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Chapter 1
Introduction

1.1 Motivation

Over the past decade, Micro Air Vehicles (MAVS) have receidean increasing
amount of attention in military and civilian markets. With a characteristic length
no longer than 15 cm (6 in.), MAVs are barely detectable to thanaked eye at
100 yards. This stealth capability makes MAVs a prime candate for surveillance,
detection, and reconnaissance missions. Often, prototyp#AVs have been out tted
with cameras with the ability to send and receive data. Unmamed Air Vehicles
(UAVs) have already begun undertaking this task in Iraq and Aghanistan, with
their number to increase over the next several years. With ¢hadvent of MAV
feasibility, these aircraft will be able to be produced chedy and in large quantity.
MAVs have the potential, therefore, to be used in high-riskitations rather than
losing a larger (more expensive) UAV or a full-size aircraft

MAV research generally falls into three vehicle classes: exl wing, rotary
wing, and apping wing. Each class of MAVs has unique bene tand problems
because the aerodynamics of each class is di erent, due tcetldi erent range of
operating Reynolds numbers. The Reynolds numbeiRg) can be de ned as the
non-dimensional ratio of inertial to viscous forces, thushe viscous forces become

more dominant with a decrease in Reynolds number.



MAVs generally y in the Reynolds number range of 1,000 to 12000 (whereas
full size helicopters and airplanes experience Reynoldsnioiers on the order of 10).
Fixed-wing MAVs vy at the upper end of this range at Reynolds mmbers of on the
order of 1¢ [1]. Rotary-wing MAVs generally y in the 20,000 to 70,000 Rgnolds
number range, though the smallest rotary-wing MAVS may y ata Reynolds number
below 10,000 [2]{ [10]. Flapping-wing MAVs usually y in theReynolds number
range between 1,000 and 10,000 | a range in which viscous e &ccan be expected
to be signi cant.

Each class of MAVs show promise, though the rotary-wing clasas several key
advantages. Primary among these is the ability to hover, whih allows the vehicle
to remain stationary in the air while gathering information or waiting for a signal
to move. Additionally, the ability of a rotary-wing aircraft to takeo and land
vertically gives it operational exibility by requiring mi nimal takeo and landing
zones. Because a rotary wing vehicle can y in any directionit is ideal for use
in pursuit or search and rescue missions where the ight patts dynamic. Most
rotary-wing MAVs can also better withstand crosswind gustshat may destabilize
aircraft in other classes of MAVSs.

Rotary MAV development is hindered in part by relatively poa aerodynamic
e ciency of the rotor, de ned as the gure of merit (FM) | most  other development
issues have to do with power [11]. The gure of merit is de neds the ratio of
ideal power required to actual power required. MAV rotors hae achieved a FM
around 0.6 while full-scale helicopters may have a FM near8D. or higher [3]. This
relatively low FM is in part due to degraded airfoil performace at low Reynolds
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numbers where the ow is susceptible to separate at a relaély low angle of attack.
Induced losses also increase at low Reynoldsnumber. In ddh, the large viscous
forces and the associated thick boundary layer result in adher viscous drag, and
a lower maximum lift coe cient. Laminar separation bubbles(LSBs) often form on
the upper surface of the airfoil at Reynolds numbers above D00, and often lead
to a substantial decrease in performance (L/D) [1].

A good airfoil choice for MAVs will try to accomplish severalgoals: to de-
lay the onset of the laminar separation bubble and thereforew separation, to
achieve a high maximum lift coe cient, and to keep induced ad pro le drag at
a minimum. Thus, the selection of airfoils is of paramount iportance; however,
few experimental and computational studies have systematlly investigated thin,
cambered airfoils and wings of low aspect ratio which are comonly used in MAVS.
There is noticeably little research on comparing low Reynd$é number experimental
data to computational models, particularly with application to rotary-wing MAVs
[3, 9].

To aid the selection process of airfoils, Computational Fld Dynamics (CFD)
can be used where low Reynolds number ows are too di cult tonvestigate exper-
imentally. CFD is also useful in extrapolating on publishedesults when there is a
gap in experimental data, or where little data is available.Thus, a more judicious
approach to selecting airfoils can be made using CFD. Howev€FD typically has
di culty in predicting the location and size of the laminar separation bubble which
in turn may result in poor quantitative predictions for lift, moment, and drag. Poor

aerodynamic prediction may also result from the fact that v Reynolds number
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ows are not well understood computationally due to inherenproblems in model-
ing thicker boundary layers where the ow may transition fran laminar to turbulent.
While CFD methods have been validated for a number of airf@i) reliance solely on

computational results is ill-advised at this point [3, 9].

1.2 Previous Work

Low Reynolds number ows have been investigated experimeily for dozens
of years, although there has been an increase in work in thieea in the last decade.
Most experimental work focuses on the problems associatedhwow Reynolds num-
ber ow, with particular attention paid to laminar separati on bubble formation and
transition. Several computational studies have also beemmpleted although rela-

tively few have validated experimental data.

1.2.1 Experimental

A comprehensive study on low Reynolds number ow physics armte-1981 low
Reynolds number data can be found in the work of Carmichael ]l This reference
also contains a good qualitative description of the ow physs in di erent Reynolds
number ight regimes.

Mueller [1] has conducted extensive experimental studies 8-D and 3-D ow
around at plates and cambered airfoils at Reynolds numbersanging from 60,000
to 200,000. The data show that cambered plates o er better amdynamic perfor-

mance characteristics than at plates. Additionally, it is shown that the trailing



edge geometry has little e ect on the lift and drag on thin wigs at low Reynolds
numbers. Several of the experiments from Mueller's reselarare validated in this
thesis. Mueller has also published data with other researts [6, 7], though this
data is in more complete form in Ref. [1].

Selig [5] has published a large and consistent amount of 2-Rperimental
data on low Reynolds number airfoils. Lift, moment, and draglata is available for
over 100 airfoils that have all been tested systematicallyhithe same wind tunnel
using the same force balance and wake rake. Several of theistoits are examined
in Ref. [5], where it was noted that the in uence of laminar sgaration bubbles was
found to signi cantly a ect performance of several high-lit airfoils in the Reynolds
number range of 80,000 to 150,000. Additionally, degrade@fiormance at Reynolds
numbers of 40,000 may be improved by using boundary layergd to make the ow
over the airfoil more turbulent, and therefore potentially attached for a greater
distance.

Bastedo and Mueller [13] provide an excellent discussion d¢he e ect of
tip vortices on spanwise pressure distributions with spedi attention to laminar
separation bubble formation. Results from 2-D and 3-D meamments show that
increasing the Reynolds number increases performance whilecreasing the aspect
ratio decreases performance due to tip vortex e ects. Therainar separation bubble
was found to exist over the majority of the blade span exceptear the tip.

Results from Laitone [8, 17] suggest that a good airfoil forse in ow with
Reynolds numbers less than 70,000 should be a thin plate wiB% circular arc

camber. This type of airfoil has a bettel.=D at low Reynolds numbers compared
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to a NACA 0012, and a reversed NACA 0012, among others. Addnally, the
thin, cambered airfoil geometry produced a higher total liffor all angles of attack.
Sharpening the leading edge resulted in the largest lift cug slope, similar to the
ndings in Ref. [15].

O'Meara and Mueller [18] analyzed laminar separation bubbllength and
height with respect to Reynolds number and angle of attack ev a Reynolds number
range of 50,000 to 200,000. Their results included the fachédt increasing the
Reynolds number decreases the bubble length while increagithe bubble height.
Alternatively, increasing the angle of attack from =10 to =12 increased both
bubble height and length. Increasing bubble height may impwe performance by
acting as a boundary layer trip. However, lengthening the thble generally decreases
performance and usually leads to a lo&, ,,, associated with thin airfoil stall.

Sathaye, et al. [4] investigated a NACA 0012 wing with an asperatio of
unity in the Reynolds number range of 30,000 to 90,000. Theiesults show that
a dramatic increase in induced drag coe cient is observed fdReynolds numbers
below 50,000. An additional experiment with a 3% thin at plae with a sharpened
leading edge gives the interesting result of the maximum tliper unit span at the
mid-span location, and then tapering o to the tip, due to thetip vortex formation.

Marchman [14] investigated Reynolds number ows in the rargof 50,000
to 500,000 with emphasis on methods of data acquisition. Thgives good insight
into the underlying problems in gathering low Reynolds numér lift and drag data,
namely that hysteresis is often present if the wind tunnel ttbulence intensity is
too high. Lowson [15] completed a similar analysis and sugt® that data taken
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from a balance will give results showing higher drag, loweift| and more signi cant

hysteresis compared to data using wake rakes. Lowson alsairs that the airfoils

that o er the best performance in this ight regime are thin, cambered blades with
sharpened leading edges.

Additionally, Ol et al. [16], compared laminar separation bbble formation
over an SD7003 airfoil in three di erent facilities (water bw tank, wind tunnel, and
water tunnel). The main result was that the LSB had qualitatively similar shape
and velocity gradient, but di ered in the measured locationand ow structure due
to di erences in the facilities. This result gives good inght into the possibility of

discrepancy between experimental facilities.

1.2.2 Computational

Several authors [2, 19] have computationally and experimtatly investigated
airfoils at ultra-low Reynolds numbers (below 10,000). Thayh this research is
not directly applicable to the present study, it still givesgood insight into viscous-
dominated ows.

Singh et al. [20], performed computations using XFOIL overeseral airfoils at
Re = 80;000. XFOIL is a freeware program that computes basic airfgilerformance
characteristics with extension to viscous ows. Their redts show that a thin,
cambered airfoil (8.89%) from Selig had the best lift and dgacharacteristics over
thicker, less cambered Wortmann and NACA symmetric airfal.

Kellogg and Bowman [21] completed a parametric computatiah study on



the thickness of MAV airfoils for the Reynolds numbers of 6000, 100,000, and
150,000 and found that decreasing the Reynolds number alsecdeased the optimal
thickness with respect toL=D. Thus, an airfoil designed for use in low Reynolds
number ow should be relatively thin.

Bohorquez et al. [3] give a good computational and experintah investiga-
tion of a rotary MAV. The computational results agree reasaably well with the
experimental results with respect to gure of merit. Howewve the computational
model predicted less ow separation than was found experimially, resulting in an
over-prediction of rotor performance. This study examinedhe rotor performance
as a whole rather than analyzing 2-D and 3-D airfoil charactestics. This study has
helped lay the groundwork for this thesis in marrying a rotay-wing MAV experi-
ment with a computational model.

Shum [22] developed a computational model to investigatentanar separa-
tion bubble size and reattachment velocity gradient over afEppler 387 airfoil at
Re = 200; 000. Though the Reynolds number is larger than the range in wih ro-
tary MAVs operate, the discussion on LSBs gives a good undensding of the ow
physics. Elimelech, et al. [23], conducted a similar studyomparing experimental
and computational results on turbulence characteristicsver NACA 0009 and Ep-
pler 61 airfoils. It was found that a very ne mesh could captte the turbulence
quite well compared to ow visualization and suggested thathese airfoils transition
from laminar to turbulent ow in the Re =20,000 to 60,000 range at low angles of
attack.

