andlebig apparent. This reduction is only 6%

approximately.

zZ/IR=1.2 z/IR=1.2

CFD 12

Experiment
) CFD

115 f 115 Experiment

I 1 L 1 1 ) I 1 L 1 1 )
0.90 0.90

Figure6.16 Noni dimensionakhrust andorque values for z/RL.2

In Figure6.16,for z/R1.2, especiallyfor cases ofl5Jand DJ, consisteng could be
seen. Howeverlfor thrust value of Binclination, %2-%3 dispersion is apparent. For
15J torque value accuracy is achieved. For the thrust value of,2&8most %7
difference attracts the attention. Howevas described in previous sectiddFD
simulations are conducted without hub and any other external part. The exddten
these parts coulohcreasehe thrust values. This shifting is %4 increment in ground
effect without inclination. If complex and asymmetriatureof the downwash of
inclined ground effect is considergatirust/torque increment value higltean 4% is
expected conditionTorque has maximum difference of 2.2% which could be

acceptable for steady torque trend.
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Figure6.17 Noni dimensionakhrust andorque values for z/RL.6

In Figure6.17, thrust values are lying in the range definedeloyor barsand trends
are similar Decreasinghrust profile is observed. For torque valué® trends are

similar but CFD overestimaie the solutions with %1.5ifference which is

acceptable
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8 8
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Figure6.18 Noni1 dimensionakhrust andorque values for z/R2

In Figure6.18 normally, z/R 0.2 isa distance that ground effect vanishesertin
inclined casesout- of- ground effect characteristics are dominant. Experimental
data does not shape any trend curvetbuist results located in the region defined
with errorbars. Torque results have a difference lower than 2% which is acceptable
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6.3.1.2 The Change ofNoni Dimensional Distance (z/R)
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Figure6.19Noni dimensionathrustandor que val ues for

p:15° fB:15°
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Figure6.20Noni dimensionakhrustandtor que v al ues f or

In Figure 6.19 and in Figure 6.20, acceptable accuracy and trend similarity is
observed for thrust values with increasing proximity. For torque valRés
difference is detected which is acceptable. The torque trends aret aimolar.
However overestimation of the torque value of z/R: 1.2 is apparent. Howgver

stays in the 2% range which could be denoted as acceptable.
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Figure6.21Noni dimensionakthrustandor que val ues f or

In Figure6.21 thrust accuracy and trend are almost satisfying. The datasimpef
z/R: 1.2 on thrust curve shows that, possible experimental errorssrise,this data

seperation is not observéat theother proximities.

For this reasonThe dataset seperations figured in section 6.3.1.2. may have the
same experimental error problesince variety of experimental error sources are
avdlable in experimental facilityAlthough test setup is sensgéito the outer effects

still, most of the results are acceptable

Test setuphowsalmost satisfactorgorellations with CFD result®or ground effect
cases without inclination. Little accuracy reductisninspected during inclination
The possible reason, isombination of egerimental errors eith the complex nature of
rotor downwash during ground inclination.

Table6-6 Thrustincrementfrom z/R:1.6 to z/R: 0.8elative to OGEwith respect to
the inclination

(%)
0 | 12
5 | 10
15 | 75
25 | 5
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