Low Mach number ows have been investigated by Gupta and Baed [24]
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in a computational study of a quad-tiltrotor using the Trannic Unsteady Rotor
Navier-Stokes (TURNS) code (used in this thesis). The ow deer implemented
a low-Mach pre-conditioner but at a signi cantly higher Reyolds number than in
this thesis. This thesis has built on their work and extendshe computations to the

low Reynolds number regime.

1.3 Objectives

This research has been undertaken for several reasons:

1. Computational validation of experimental data has rargl been conducted
in the Reynolds number range of 20,000 to 100,000. The curremork aims to
not only add to the computational validations of low Reynold number ow but
also to thoroughly investigate the ow physics. Low Reynold number ow is well
understood from a theoretical viscous ow perspective butat as well from a compu-
tational aerodynamics perspective. In particular, the allity of current CFD codes
to correctly model the laminar separation bubble and the tmasition to turbulence
is of importance. To have con dence in the ow solver, it is inperative to ensure
that the ow physics is represented correctly.

2. Validating experimental data from various wind tunnels ad di erent re-
searchers gives the ow solver credibility. Because the leMach preconditioner has
not been validated in the literature yet, this thesis paveste way for future use
of this capability through validation with experimental results. The TURNS ow

solver has already been used for several other applicatipasid this thesis aims to



further extend its capability.

3. Rotary-wing MAVs, due to their unique capabilities, havaeceived increas-
ing attention from industry, government, and academia. Foinstance, there exists
a good foundation of experimental work at the University of Mryland with low
Reynolds number ow with application to MAVs. This thesis aims to validate CFD
as a tool to systematically investigate issues/problems #t are hindering rotary
MAV development, and further extend the computational resarch tools available

to those persons interested in MAV performance.

1.4 Organization

A quick treatment of the underlying ow physics, with specia attention paid
to low Reynolds number aerodynamics and applicable geometiconsiderations is
given in Chapter 2. The governing equations are presented @hapter 3 along with
the computational methodology and grid topology for the 2-Cand 3-D validations.
Results from 2-D and 3-D static cases are presented with \@dition with experi-
mental data in Chapter 4, with gures examining velocity vetors, chordwise and
spanwise pressure distributions, eddy viscosity, and otheow properties. Results
from a 3-D hover CFD model are presented in Chapter 5 with valation against
experimental data for a rotary MAV. A summary concludes thighesis in Chapter

6.
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Chapter 2

Flow Physics and Airfoil Geometry Considerations

In this chapter, the fundamental ow properties of low Reynéds number aero-
dynamics are examined to gain insight into the ow physics dflIAVs. Low Reynolds
number ow consists of a smaller ratio of inertial forces toigcous forces, leading to
relatively thick boundary layers and high viscous drag. MAWblade designs attempt
to overcome the Reynolds number e ects by introducing cambénto the blade plan-
form to produce more lift and keeping the blade thickness lowBy designing a blade
to promote a short laminar separation bubble, the ow may rerain attached down-
stream over the airfoil surface in the form of a turbulent bondary layer, giving

better performance.

2.1 Non-dimensional Parameters

Non-dimensionalizing ow characteristics allows for comgrisons to be made
between airfoils under the same dynamic conditions. The naitimensionalization
of the Navier-Stokes equations leads to two key non-dimeosal parameters: Mach
number and Reynolds number. The free-stream Mach number a¢ds the free-stream

convection velocity,V; , to the local speed of sounda; :

Vi

My
a

2.1)
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where, for a perfect gas:
S

a = P (2.2)

1

where s the ratio of speci c heats of the uid, is the density of the uid, and p

is the pressure of the uid. The Reynolds number relates thenertial forces to the

viscous forces:

Re 1V1C

(2.3)

where is the absolute viscosity of the uid andc is the characteristic length, gen-
erally taken to be the chord for aerodynamic applications. df micro air vehicles,
the velocities and chord size are both relatively small, anthe ow is characterized
by low Mach numbers and low Reynolds numbers. Thus, the ow isearly incom-
pressible and viscous forces dominate with relatively thidooundary layers. Rotary
MAVs may experience tip Mach numbers of around 0.15, with rémns of local Mach
number possibly above 0.3, where compressibility e ects maot be completely ig-
nored.
An additional non-dimensional parameter is the blade asperatio which re-

lates the blade radiusk to the reference are&,er , generally taken as the total blade

area:
RZ
AR 2.4
Sref ( )
For a rectangular blade, this de nition reduces to:
AR — 2.5
- (2.5)

which is simply the ratio of blade radius to chord. Due to sizémitations, rotary
MAVs generally are constrained to relatively low aspect ra& blades in the range
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of AR =1 5 while a full-size helicopter may have blades with aspecttra of
10 or higher. Low aspect ratio blades have degraded perforntca due to a more
signi cant in uence of the tip vortex on the spanwise lift distribution [13]. Low
aspect ratio blades generally have the same zero-lift angléattack as high aspect

ratio blades but will have a more shallow lift-curve slope [4

2.2 Pressure Distribution

The pressure coe cient is a non-dimensional parameter thatelates the local

pressure di erential to the free-stream, dynamic pressurgy = % 1 V2):

C (2.6)
p % 1 V12
which for a perfect gas can be rewritten as:
!
2 p
P M{ p @7

An example of chord-wise pressure distribution over a NACAQL2 airfoil is
given in Figure 2.1 for several angles of attack for moderatdach number and
Reynolds number. The chord-wise pressure distribution isegative (suction) over
the majority of the airfoil except for a region of positive pessure near the leading
edge (near the stagnation point). For small positive lift, asuction peak forms on the
upper surface near the leading edge. As the angle of attaclcirases, the negative
pressure peak is increased in magnitude and covers a largertpn of the upper
surface near the leading edge. This is due to the rapid acaelgon of the ow as

it traverses around the leading edge. The pressure will irease downstream of the
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Figure 2.1: Characteristic pressure contours on a NACA 0012

suction peak, creating an adverse pressure gradient thatlismiend to decelerate the
ow. If the adverse pressure gradient is strong enough (brgit about by increasing

the angle of attack), the ow is susceptible to separation.

2.3 Shear Stress

A boundary layer will form around an airfoil surface due to fiction between
the uid and the wall. A boundary layer around an airfoil can be described as the
region in which the ow velocity increases from zero at the #oil surface to 99%
of the free-stream velocity, and thickens downstream on thairfoil surface due to
increasing shear stress. Boundary layers have two main famwhile a transition
phase also exists between the two. The rst type is a laminardundary layer, which

is characterized by low levels of mixing between adjacentylxs, and is relatively
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Figure 2.2: Boundary Layer pro les, from Leishman [25]

thin. In contrast, a turbulent boundary layer is relatively thick with signi cant
mixing between adjacent layers. These two main types of bodary layers can be
seen in Figure 2.2.

It is important to discuss shear stress in conjunction with bundary layers.
Shear stress is the physical force that produces a resistartbat tends to slow down

the ow. Shear stress, which is tangential to the surface, ielated to the absolute

viscosity and is given by:

|
@u @v
—+ — 2.8
@y @x (28)
where is the absolute viscosity of the uid. Equation 2.8 can be appximated at

the surface by ¢ = 0):

@u
v @y (2.9)

When the velocity gradient changes from positive to negaty the shear stress
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changes sign as well and e ectively decelerates the ow. Ifi¢ shear stress is strong
enough (which will also lead to an adverse pressure gradigrthe ow will separate
and reverse the ow direction at the surface.

The local shear stress is a function of the non-dimensiondlard position, x=c,
although it is usually more convenient to de ne a skin fricton coe cient that is

dimensionless (useful in calculating drag):

T (2.10)
2 1

For laminar ow, the Blasius solution to equation 2.10 for a at plate in a

zero pressure gradient is given by (witlRe, = 1 Vi X= 1 ):

The laminar boundary layer thickness is given by:

5:2X
= 2.12
p—Rex (2.12)

For a turbulent boundary layer, the Blasius solution to equaon 2.10 for a

at plate in a zero pressure gradient is similarly given by:

0:0592
G, = W (2.13)
The turbulent boundary layer thickness is given by:
0:37x
= —Re§’¢2 (2.14)

Because a turbulent boundary layer is thicker than a laminaboundary layer,
the laminar shear stress is also less than the turbulent shrestress. Thus, an airfoil

16



that promotes laminar boundary layers will in general haveelss skin friction drag.
The skin friction coe cient can be integrated over the chordto nd the skin friction

drag. Using equation 2.11, the resultant drag over a at plat is:

4
1t 1:328
CD(L) = E o Cf dx = 2Cf (L) = pR:eL (215)

wherelL is the length of the chord [26]. The turbulent drag due to skirriction is

similarly calculated using the results of equation 2.13:
Cp(L) =0:116Re, *? (2.16)

At low Reynolds numbers, the skin friction drag may add a sigrcant con-
tribution to the total calculated drag at low angles of attak where the ow is not
separated. Drag is discussed further in Section 2.4.

Near the leading edge of the airfoil, the ow is laminar and ahigher Reynolds
numbers this region of laminar ow only exists for a short whe (generally 2-15%
chord) before transitioning to turbulent ow. At low Reynolds numbers, the ow
may be laminar over the majority of the airfoil at low angles battack. When the
ow encounters an adverse pressure gradient on the upper fage of the airfolil, it
begins to decelerate. The ow near the surface will be a ectksigni cantly by the
shear stress on the airfoil, because there is no momentumrisder between layers.
If the pressure gradient is strong enough over the airfoil gace (brought about by
a high angle of attack), the ow will separate. The mode of segpation varies with
airfoil and ow characteristics, and is discussed in conjwtion with static stall in

Section 2.6.
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Figure 2.3: Laminar Separation Bubble, from Leishman [25]

Generally a laminar boundary layer separates and soon retathes down-
stream on the airfoil as a turbulent boundary layer. The trasition from laminar
ow to turbulent ow may cause a laminar separation bubble toform on the airfoll
surface. Laminar separation bubbles are constant pressumgions of recirculating
ow, found on the upper surface of an airfoil toward the leadtig edge. A schematic
of a laminar separation bubble is in Figure 2.3. Laminar sepation bubbles are
commonly found on airfoils in the low Reynolds number regimgue to the relatively
high viscous forces that cause the ow to separate at relatly low angles of attack.
Laminar boundary layers are advantageous because they havdéower pro le drag.
However, though a turbulent boundary layer has a higher prde drag, it is less likely
to separate. This is advantageous because the airfoil willq@uce more lift and will
undergo deep stall at a higher angle of attack, giving bettgserformance. Thus, it
is more bene cial for the ow to be turbulent over the airfoil from a performance
perspective. Boundary layer trips may be used on some aitfoto arti cially force

transition to a turbulent boundary layer to give better performance.
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Laminar separation bubbles, therefore, may be bene cial tirfoil performance
by providing a natural trip to turbulent, attached ow. Howe ver, there exists two
types of separation bubbles which have di ering e ects on dioil performance. A
short separation bubble is generally a few percent of the dldband does not modify
the pressure distribution signi cantly. These bubbles see as a tripping mechanism
to allow reattachment of an otherwise separated shear layencreasing performance.
A long bubble, however, may cover 20-30% of the airfoil and gimdes performance
because the ow is separated for a signi cant part of the aidil [13]. As discussed
in Ref. [18], decreasing the Reynolds number will increasket bubble length while
decreasing the height, tending for the bubble to be long raén than short. The type
of separation bubble plays a key role in determining the typef static stall and the

maximum lift coe cient and is discussed further in Section 26.

2.4 Lift, Drag, and Moments

The forces and moments on the airfoil are obtained by integtiag the local
values of pressure and shear stress acting normal and paghtb the airfoil surface.
The forces are resolved using a chord-axis system as seenigufe 2.4 to obtain
the normal and axial forces acting on the airfoil, and from thse, the lift, moment,
and drag can be derived by integration along the airfoil .

The lift, drag, and moment coe cients are dened as ¢ = %Vf

C = (2.17)

o 2lr
(@)

Cq = (2.18)

o)
o
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Figure 2.4: Chord-axis system, from Leishman [25]

M

(2.19)

where the pitching moment is de ned as positive nose-up. Regsentative airfoll
characteristics are shown for a NACA 0012 airfoil aM = 0:1 and Re = 10° in
Figure 2.5.

The lift-curve slope is linear through the majority of the amgle of attack and

is de ned (in a least squares sense) using, = zero-lift angle of attack, as follows:

C| = CI

2 (2.20)

For the NACA 0012,C, =5:62 and o =0 . At high angles of attack the
lift-curve slope becomes nonlinear due to airfoil stall, wth occurs around =16
in Figure 2.5(a). Additionally, formation of the laminar separation bubble at low

Reynolds numbers may also make the lift curve slope nonlinelaecause the bubble
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Figure 2.5: Representative results for NACA 0012/ = 0:1, Re=1;000 000
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may move or change size (depending on angle of attack) whiclayrhave a signi cant
e ect on the lift, moment, and drag calculations.

The pitching moment curve in Figure 2.5(b) is typical of symretric airfoils and
is usually a good indicator of stall. As the angle of attack itreases and the airfoil
approaches stall, the airfoil may pitch up slightly before ppching down dramatically.
Alternatively, cambered airfoils may exhibit more extremepitching moments than
symmetric airfoils .

Figure 2.5(c) shows a characteristic drag curve for symmaetrairfoils like the
NACA 0012. The minimum drag occurs around = 0 and at a zero-lift drag
coe cient ( Cy,) of 0.01. In the separated ow region above = 15, there is a
signi cant contribution to the overall drag by pressure dray due to separation. At
lower angles of attack, the skin friction drag component is are signi cant because
there is less pressure drag than at high angles of attack. Bkiriction drag, or
viscous drag, may be relatively high for airfoils operatingt low Reynolds numbers at
moderately low angles of attack due to the thicker boundaryalers and is discussed

further in the next section.

2.5 Reynolds Number E ects

The low Reynolds number commonly associated with MAVs is du their
small size as well as their relatively slow velocities. Thefore, viscous forces will
have a stronger in uence on airfoil characteristics in low Bynolds number ow.

There are several e ects brought about by the low Reynolds mber ow. The
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Figure 2.6: Reynolds number e ects on NACA 64-210, from Ldiman [25]

main physical e ect is that the relatively high viscous fores tend to thicken the
boundary layer although the ow may be laminar for a larger pdion of the airfoil.
The thicker boundary layer will increase skin friction dragdue to increased shear
stress. Laminar ow over the airfoil may degrade performarcif a long separation
bubble forms on the upper surface, which tends to occur at loReynolds numbers
as suggested by Refs. [13] and [18]. Generally, airfoils ogggng at low Reynolds
numbers will also tend to have a lower maximum lift coe cient as can be seen in
Figure 2.6, because the ow is apt to separate at lower angle$ attack. All of the

e ects discussed here are generally not desirable, but umd&nding the issues that

negatively a ect performance is the rst step in airfoil seéction.
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2.6 Static Stall Types

Airfoils generally stall in three di erent ways although sane airfoils may ex-
hibit stall characteristics of more than one type. Stall cafoe di cult to characterize

due to the large amount of ow recirculation.

2.6.1 Trailing Edge Stall

Trailing edge stall is typical of thicker airfoils. The larg leading edge radius
of curvature results in moderate suction peaks near the leiag edge with relatively
small negative pressure gradients downstream that lead tdtached ow over most
of the airfoil. As the angle of attack increases, the turbulg separation point moves
forward from the trailing edge of the airfoil toward the leathg edge. The ow
separation at the trailing edge signi cantly raises drag easn though the airfoil has
not fully stalled. This will also cause the lift-curve slopdo atten, and eventually
the airfoil reachesC,,,,, . This is accompanied by a slight rise in nose-up pitching
moment just before the airfoil stalls, at which point the pithing moment will plunge

nose-down [25]. This type of stall is moderately abrupt conaped to other types.

2.6.2 Leading Edge Stall

Airfoils that exhibit short laminar separation bubbles geerally have a leading
edge stall type, which is typical of airfoils that have a smédr leading edge radius.
Once a LSB forms due to the adverse pressure gradient on thepep surface, in-

creasing the angle of attack will move it further forward onlie airfoil, and eventually
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it approaches the suction peak. The adverse pressure gradieontinues to develop
and, when strong enough, prohibits the ow from reattachings a turbulent bound-
ary layer and the ow will be separated from the leading edgeotthe trailing edge.
E ectively, the bubble has \burst" and reattachment no longer exists. This type
of stall is common on thinner airfoils which have a relativgl high C_,,, and is

generally much more abrupt than trailing edge stall [25].

2.6.3 Thin Airfoil Stall

Thin airfoils may exhibit another type known as \thin airfoil stall." These thin
airfoils have a relatively low value ofC_,,,, due to the formation of a long laminar
separation bubble. Similar to airfoils that exhibit leadirg edge stall, thin airfoils have
a high adverse pressure gradient near the leading edge, ¢agshe ow to separate
at low angles of attack. The point of reattachment of the turllent boundary layer
moves aft as the angle of attack is increased, lengtheningetliaminar separation
bubble and attening the lift-curve slope. The airfoil stals when the turbulent
boundary layer fails to reattach, decreasing the lift whilencreasing the drag and
nose-down pitching moment. For thin airfoil stall, these tends are generally more

shallow than other types of stall [25].

2.7 Mach Number E ects

Due to the low speed environment in which MAVs operate, airfioperformance

will be slightly improved compared to larger rotary-wing vaicles because the ow is
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nearly incompressible. Airfoils achieve a highet,,,,, and exhibit a more shallow
lift-curve slope at low Mach numbers. The lift-curve slopean be approximated at

higher Mach numbers by the Glauert approximation:

2
C = g—oo— (2.21)
1 M2

The low Mach number will further delay the break in pitching noment to
higher angles of attack, e ectively delaying stall (due to lhe lack of compressibility
e ects). Low Mach number ow also generally has a higher suicin peak closer to

the leading edge than higher Mach number ow [25].

2.8 3-D E ects

Several ow phenomena exist in 3-D ow that are not present ir2-D ows. Ex-
perimentally, all ows are 3-D. To make measurements \2-D,'endplates are placed
on both ends of the wing, e ectively making an in nite wing ard eliminating tip
vortices. However, true 2-D ow is never really achieved, ipart due to \corner
ow," where ow interacts with the endplates, and may lead to higher drag mea-
surements. Experimentalists can give reasonable 2-D resuby averaging several
span-wise measurements through data reduction.

Chief among the e ects of a 3-D nite wing (without endplate9 is the forma-
tion of a tip vortex on the upper surface at the wing tip (assunmg positive lift). A
vortex forms as a result of the high pressure on the lower sade of the wing mixing
with the low pressure ow on the upper surface at the wing tip.The vortex begins
to form near the quarter-chord and continues to gain strengt over the chord to
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Figure 2.7: Qualitative ow eld at low Reynolds numbers, fom Bastedo [13]

the trailing edge where it leaves the wing and continues to elve in the wake. In
the speci c case of a hovering rotor, the vortex will contracalong the slipstream
boundary of the wake.

The velocity induced by the tip vortex e ectively reduces tle local angle of
attack in the tip region, making it less susceptible to turbient ow separation near
the trailing edge. At inboard sections, the tip vortex has ttle e ect and the airfoll
characteristics are similar to 2-D results. However, for niterate aspect ratio wings,
the outboard 20% experiences strong spanwise ow due to theduced velocity of
the tip vortex [13]. Figure 2.7 shows a good qualitative ow eld description for a
rectangular wing at low Reynolds number.

Additionally, the tip vortex a ects the span-wise lift dist ribution through the

change in pressure at the tip. A tip vortex induces a spanwiggressure di erence
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that may result in loss of lift near the tip. Over the rest of the blade, the suction
pressure at the leading edge increases from the root to abdM span and then
begins to taper o due to the formation of the tip vortex. The nomentum theory
lift distribution for an untwisted rectangular blade givesthe point of maximum lift at

mid-span and gradually decreasing until 3/4 span, at whichqint the lift decreases

sharply due to the tip vortex [4, 25].

2.8.1 Hover E ects

A hovering rotor will induce in ow over the blade in addition to the free-
stream velocity. The local induced in ow increases with raidl position and reaches
a maximum at the tip for an untwisted rotor [27]. The local lit and thrust also
increase radially and decrease dramatically at the tip beaae of a loss in suction
pressure due to the tip vortex. Induced drag is generally mhdigher than pro le
drag in a hovering rotor though there may be a signi cant conibution from the
pro le drag at low Reynolds number.

Additionally, a hovering rotor has a contracting wake that wll a ect the move-
ment of the tip vortex after it is shed from the blade. The tip wrtex contracts
with the rotor wake at the slipstream boundary. Momentum thery gives this nal
contraction ratio as ? The basic ow physics involved in a hovering rotor are
illustrated in Figure 2.8.

Hover performance is measured as the gure of merit, which @& ned as the

ratio of ideal power to actual power. Ideal power has no visas e ects, and so pro le
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Figure 2.8: Flow near a hovering rotor, from Leishman [27]

drag due to low Reynolds number leads to a relatively low FM. tAlow Reynolds
numbers, it may not be possible to treat induced and viscouseets independently
due to the thick boundary layers and high skin friction drag.However, in the absence
of a low Reynolds number-speci ¢ FM calculation, the traditonal equation ( 5.5) is

used with as the induced power coe cient andCy, as the zero lift drag coe cient:

Cp
FM = oenL (2.22)
CPINDUCED + CPPROFILE
c3=2
¥y
FM = — (2.23)
¢’ . Ca
2 8

Rotors operating at low Reynolds numbers generally have Iigr pro le drag
than full-size helicopters due to thicker boundary layers ch may give a highCy,.

Additionally, MAV rotors use blades with high solidity to have achieve a higher
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Reynolds number although this may increase pro le power. 8dity is de ned as:

NyC
— 2.24
- (2.29)

2.9 Geometric E ects

MAV blades are designed with speci ¢ consideration to thiagkess, camber, and
aspect ratio to maximize performance. This is necessary la@se rotor aerodynamic
performance is a limiting factor in MAV development. Aerodpamic performance is
inherently poor at low Reynolds number and has been discuds@ conjunction with
low aspect ratio wings in Sections 2.5 and 2.1. Aerodynansts have examined
insects and birds (ying in the low Reynolds number regime) rad found that their
wings are generally thin and cambered, giving good insightto the design of MAV

wings and blades.

2.9.1 Blade Thickness

Airfoil thickness is de ned non-dimensionally ag=c. Most MAV blades have
high solidity and therefore have a lowmt=c (about 3%) compared to full-size he-
licopters, which are thick at the root (can be as much as 20%)nd thin in the
transonic region at the tip. MAV airfoils are thin because tinner airfoils perform
better than thicker airfoils in the lower Reynolds number rgime [1, 5, 8] by pro-
moting short laminar separation bubbles. Additionally, sme thin airfoils may stall
with a leading edge stall type rather than a thin airfoil stal type if the turbulent

boundary layer remains attached at moderately high angles attack. An additional

30



consideration is to keep MAV blades light to keep the total ror hub weight low.

2.9.2 Camber

To maximize the amount of lift produced by the blades, cambédras historically
been used in MAV airfoils up to 8%. Camber increases lift at aiggn angle of
attack while also marginally increasing drag and (nose-daow pitching moment. A
cambered airfoil will produce lift at moderate negative arlg of attack. Ref. [1]
suggests that the lift-curve slope is more nonlinear for cdrared airfoils than for
at plates. Camber is often greatest at mid-chord because mg MAV airfoils are
designed as circular arcs, as this shape has shown good perémce in experimental
studies [1, 8, 11]. Generally, a strong pressure gradient ynéorm on the upper
surface as the ow expands around the curved nose, making th@v more apt to
separate near the leading edge. This may be bene cial to trifhe boundary layer if

the turbulent boundary layer is able to reattach.

2.10 Summary

It can be seen from this chapter that several ow features inhte low Reynolds
number ight regime have a negative impact on airfoil perfanance. Low Reynolds
number ow over low aspect ratio blades generally have a shaler lift-curve slope
and lowerC_,,,, than higher Reynolds number ow over higher aspect ratio wigs.
It is suggested that selecting an airfoil that promotes a shblaminar separation

bubble may increase performance, although care must be tak® ensure that the
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bubble does not elongate and degrade performance. It is tbéwre bene cial to

computationally investigate the ow physics to gain more isight into the problem.
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Chapter 3

Methodology

Computational Fluid Dynamics (CFD) is a valuable tool with the ability to
investigate uid ow for MAV airfoils, wings, and rotors. In this work, as in all CFD
approaches, the rst step is to generate an appropriate meslystem that accurately
resolves the geometry and ow features of interest. The sewbstep is to choose the
appropriate governing equations for the ow eld points as wll as the boundary
conditions on the aerodynamic surfaces and in the far- eldrinally, the actual ow
solvers are chosen to e ciently and accurately solve the gewmning equations. Since
a large number of cases are examined, a scripting languagéhwa Graphical User
Interface (GUI) is used to minimize mistakes and increase ¢he ciency of the CFD

practitioner.

3.1 Mesh System

In this thesis, solving for the viscous ow about MAV airfoils, wings, and rotors
is accomplished using body- tted structured curvilinear neshes (overset meshes for
rotors). The individual grids are generated using either ayperbolic or an algebraic

grid generator.
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Figure 3.1: Curvilinear Coordinate Transformation from Hést [28]

3.1.1 Grid Generation Techniques

An airfoil surface is modeled as a viscous, adiabatic wall @rthe surface is
discretized into a number of points. For the blade mesh, pl&s normal to the sur-
face are extruded based on a hyperbolic grid generation soieeto ensure good cell
sizing and good resolution at the airfoil surface. Howevethis mesh system is in
\physical space" whereas the governing equations must belsd in the \computa-
tional space.” The physical space consists of curvilineaoardinates which can be
thought of as Cartesian coordinates when \unwrapped" fromhe airfoil as in Figure
3.1. A simple one-to-one mapping is possible to account fdre stretching factors
used in the physical space. Thus, it is computationally ingpensive to transform
between coordinate systems and accuracy is maintained cugithis process.

A hyperbolic grid generator is a powerful tool to create grisl normal to the
airfoil surface while allowing for the exibility of clustering at aerodynamically in-
teresting points; in low Reynolds number ow, these are geraly the leading edge
and trailing edge. It is possible to specify the cell size olisdance for the grid and

initial surface data with this type of grid generation. The omputational time to
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create the largest C-type grid used in this thesis, with 9 1 points, is less than 10
seconds and, therefore, trivial. A representative 2-D C-pe mesh is shown in Figure
3.2. The mesh system is clustered with ne wall spacing and reearly orthogonal
to the wall to accurately resolve the expected boundary layeow.

For the 3-D cases, an additional grid meshing program is uséal collapse the
mesh at the tip, giving good resolution for solving the regiowhere the tip vortex
will form, as can be seen in Figure 3.3. This meshing prograre algebraic in
nature. Algebraic grids are much simpler to create and are gerated even faster
than hyperbolic grids.

A nal background mesh was created for the hover 3-D cases ngian addi-
tional algebraic grid generator. Though algebraic grids arnot guaranteed to gener-
ate orthogonal cells, they are still useful in creating coaer background meshes that
solve the ow in the blade wake. Additionally, it is possibleto de ne the spacing,

as can be seen in Figure 3.4.

3.1.2 Overset Mesh Technique

Overset meshes are used in the 3-D hover cases to e cientlylcalate the
solution over the rotor disk. The Navier{Stokes equationsra solved on both grids.
The near body mesh is fairly ne at the wing surface to captureviscous e ects
occurring in the boundary layer. It is not computationally ecient to maintain this
level of mesh spacing throughout the ow eld, and so a globalrelatively coarse

background mesh is generated that encompasses the entiradd region, as shown
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Figure 3.2: 2-D C-type Grid made with hyperbolic grid genettar
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(a) C-O mesh

N

(b) C-O mesh (red) over a blade (blue).

C-type mesh used inboard (black)

Figure 3.3: A C-O grid topology created by algebraically ctapsing 2-D airfoll

sections at the tip
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Figure 3.4: A single axial plane in background mesh models2lthe rotor disk. This

mesh was created by an algebraic grid generator.

in Figure 3.5. Source terms are accounted for in a backgroumdesh simulating
the ow and transferred to the near-body mesh through a pross called domain
connectivity.

Domain connectivity is the general name for the process in which information
is transferred between two overlapping meshes. A search isae for points which
lie at the mesh interfaces in both grids. For each interfac@ne cell will give infor-
mation (the \donor"), while a cell on the other mesh will recéve information (the
\receiver"). Interpolating between the donor and receivercells allows information
to be transferred. Care is taken to ensure good mesh resotutiat the mesh inter-
face; however, some regions are too ne in the blade mesh (néze tip) and hence
some accuracy may be lost to keep the background mesh reasina&oarse. For this

study, the computational quantities of interest are the lif, drag, and thrust, and
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Figure 3.5: A blade mesh surrounded by a background mesh

SO capturing intricate details of the vortex is not necessgr However, knowing the
general path of the tip vortex allows for somewhat ne resolion in the background
grid, and so capturing the vortex through one rotor revolutn is possible. This way,
the induced e ects of the vortex on the blade can be captureditliout an excessive
number of grid points. Beyond capturing this single bladeertex interaction (BVI),
ne wake spacing is not of primary interest, and so the backgund mesh is coarse
in the far- eld wake to save computational time.

Furthermore, to maintain consistency, a \hole" is cut in thebackground mesh
where the blade mesh is located, as can be seen in Figure 3.6hebackground
mesh solution does not need to be computed inside the blade shebecause the

information is transferred at the blade mesh boundary.
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Figure 3.6: A hole cut in the background mesh

3.2 Governing Equations

It is necessary to solve the Navier{Stokes equations at eapbint in the mesh
because viscous e ects play an important role in low Reynaddnumber ow. A
turbulence model must be used to obtain closure of the Reynigl Averaged Navier{
Stokes (RANS) equations. To simulate the hover conditionpsirce terms are utilized

in the far- eld boundary conditions.

3.2.1 Compressible Reynolds Averaged Navier{Stokes (RANSqua-

tions

Derived from Stokes' Theorem, the Navier{Stokes equationsontain viscous
terms in all directions in addition to compressibility terms. These equations con-

serve mass, momentum, and energy. Though rotary MAVs genéyaoperate at
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Mach numbers around 0.15, it may be possible for the local Maoumber to reach
0:3 where compressibility may begin to have a non-negligibleset. Thus, the com-

pressible ow terms are included in the Navier{Stokes equains to capture all the
physical e ects. Although this comes as additional comput&énal expense, there
was minimum development time because the ow solvers alreadhave this capa-
bility. The 3-D compressible Navier{Stokes equations in Gtesian coordinates are
given by:

@Q+ @E+ @F+ @G—

@t @x @y @z ° (3-1)

where Q is the state vector,E;F and G are the ux vectors, and S is the source

term vector. These vectors are given below:

v (3.2)
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uv Xy (3.3)

uw XZ

* VRN INKXKIIIIXAIAIRIRN/ ©O
c
N
+
ko] c
| NXXKXAXIXAXARRIAN/ O

UH Uy Vi Wy + k@2
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8 9
v
uv oy
F= Vi+p oy (3.4)
PVH Uy vy Wy + kG
8 9
w
uw 2x
G= VW 2y (35)
§ Wi+p o
PWH U Vi Wt kG
8 9
0
fx
S= f (3.6)

ufy + vfy + wf, ;

In these de nitions, is the density, u;v;w) and (fy;f,;f,) are the Cartesian
velocity and body force components in the directionsx(y; z), respectively. In this
thesis, the body forces are zero since they are captured andt modeled. The
quantity e is the total energy per unit volume, j; are the stress terms andH is the
stagnation enthalpy per unit volume. The quantity k is the coe cient of thermal
conductivity and T is the static temperature. The pressure is determined by the

equation of state for a perfect gas given by:
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1
p=( 1) e > (U? + v+ w?) (3.7)
and the stagnation enthalpy is given by
H=e+p (3.8)

where is the ratio of specic heats. The shear stress () is de ned as :

+ @v

- )( @y @x

"z — (3.9

where is the laminar viscosity and  is the turbulent viscosity. Laminar viscosity
can be easily evaluated using Sutherland’'s Law [29]. Howevéurbulent viscosity

must be evaluated using a turbulence model | see Section 3.2.for a discussion
of turbulence models. Using the curvilinear coordinate trasformation described
earlier, it is possible to convert the physical form of the Naer{Stokes equations to
a computational form on a uniformly spaced Cartesian systen©Once the coordinates

have been transformed, the Navier{Stokes equations are givby:

%+%+%+ -4 in (3.10)

cllch

where the vector of conservative quantitie€) = JlQ and the ux contributions are
now de ned with respect to the computational cell faces (ceged from making a

plane out of four adjacent points) by § = determinant of Jacobian):

21 @ @ @

E = T af* —>|,: + —ZG (3.11)
21l @ Q@ Q@

F = 7 @F" —yF 5% (3.12)
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(3.13)

s (3.14)

These partial di erential equations are solved for the coresvative variables,®,
in the computational domain described earlier using the Trasonic Unsteady Rotor
Navier{Stokes (TURNS) code [30]. This code is a compressiReynolds Averaged
Navier{Stokes solver modi ed to include a low Mach precontdboner described in
Section 3.3.2. Boundary conditions are speci ed according the discussion in

Section 3.2.3.

3.2.2 Turbulence Model

It is necessary to calculate the turbulent viscosity in addion to the conserva-
tive variables to obtain a complete solution. Various modslhave been developed in
recent years to better represent the turbulent viscosity. 8 described in Ref. [31],
linear eddy viscosity models range from zero equation algalr turbulence models
(Baldwin-Lomax, as in Ref. [32]), to four equation turbulese models¢?> f model
in Ref. [33]). The zero equation model developed by Baldwimd Lomax calculates
the turbulent viscosity as an algebraic function of the comsvative variables. On
the other hand,v?> f model by Durbin solves four di erential equations to obtain
four scalar eld variables k; ;v2 and f). The turbulent viscosity is obtained as an
algebraic function of these four variables.

For this thesis, the one equation model of Spalart and Allmas [34] is utilized

to keep computational time low. The Spalart{Allmaras turbuence model has been
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used with separated ows in Ref. [35]. This model is given by:

D 1 2
D—tt =S+ - 5:(t5 t+ b t)z)] qufW[Ht (3.15)

where ; is the turbulent eddy viscosity, ¢y ; G, and c,; are constants,d is the
distance from the wall andf, is a function of distance from the wall. This di eren-
tial equation is loosely coupled to the Navier{Stokes equ@ins, and the additional
eld variable turbulent viscosity ( ) is obtained as a solution to be used in post-
processing. The shear stress in the momentum and energy diuas is evaluated
once the turbulent viscosity is calculated and hence closiis achieved for all the
variables in the Navier{Stokes equations. More details alibthe turbulence model

can be found in the original work by Spalart and Allmaras [34]

3.2.3 Boundary Conditions

A viscous wall boundary condition is used over the airfoil/lade planes to
ensure no slip at the walls. A wake-cut condition is used at éhinterface of the
trailing edge of the airfoil in the wake as in Figure 3.7, wherthe information is
averaged from the upper and lower surface.

Free-stream boundary conditions are used at all other bouades in the blade
mesh. For the hover case, the background mesh contains onl§03N, degrees of
the azimuth, whereNy = number of blades. For instance, a two-bladed rotor only
needs half of the azimuth to be modeled due to aerodynamic syratry in hover. A
periodic boundary condition is therefore implemented at th azimuthal boundaries

to model the e ect of additional blades.
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Figure 3.7: Wake cut boundary condition at trailing edge of igfoll

For a hovering rotor, the far- eld boundary condition is mod ed to account for
the far- eld induced velocities. By prescribing an estimag of the total thrust (based

on computational results), the in ow and wake contraction eects are modeled.

3.3 Flow Solvers

Low Mach number, low Reynolds number ow has been previoustiiscussed to
have several interesting ow properties that require speai attention when compu-
tationally solving the Navier{Stokes equations. Due to thdow-speed environment
in which MAVs operate, it is bene cial to use implicit time marching in the ow
solvers so as to be able to use larger timesteps than explisiethods. Additionally,
a low Mach preconditioner is introduced with the bene t of relucing the sti ness

and computational dissipation, yielding a more accurate &dion and accelerating
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convergence. Two ow solvers, OVERFLOW [36] and TURNS, takadvantage of

these methods and are introduced later in this section.

3.3.1 Implicit Time Marching

Implicit time marching methods have a key advantage over ekpit methods,
in that they do not have a numerical stability limit. Explicit methods, on the other
hand, are limited as to the maximum timestep size. Because fficit methods have
no stability limit, it is possible to obtain a converged soltion much quicker than

with an explicit method.

3.3.2 Preconditioning

Compressible Navier{Stokes ow solvers generally do not germ well in low
Reynolds number and low Mach number ows with respect to comvgence and
accuracy. There are several benets to using a low Mach preuttioner in the
ow solver to help solve these problems [24]. Generally, treeis a large di erence
between eigenvalues in low Mach number ows, making the sadlon computationally
sti, and increasing the time to reach the steady state solubn. A preconditioner
accelerates convergence to the steady state solution byrging the magnitude of
the acoustic eigenvalues closer to the convective eigemes (e ectively reducing the
sti ness).

Low Mach number ows may also have scaling inaccuracies wieesome dissi-

pation terms may be too high while some dissipation terms mdye too low. Pre-
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conditioning removes these scaling inaccuracies by makitige dissipation terms
more consistent. The bene ts are largest near the stagnatiopoint and near sur-
face boundary layers where inaccuracies may arise in the gsare terms relative to

convective terms.

3.3.3 TURNS

The Transonic Unsteady Rotor Navier{Stokes (TURNS) code wadeveloped
at the University of Maryland [30] for use in rotor CFD calcuations. It was modi ed
to include a low-Mach preconditioner [24]. Furthermore, ta fully implicit RANS
solver includes the full viscous terms in all directions anthcludes the e ects of
turbulence using the model of Spalart{Allmaras. Though theow may be laminar
for a signi cant portion of the airfoil at low Reynolds numbes, transition phases
exist where the ow becomes turbulent, particularly at highangles of attack where
the ow is separated. Therefore, a turbulence model needs te used to capture

the laminar, transition, and turbulent boundary layer chamacteristics.

3.3.4 OVERFLOW

In addition to TURNS, the OVERFLOW 1.8s code primarily devebped at
NASA-Langley is also used. OVERFLOW is a structured compretble Navier{
Stokes ow solver that utilizes overset meshes [36]. OVERRW is also implicit in
time and third order in space. A multigrid option is used to sped convergence to

steady state in some cases. For the current validation, the\RFLOW solver has
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been used with its low-Mach preconditioner (similar to thatof TURNS) to further
accelerate convergence. The Spalart{Allmaras turbuleneeodel is used, and so one
would expect OVERFLOW and TURNS to give similar results becase they share

a common methodology.

3.4 TCL/Tk Scripting

TCL/Tk is a scripting language with the ability to read and write data while
also executing UNIX commands. Due to the large number of CFDases necessary
to validate experimental data, it was decided to write a gralpical-user-interface
(GUI) with TCL/Tk to e ciently run the grid generation and do main connectivity
programs, and other basic utilities. This GUI was developedolely for the task of
e ciently managing cases while reducing mistakes. A typideoperation of generating

a C-type mesh is shown in Figure 3.8.

3.5 Airfoil Geometries

Several airfoils are examined in this thesis, including thiéppler 387, an airfoil
designed by Mueller, and an airfoil designed by Hein for use MAV applications.
The MAV airfoils are particularly thin, requiring special consideration for grid gen-
eration around the boundary layer. These airfoils exhibit iderent leading edge
geometry, requiring particular attention paid to adequatéy resolving the stagnation

point for each mesh system.
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Figure 3.8: TCL Interface

3.5.1 Leading Edge and Trailing Edge Considerations

Computational considerations must be taken into account wdn validating
airfoil geometry to ensure that the ow solver can convergeotan accurate solution.
The leading edge must be rounded to a certain degree for goasbolution of the
stagnation point. Sharpened leading edges or any sort of geetric discontinuity will
induce ow separation over the airfoil; thus rounding thesesurfaces computationally
will give a more accurate comparison to experimental data @uto the nature of
structured meshes, which are orthonormal to the airfoil stmce. Several leading
edge geometries have been examined in this body of reseancbluding an elliptical
leading edge [1] and a sharpened leading edge [11]. The e etslightly rounding

the surfaces should not be too large with respect to lift andrdg calculations.
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Mueller [1] suggests that trailing edge geometry has little ect in lift and
drag measurements at low Reynolds number. Tested geomedria Ref. [1] include
an elliptical trailing edge and a linearly-tapered trailig edge. Dierences were
slightly apparent only in pitching moment measurements. Tis allows for slightly
altering the trailing edge geometry without losing accuracin lift and drag results,
because grid generators must close the airfoil trailing eeldor the wake cut boundary

condition.

3.5.2 Eppler 387

The Eppler 387 airfoil is chosen for a 2-D validation due to $t common use
in low Reynolds number ow. This airfoil is about 9% thick with 3.87% camber.
Though thicker than most MAV airfoils, the Eppler 387 validdion shows the useful-
ness of the ow solver and gives insight into low Reynolds numer ow physics. The
airfoil geometry was taken from Ref. [10] and is shown in Figai 3.9. Validations

were run with the TURNS ow solver.

3.5.3 Mueller

The TURNS and OVERFLOW ow solvers are used to validate data rfom
Mueller [1]. The airfoil used is a circular arc with 5% cambeand 1.93% thickness
and can be seen in Figure 3.10. This airfoil is indicative ohbse generally used
by MAVs with its characteristic thin shape and camber. Mueltr also presents 3-D

results for the same airfoil with a semi-span aspect ratio & and these results are
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Eppler 387 Airfoil
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Figure 3.9: Eppler 387 Airfoil

also validated in Chapter 4.

3.5.4 Hein

The recent work of Hein [11] is examined because it has a sinigeometry to
the Mueller wing, and Hein tested the airfoil in a 2-bladed heer model. Additionally,
the data is readily available. The rotor blades are 2.75% ttk with 7% camber as
can be seen in Figure 3.11. The 3-D blade has an 18% root cut@und an aspect
ratio of 3.81. Of the geometries examined in [11], the shamed leading edge blade
was chosen because it gave the highest FM. The trailing edgeognetry was modi ed
from a square plate to include a small amount of taper to clodbe trailing edge.
This was determined to have a only a slight e ect on the lift, dag, and thrust

calculations as discussed in Section 3.5.1.
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Figure 3.10: Mueller Airfoil
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Figure 3.11: Hein Airfoll
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Chapter 4
Results for Static Cases

4.1 2-D Results: Eppler 387 Airfoll

4.1.1 The Experiment

The data used in the Eppler 387 validation was found in Ref. (1, and the
experimental procedure is documented further in Ref. [5]. e UIUC low-speed
subsonic wind tunnel was used, which has a low turbulence émtsity (< 0:1%) for
low Reynolds number tests. The particular experiment valigted in this thesis used
a 6-inch model rather than a 12-inch model common to the majity of the airfoil
data taken from the UIUC low-speed subsonic wind tunnel. Th&eynolds number
was 60,000 and the Mach number was 0.017. The lift and momeneasurements
were made using a force balance while the drag measuremergedithe momentum
de ciency method, with the measurements made at 1.25 chordsehind the airfoll
trailing edge. The experimental data was taken by increaginthe angle of attack,

and there was no experimental pressure data.

4.1.2 Validation

The results of the Eppler 2-D airfoil lift, moment, and drag walidation are

presented in Figure 4.1. This airfoil stalls around 13 degee angle of attack in
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these ow conditions. From the lift validation in Figure 4.1(a), it can be seen that
the TURNS ow solver predicts a smoother lift curve slope tha was measured in the
experiment. TURNS gives a good quantitative prediction oftall and the non-linear
lift curve slope region above 10degrees angle of attack. The experimental data has
a slightly steeper lift-curve slope though there is a \dip" eound =6 that may
result from the formation and movement of the laminar sepateon bubble. This
can also be seen as an increase in nose-down pitching momeaigd and is fairly
typical of low Reynolds number ows.

For the moment validation in Figure 4.1(b), TURNS again preitts a smoother
curve than the experiment which had signi cant variation inmeasured data. The
pitching moment also increases through the moderate anglé attack range as the
laminar separation bubble (LSB) moves forward on the airfbisurface. Stall is
gualitatively well predicted at higher angles of attack. Tlws includes a small nose up
pitching moment before the drastic nose-down moment arountl3 degrees angle of
attack where the ow is separated. Though the TURNS solutios are quantitatively
di erent than those in the experiment, the computational sdutions agree reasonably
well with 2-D airfoil theory.

Finally, the drag validation is in Figure 4.1(c). Both the exerimental data
and the ow solver predict Cy, = 0:02 at around = 2, which is about twice the
Cq4, commonly found on airfoils used on full-size helicopters.h& experimental data
contains a small \nump" around =6 thatis not in a traditional \drag bucket"
commonly found in 2-D airfoil data but may be the result of a leninar separation

bubble forming on the upper surface. TURNS predicts a sigreant increase in drag
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Eppler 387 Airfoil, Re = 60,000

Eppler 387 Airfoil, Re = 60,000

(©
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Drag Validation

Figure 4.1: Eppler 387 2-D Results
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in the stalled ow regime, as expected. There was no experimtal data available
for high angles of attack because of the possibility of deased accuracy in the
measurements as the ow may have more 3-D e ects with a largegion of separated

ow.

4.1.3 Velocity Vectors

Figure 4.2 shows the velocity vector eld around the Eppler &7 airfoil pre-
dicted by the TURNS code. Forthe =5:99 case in Figure 4.2(a), there is a small
amount of ow separation on the upper surface near mid-chordft of the point of
maximum thickness, where the ow usually tends to separateThis is possibly the
point of laminar separation and transition to a turbulent baundary layer because
the ow is attached aft to the trailing edge. As the angle of afack increases to

=11:01 in Figure 4.2(b), the point of laminar separation has e ectrely moved
forward to form a small laminar separation bubble on the uppesurface near the
leading edge. The ow reattaches as a turbulent boundary lay. It remains at-
tached over the rest of the airfoil because the turbulent bawlary layer is thicker
and does not separate as easily as a laminar boundary layer.owéver, the ow
appears to separate at the trailing edge of the airfoil withnicreasing angle of attack
(the boundary layer is thicker towards the trailing edge). Tailing edge stall, as dis-
cussed previously, is characteristic of relatively thickeirfoils, and one would expect
to see some amount of ow separation at the trailing edge of ¢éhairfoil, particularly

at high angles of attack.
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Figure 4.2: Eppler 387 Velocity Vectors
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In fact, the ow does separate at the trailing edge with a modate increase
in angle of attack (to = 13:11) as shown in the computations in Figure 4.2(c).
The LSB still exists at the leading edge of the airfoil althogh it appears as if the
ow recirculation within the bubble has intensi ed and moved further forward. A
nal increase in angle of attack to = 13:80 in Figure 4.2(d) shows that the
LSB has e ectively \burst" as the trailing edge and leading dge separation regions
have merged, and the ow is completely separated over the ém upper surface of
the airfoil. A signi cant amount of ow recirculation exist s above the airfoil and
beyond the trailing edge. The airfoil has stalled at this arlg of attack, drastically
reducing the lift while increasing the nose-down pitching oment and the drag over
the airfoil. It is noteworthy that the angle of attack increased only 069 and yet
the TURNS code was able to capture stall at the same angle oftatk as in the
experiment. This is the same point at which the integrated fi drops, the negative
pitching moment increases, and the drag increases dramatily as seen in Figure

4.1.

4.1.4 Skin Friction Coe cient

The point of ow separation can readily be seen where the skifmiction co-
e cient changes sign, as in Figure 4.3. From this gure, it ca be seen that the
ow separates atx=c = 0:45 at = 2:93. The point of laminar separation moves
forward as the angle of attack is increased to = 5:99. Increasing the angle of

attack to the point just before stall, at =13:11, the laminar separation point has
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moved to the leading edge. The laminar separation bubble ag 20% of the airfoll
near the leading edge at this angle of attack, which also haarbulent separation
over the trailing edge. The airfoil stalls after increasinghe angle of attack further

to =13:80, as the skin friction coe cient is negative over the entire &foil.

Skin Friction Magnitude for Eppler 387 2-D Airfoil
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Figure 4.3: Skin Friction Coe cient over Eppler 387 2-D airbil

4.1.5 Pressure Contours

To further analyze airfoil stall, the pressure distribution over the airfoil is
examined over a range of angle of attack. In the pre-stall rege in Figure 4.4(a),
the = 5:99 case has a relatively at pressure contour on the upper suda,
with the small rise in negative pressure around mid-chord salting from the small
region of ow separation from the airfoil surface. As the arig of attack increases to

=11:01, a laminar separation bubble has formed on the upper surfagdadicated
by the region of constant pressure near the leading edge. Thggnation pressure

is relatively high at the leading edge. For this angle of attk, the relatively shallow
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pressure gradient over the rest of the upper surface of thefail is not strong enough
to separate the turbulent boundary layer aft of the separatin bubble. However, as
the angle of attack is increased further to = 13:11, the adverse pressure gradient
strengthens, indicating that the airfoil will stall upon subsequent increase in angle of
attack. There is more ow separation at the trailing edge oftie airfoil, as indicated
by a nearly constant pressure on the upper surface. The ow ewthe lower surface

of the airfoil is relatively unchanged between =11:01 and =13:11:

Pressure Distribution over Eppler 387 Airfoil, Re = 60,000 Pressure Distribution over Eppler 387 Airfoil, Re = 60,000
T T T T T T T T

A—a=5.99 —*—a=1101

E —»—a=11.01 —8—a=1311
3@ —8—a=13.11|4 -3 —c—a=13.80|4

(a) Pre-Stall Regime (b) Stall Reached

Figure 4.4: Pressure distribution

Examining the post-stall regime in Figure 4.4(b), with the ddition of the

= 13:80 case, it can be seen that the decrease in negative pressumnisndication
of stall at this angle of attack. The suction pressure is grédg reduced at the leading
edge. E ectively, the LSB has burst and the ow separation fom the trailing edge
has merged with the LSB near the leading edge. The ow over thentire upper

surface of the airfoil is separated, resulting in a relatiyg at pressure contour.
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t=

=2:93 | 26.711

=5:99 | 34.478

=11:01 | 55.965

=13:11 | 140.924

=13:80 | 363.414

Table 4.1: Eppler 387 Turbulent Viscosity Levels, ;

Additionally, the = 13:80 distribution has a signi cant gap between the lower
and upper surface pressures at the trailing edge, furtherditating the ow is fully

separated at this angle of attack.

4.1.6 Eddy Viscosity

The eddy viscosity is de ned as the ratio of the turbulent visosity to the

laminar viscosity:
3

-~

BEFSEE *.1

t

where is the laminar viscosity, ; is the turbulent viscosity, and ~is the working
variable from the ow solver. Table 4.1 shows how the variabk change with angle
of attack.

The predicted eddy viscosity contours are plotted in Figure4.6 for the Eppler
387 airfoil. One can expect to see low turbulence levels atadlow angle of attack

where the ow will be primarily laminar. Examining = 2:93 in Figure 4.5, it can
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be seen that low levels of eddy viscosity exist only in the wakegion because the ow
over the airfoil is laminar. By increasing the angle of attdcto =5:99 in Figure
4.6(a), the turbulence begins to move forward on the airfotb mid-chord. This is
the location of modest ow separation, as discussed with Rige 4.2(a). The low
guantity of turbulence on the upper surface near the leadingdge signi es that the
boundary layer is still attached and laminar, while after tle point of ow separation,
the boundary layer reattaches as a turbulent layer. As the ajie of attack increases
to =11:01 in Figure 4.6(b), the LSB discussed in Figure 4.2(b) causekd ow
to be turbulent over the airfoil aft of the reattachment poirt. Increasing the angle
of attack further to = 13:11, the point just before stall, causes the boundary
layer to thicken considerably as can be seen in Figure 4.6(cNotice, however,
that the turbulence does not extend too far in the normal diretion. Once stall is
reached in Figure 4.6(d), the turbulent viscosity is much songer and thicker over
the complete airfoil as massive separation occurs.

As discussed in section 3.2.2, the Spalart{Alimaras turbeahce model was used
to assume turbulent ow over the entire airfoil though in redity there may be regions
of laminar ow and transition to turbulent ow. It may be poss ible, therefore, that
the ow solver assumes a thicker boundary layer and resultijly a higher viscous
drag at low angles of attack which may not occur in the experient. Although the
Spalart-Allmaras model is not speci cally designed for loviReynolds number ows
and no transition model is used in the calculations, the caltated eddy viscosity
values are not completely unreasonable since very smallwa$ are predicted in the
leading edge region where laminar ow is expected at low amgl of attack.
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Figure 4.5: Eddy viscosity ratio over Eppler 387 airfoil at =2:93

4.1.7 Low-Mach Preconditioner Results

The Eppler 387 airfoil was run at 4, 8, and 12 degrees angle dtfaak without
the low Mach number preconditioner, at the same Reynolds nier of 60,000 and
Mach number of 0.017. None of the cases came close to conveygfter 16,000
iterations. The timestep had to be reduced two orders of magade for the ow
solver to even run. Thus the low Mach preconditioner must besed for this airfoil.

The low Mach preconditioner is investigated for thinner afioils in Section 4.2.7.

4.1.8 Summary

The TURNS code gives reasonable agreement fGr, Cy, and Cp and ex-
cellent qualitative and quantitative prediction of stall. An investigation of the ow
physics has shown the formation of the LSB, the stall mecham, and the validity of

several assumptions that aid in convergence speed and aeayr Though the Eppler
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Figure 4.6: Eppler 387 Eddy viscosity ratio

65




387 airfoil is thicker than most MAV airfoils, this validation gives good insight into

low Reynolds number ow.

4.2 2-D Results: Mueller Airfoil

4.2.1 The Experiment

The experiment, described in Ref. [1], was conducted in a vegittunnel at
the Hessert Center for Aerospace Research at the University Notre Dame. The
Reynolds number was 60,000, which leads to a Mach number o®I6 in air. The
airfoil model was 12 inches long with endplates on both sidés simulate 2-D ow.
Again, adequately low turbulence levels were measured inghlunnel for these low
Reynolds number measurements. The lift and drag were both amured from a force
balance, with the measurements made on di erent platformsfahe same device.
The moment data was taken from the lift force balance as wellThe experiment
was conducted by increasing the angle of attack, and there svao pressure data

recorded in the experiment.

4.2.2 Validation

Figure 4.7(a) shows good agreement between CFD predictioasd the ex-
perimental data for the integrated lift coe cient throughout the linear range of
lift-curve slope. Both OVERFLOW and TURNS tend to slightly under-predict C,
at extreme angles of attack. Potentially, this could resulfrom predicting that the

airfoil will begin to stall at a slightly lower angle of attak, leading to a smaller lift
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coe cient in the stall regime. The maximum lift coe cient is slightly lower for the

Mueller airfoil than for the Eppler 387 airfoil although stdl is not as dramatic.

2-D Mueller Airfoil, Re = 60,000
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2-D Mueller Airfoil, Re = 60,000
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Figure 4.7: Mueller 2-D Results

Figure 4.7(b) shows reasonable agreement between CFD andmemt coef-
cient data. As noted previously, CFD seems to predict stallat a shallower angle

of attack. This is represented on the pitching moment curvesaa small nose up
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moment around = 8 followed by a nose down pitching moment at =9 and

=10 . The TURNS code predicts results closer to the experimentailues than
the OVERFLOW solver. However, both predict stall at a slighty lower angle of at-
tack. Due to the camber, the airfoil has a nose-down pitchinghoment at all angles
of attack.

The drag validation is in Figure 4.7(c). It is readily noted hat both the ow
solvers under-predict the drag at moderately low angles oftack, and over-predict
the drag at higher angles of attack. This is probably due to th assumption in both
ow solvers that the ow is fully turbulent while in reality t he ow in the experiment
is transitional; at lower angles of attack the extent of the eparation bubble is most
likely under predicted while at higher angles of attack theully turbulent assumption
results in increased separation. Additionally, Ref. [1] eains a lengthy discussion
on the in uence of endplates on experimental 2-D tests for W Reynolds number
ow. Mueller suggests the existence of \corner ow," de nedas a region of ow at
the endplate-airfoil boundary where the ow may circulate a the lower surface of
the wing. This may be the reason for inaccuracy in the drag mearement. Corner
ow signi cantly alters the 2-dimensionality of the ow, and it has been suggested
that a 20% increase in the minimum drag may be added to take cwr ow into

account [1]. Using this margin of error, the CFD results seemnuite reasonable.
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4.2.3 Velocity Vectors

The velocity vector eld predicted by TURNS around the Muelker airfoil is
plotted at 4, 6, 9, and 10 degrees angle of attack in Figure 4.&t =4 , the
ow is laminar over the majority of the airfoil surface excep near the trailing edge
where it separates. At = 6 , the point of ow separation has moved forward
and a LSB has formed near the leading edge on the upper surfaafethe airfoll,
identi ed by the small area of ow separation. As the angle ofttack increases to

=9 , the LSB elongates and covers a larger portion of the upperréace of the
airfoil. The ow over the trailing edge appears to be close teeparating upon further
increase in angle of attack. Finally, at 10 degrees, the owver the upper surface
is detached and separated as the LSB has e ectively burst. lifis condition, the
airfoil produces less lift, as evidenced in Figure 4.7(a) whe the lift curve slope has
leveled o . This is a relatively low angle of attack at which b stall, suggesting that
the airfoil undergoes \thin airfoil stall.” The drop in lift -curve slope is perhaps not
as dramatic due to the relatively lowC,,,, . It can be seen that, when the ow
is separated over the entire airfoil as in Figure 4.8(d), thérag has signi cantly

increased.

4.2.4 Skin Friction Coe cient

The point of ow separation can more easily be seen where thkirs friction
coe cient changes sign, as in Figure 4.9. From this gure, itcan be seen that the

ow separates atx=c=0:8 at =3 . By increasing the angle of attack to =6 ,
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Figure 4.8: Mueller 2-D Velocity Vectors
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the point of ow separation moves forward on the airfoil tox=c= 0:2. The laminar
separation bubble covers 20% of the airfoil near the leadirgige. The skin friction
coe cient follows a similar curve for =9 , before separating at the leading edge

at =10 .

Skin Friction Magnitude for Mueller 2-D Airfoil
T T T T

—<—a=3
—x—a=6 |1
—=—a=9

A—a=10|

Skin Friction Coefficient, Cfx

Figure 4.9: Skin Friction Coe cient over Mueller 2-D airfoll

4.2.5 Pressure Distribution

The pressure distribution for the Mueller airfoil at 6, 9, anl 10 degrees angle
of attack is plotted in Figure 4.10. At =6 , the existence of an LSB on the upper
surface manifests itself as a region of constant pressures the angle of attack is
increased to =9 , the LSB elongates, e ectively creating a much more gradual
transition to attached ow and strengthening the adverse pessure gradient. The
suction pressure is the same for these two cases. By incregsihe angle of attack
furtherto =10 , it can be seen that the suction pressure drops in magnitudehie

the adverse pressure gradient weakens as the ow is sepachteer the entire airfoil.
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There is a signi cant di erence between the upper and lowerusface pressures at
the trailing edge at this angle of attack, giving further ewlence of massive ow
separation in this region. Over the rest of lower surface hewer, the ow appears

to be relatively unchanged over this range of angle of attack

Pressure Distribution over Mueller 2-D Airfoil, Re = 60,000
T T T T

—*%—a=6
257 —8—a=9 |4
—c—a=10

Figure 4.10: Mueller 2-D Pressure Contours

The pressure contours for the Mueller airfoil at = 6 are plotted for the
TURNS and OVERFLOW ow solvers in Figure 4.11. It can be seenhat there
is a slight di erence in the predictions where the LSB formstax=c = 0:1. The
OVERFLOW solver predicts a shorter bubble with higher negave pressure, leading
to a marginally higher lift coe cient with a stronger nose-down pitching moment
than the TURNS predictions. This emphasizes the fact that gdicting the LSB size

and location is the key to obtaining good validation with exprimental results.
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Pressure Distribution for Mueller 2-D Airfoil
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Figure 4.11: Pressure Contour for Di erent Flow Solvers

4.2.6 Eddy Viscosity

The predicted eddy viscosity ratio is given in Table 4.2 whdl the contours
are plotted in Figure 4.12 and indicate that fairly low leved of turbulence are
predicted in the immediate vicinity of the leading edge. Theboundary layer is
already relatively thick for =6 because the ow is turbulent aft of the LSB at
the leading edge. Furthermore, the boundary layer thickengpon increasing the
angle of attack from =6 to =9 . The magnitude of the eddy viscosity is also
increased in the wake. Increasing the angle of attack to 10gtees in Figure 4.12(c)
results in the turbulent region expanding in the normal diretion. The turbulent

boundary layer is shed as a turbulent wake at the trailing edgof the airfoil.

4.2.7 Low Mach Preconditioner Survey

To determine the e ect of the low Mach preconditioner on theift, drag, and

moment calculations, the Mueller 2-D airfoil was examinedtdMach numbers 0.01
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(c) =10

Figure 4.12: Contours of eddy viscosity ratio over Mueller-P airfoil
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Angle of Attack ( ) =

6 27.794
9 108.484
10 192.874

Table 4.2: Mueller 2-D Turbulent Viscosity Levels

Mach No. C|_ CM CD CL *x CM o CD o

0:01 0.885| -0.097| 0.044| 1.069| -0.120| 0.040

0:05 0.901| -0.095| 0.042| 1.063| -0.116| 0.041

0:10 0.910| -0.096| 0.041| 1.054| -0.114| 0.041

0:15 0.923| -0.098| 0.039| 0.950| -0.095| 0.040

0:20 0.947| -0.096| 0.043| 0.944| -0.095| 0.040

Table 4.3: Mach Number Survey Results (**|No low Mach Precorditioner)

through 0.2 at a Reynolds number of 60,000 and=6 . The results of this survey
can be seen in Table 4.3, with the experimental values 6f =0:90,Cy = 0:075,
and Cp = 0:044 forM = 0:016.

Additionally, the solutions without the low Mach preconditioner took an av-
erage of three times as long to converge to the steady statdusion. It can be seen
from this table that the low Mach preconditioner may be necesiry at these low
Reynolds numbers foiM < 0:15 to receive the same results as the ow solver with

the low Mach preconditioner.
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4.2.8 Summary

The TURNS and OVERFLOW ow solvers perform reasonably well apre-
dicting the lift, moment, and drag coe cients for the Mueller 2-D airfoil. Upon
investigating the ow physics, the laminar separation bubke is predicted fairly well
although CFD predicts the bubble bursting at perhaps one dege angle of attack
earlier than the experiment. The boundary layer is alreadyhick near the stall
boundary and the ow over the trailing edge seems readily agb separate even at

=9 . Both ow solvers adequately resolve this combination of &ing edge stall
and thin airfoil stall.

It is noted from Figures 4.1(a) and 4.7(a) that both OVERFLOW and
TURNS provide very reasonable results for the Eppler 387 aridueller 2-D airfoils
at low Reynolds number, even though the two airfoils are skingly dissimilar. The
Eppler airfoil is much thicker with its point of maximum camber near the quarter-
chord while the Mueller wing is a very thin, circular arc withmaximum camber at
mid-chord. Comparing Figures 4.2(a) and 4.8(b) (both at 6 dgees), the ow is
attached over a larger portion of the thinner Mueller airfdithan over the thicker
Eppler 387. This is because the two airfoils exhibit di erenkinds of stall. CFD
predicts the thinner airfoil to have a lowerCp, which is particularly useful for MAV
applications. MAV airfoils are generally chosen to be thinrad cambered to achieve
a moderate maximum lift coe cient while producing low pro | e drag by keeping
the ow attached over the majority of the airfoil at moderate angles of attack. Vali-

dating the experimental results associated with di erent afoils from di erent wind
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tunnels is necessary to establish a level of con dence in thawv solvers.
It is also worth mentioning that the ow solvers predict the lift to an average

of 4

4.3 Static 3-D Results: Mueller Airfoil

4.3.1 The Experiment

The experimental apparatus for the 3-D experiment was the s as in the
2-D experiment, though an endplate was removed to create antdevered nite
wing. The aspect ratio is referred to as the \semi-span AspieRatio” in Ref. [1] to
emphasize the fact that the wing was used with an endplate. BiTURNS ow solver
uses a symmetry boundary condition at the blade root to simate this \semi-span."”
The 3-D experiment with the Mueller wing was conducted at thesame Reynolds
number of 60,000 and a Mach number of 0.016. There was no winghhel wall

e ect taken into account for this experiment.

4.3.2 Validation

Both OVERFLOW and TURNS provide results in good agreement W the
experimental data, as can be seen in Figure 4.13 for the liftnoment, and drag
coe cients. Similarly to the 2-D cases, CFD tends to over-pedict ow separation in
the stall regime, thereby slightly under-predicting lift n this regions. The maximum
lift coe cient is slightly less for the 3-D wing compared to the 2-D airfoil, possibly

due to the spanwise distribution of lift and other 3-D e ects On the whole, the 3-D
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lift predictions are much closer to the experimental data thn for the 2-D predictions
with the same airfoil.

The moment validation is reasonable with OVERFLOW and TURNS al-
though both predict a smoother curve in the region 3 < < 10. Results from
both CFD solvers show a small increase in nose-up pitching ment at = 10
rather than the experiment in which it occurs at = 11 . The rise in pitching
moment occurs at a higher angle of attack than in 2-D, perhaptue to 3-D e ects.
The computational results have reasonable qualitative agement in the stalled ow
regime at high angle of attack.

Similar to the lift, the drag is slightly overestimated at high angles of attack
and slightly under estimated at lower angles of attack. Pedps this is due to the
absence of corner ow in the 2-D measurements, and the ow sefrs capturing the
3-D e ects very well quantitatively. Overall the agreementis quite good for both

OVERFLOW and TURNS.

4.3.3 Chordwise Flow Separation

Regions of chordwise ow separation over the 3-D Mueller wgnare shown in
Figure 4.14. It can be seen that at = 6 Figure 4.14(a) there are two distinct
reverse ow regions over the majority of the blade span: rsa reverse ow region at
the leading edge (due to LSB) and a second region near the thag edge. However,
the three-dimensional ow induced by the tip vortex elimindes the leading edge

separation towards the tip of the wing. For the case of =9 in Figure 4.14(b), it
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3-D Mueller Airfoil, Re = 60,000

3-D Mueller Airfoil, Re = 60,000

Angle of Attack, degrees

(c) Drag Validation

Figure 4.13: Mueller 3-D Results
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can be seen that the rst region of chordwise ow separationear the leading edge
has increased as the LSB has elongated. In the 2-D airfoil vdts, the airfoil stalled
between =9 and =10 and so this was investigated for the 3-D case. It can
be seen from Figure 4.14(c) where = 10 that the ow is separated from the root
of the wing to nearly mid-span. Further increasing the anglef attack to =12
expands the region of ow separation outward toward the tipwhere the ow has
stalled over a large portion of the blade. The tip vortex indues a downwash velocity

to lower the local angle of attack, and so the ow is attachedni this region.

4.3.4 Chordwise Pressure Distribution

For the 3-D Mueller wing, the pressure distribution aty=c= 49%, 78%, and
95% span are plotted along with 2-D results in Figure 4.15(pr the case with
=6 . The LSB exists on the inboard section of the blade at=c= 49%, as can be
seen by the constant pressure region negrc = 0:2. The increased suction pressure
on the wing due to the tip vortex forming above the wing is seeas a slight increase
in C, around x=c = 0:7 at 95% span. For the wing at a higher angle of attack
( =12 ) in Figure 4.15(b), a shallow pressure gradient is seen neilue leading
edge of the wing on the upper surface as the blade undergoealistThis gradual
drop in pressure suggests the existence of ow separationeovthe majority of the
blade span. Interestingly, the negative pressure increas@ magnitude over the span
at =12 ,whileat =6 ,the negative pressure decreases in magnitude over the

span. This is due to the competition for the change in the le@ly edge suction peak:
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Figure 4.14: Mueller Wing Chordwise Reverse Flow Regiong f8emi-Span Wing
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the tip vortex reduces the local angle of attack (reducing # suction peak) while

the decrease in separation toward the tip results in an incase in suction peak.

Pressure Distribution over Mueller Airfoil ata = 6 degrees Pressure Distribution over Mueller Airfoil ata = 12 degrees
T T T

T T
—<— 2-D Airfoil —<— 2-D Airfoil
25k 3-D at 49% Span || 25 3-D at 49% Span | |
—&4— 3-D at 78% Span —&4— 3-D at 78% Span
—5—3-D at 95% Span | | —5—3-D at 95% Span | |
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Figure 4.15: Pressure Distribution for Mueller 3-D Results

4.3.5 Spanwise Pressure Contours

The tip vortex increases the suction pressure on the top oféblade as the ow
is accelerated from the lower surface of the blade to the uppsurface of the blade.
However, the formation of the tip vortex is a 3-D e ect that wil produce less lift at
the blade tip at moderate angles of attack due to the decreage e ective angle of
attack. This can be seen in pressure contour plot along the mg span atx=c = 61%
in Figure 4.16. The vortex has a higher pressure region fedin the lower surface
of the blade wrapped tightly around the core, which has a highegative pressure
fed from the upper surface of the blade.

Three-dimensional experiments and computations repreges much di erent
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ow- eld than in two-dimensions due to an unequal distribution of lift, formation of

a tip vortex, and bound circulation on the blade. Thus, althagh two-dimensional
airfoil results may be suitable for the inboard section of alade, they are not ac-
ceptable at the outboard portion due to the tip vortex, as wasliscussed in Section

4.3.4.

B

Figure 4.16: Pressure Contour over Mueller wing, =6 , x=c=0:61

4.3.6 Lift Distribution

Examining the lift distribution over the blade span gives isight into the extent
of the e ect of the tip vortex. Due to the spanwise ow componat at the tip,
evidence of the vortex can be seen as a gradual loss in lift lvian increase in
radial position towards the tip, as can be seen in Figure 4.1Another interesting
feature that CFD captures is the rotational velocity eld from the vortex. This can

be seen towards the tip where the induced velocity from the tating vortex leads
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to an increase in lift over half of the vortex with a decreasanilift over the other
half. Figure 4.17 also shows how the point of maximum lift m@s outboard with

increasing angle of attack from =6 to =12 .

Spanwise Lift Distribution for Mueller 3-D Airfoil
12
! ! ! —&5— a = 6 degrees

—4&— a =12 degrees
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Spanwise Location, y/c

Figure 4.17: Lift Distribution

To analyze vortex formation over the chord at the blade tip, ontours of pres-
sure coe cient are plotted in Figure 4.18 atx=c = 0.25, 0.50, 0.75, and 1.0 at
=6 . It can be seen from these gures that the vortex is well devagbed by mid-
chord, and continues to increase in size and magnitude as tlmv moves over the
blade. The vortex begins to dissipate as it leaves the bladeimarily due to larger
mesh spacing in the computations. Because the goal of thisidy was to validate
the C,, C,, and C4 of the blade, capturing and retaining the details of the voex is
not of primary importance once it leaves the vicinity of the lade. Thus, prescribed

wake methods were not used for these computations.

84



H_y073

My 073

(@) x=c=0:25

(b) x=c=0:50

H_503

L

My 307

(c) x=c=0:75

Figure 4.18: Pressure Contours showing vortex developmemter wing tip,
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4.3.7 \Vorticity

To further understand vortex development, the chordwise eoponent of the
vorticity ( 5 ! V) is plotted in Figure 4.19. It can be seen that positive vortity is
fed into the vortex core from the lower surface while the negee vorticity is fed in
from the upper surface. The intensity increases as the ow mes along the chord
to the trailing edge in 4.19(d). A smaller and weaker counterotating vortex is also
visible in Figure 4.19(c). As the vortex develops, it lifts way from the surface and

is gradually dissipated by the ow solver.

4.3.8 Eddy Viscosity

Values of turbulent eddy viscosity are shown in Table 4.4. Téturbulence
levels are similar to those in the 2-D cases. It can be seennfrahe eddy viscosity
plots for =6 in Figure 4.20 that the boundary layer is thicker inboard. Tl
eddy viscosity is at a maximum in the blade wake at 75% span wigethe ow is
most turbulent. The boundary layer is relatively thin towards the tip where the
spanwise ow induced by the formation of the tip vortex appees to minimize the
separation and the thickening of the boundary layer. Similty to the 2-D eddy
viscosity plots, the boundary layer is relatively thin at the leading edge until the
formation of the LSB at which the ow becomes turbulent, leadthg to a thicker
boundary layer. For comparison, the contours of eddy visds are also plotted in
Figure 4.21 for the wing at =12 . The turbulence is much stronger and thicker in

the normal direction at the higher angle of attack due to a sbnger pressure gradient
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Figure 4.19: Chordwise vorticity showing vortex developnm over wing tip, =
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t=

6 27.107

12 | 314.553

Table 4.4: Mueller 3-D Turbulent Viscosity Levels,

over the upper surface of the airfoil, as was seen in the press distribution plots in
Figure 4.15. The turbulence follows a similar pattern for th inboard and outboard
stations as in the =6 case, including the dramatic reduction in boundary layer

at the tip region where the ow remains more attached.

4.3.9 Summary

The Mueller 3-D wing has been validated through the linear fli-curve slope
regime and CFD appears to have predicted stall reasonably NlveExamining the
ow physics has shown the impact of 3-D e ects on the ow, mostsigni cantly
in the formation of the tip vortex and a non-uniform spanwisedistribution of lift.

It is noticeable that the wing begins to stall at the root, with the region of ow
separation expanding radially outward to the tip as the ang of attack increases.
The boundary layer behaves similar to the 2-D cases inboardtf@ugh it appears
as if the spanwise velocity induced by the tip vortex reducethe turbulence in the

chordwise direction at the tip.
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Figure 4.20: Eddy Viscosity, =6
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Figure 4.21: Eddy Viscosity, =12

90




4.4 Reynolds Number E ects

In the moderately low Reynolds number regime, good prediom of ow sepa-
ration is the key to good computational results. The e ect omodifying the Reynolds
number is shown in Figure 4.22 for the Mueller 3-D wing usingredictions from
the OVERFLOW solver. Notably, the di erence in lift between Re = 60; 000 and
Re = 120;000 is signi cantly larger than the di erence betweenRe = 120; 000 and
Re = 240; 000 as seen in Figure 4.22(a). This agrees with the resultsrn Laitone
[8] that suggests that there exists a mild increase in perfimance by increasing the
Reynolds number abovere = 70; 000. The drag curves in Figure 4.22(b) give sim-
ilar results, and predict a largerCyq magnitude for lower Reynolds numbers due to
increased viscous e ects, leading to a thicker boundary lay. However, the predicted
e ects are also fairly mild. Also notably, o is at a more negative angle of attack for
the higher Reynolds number with a correspondingly lowet,,. Finally, examining
the performance metric ofcc:—('j gives the opportunity to see that a lower Reynolds
number leads to poorer performance. Additionally, a lower &nolds number has
the ‘C:—['j peak shifted to a higher angle of attack. The CFD results ageereasonably

well with experimental results in this regime, as can be seém Figure 4.22(c).
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Figure 4.22: Reynolds Number E ects
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Chapter 5

Micro Air Vehicle in Hover

The TURNS ow solver was extended to compute the ow eld for ahovering
rotor with low tip Reynolds number. Experimental data from Hein [11] was val-
idated using this new capability. Though there is no experiental static 2-D and
3-D data, the rst part of this chapter investigates 2-D and 3D ow properties in
order to gain an understanding of the ow characteristics @t this particular air-
foil. Using information from the 2-D and 3-D results for o and Cq, allows for good

blade-element momentum theory (BEMT) approximations.

5.1 Experimental Setup

The MAV tested by Hein [11] had ow characteristics of a tipRe = 51;200
and a tip Mach number of 0.114 based on a rotor RPM of 5500. Thebkaded rotor
had a 7.62 cm span with 1.4 cm root cutout and 2.0 cm chord, ghg an aspect
ratio of 3.81 and a solidity of = 0:1671. The untwisted, untapered blades were
manufactured with 7% camber based on a circular arc planformvith thickness of
2.75%. These blades were modi ed to include a sharpened legpdedge which was
reported in Refs. [4, 15, 17] to give good performance at loneyholds number.
It is important to note that the camber was measured on an unstipened blade;

therefore, the e ective camber may be slightly di erent beause the camberline will

93



be altered by the sharpening in the nal airfoil geometry. Tlough the experiment
used blades with a blunt trailing edge, a blade with a slighyi tapered trailing edge
was modeled in the computations to allow good resolution ahe trailing edge, and
to be able to use the wake-cut boundary condition for a grid df-type topology.

This was discussed in Chapter 3 to have little e ect on lift ad drag results.

5.2 Static 2-D Results

Static 2-D results are approached to gain an understanding the lift curve
slope, drag characteristics, and airfoil performance of ¢hHein airfoil. The results

are analyzed brie y so as to not lose focus on the main result$ the hovering rotor.

5.2.1 Lift, Moment, Drag Curves

The lift, moment, and drag curves are plotted in Figure 5.1. Te lift curve
slope appears to be nonlinear in several regions. The cunancbe analyzed in
separate regions to gain a better understanding of the ow pfsics. In the low angle
of attack region, from = 4 to =0, the nonlinear behavior is attributed to
the ow traversing the thin leading edge as the stagnation gat is on the upper
surface of the airfoil. This ow condition o ers relatively poor performance for this
airfoil, as expected.

Another distinct region on the curve, =0 to =9 ,is nearly linear with
a small bump around =5 . Likely, a LSB has formed and moved forward on the

airfoil. This jog in the lift curve slope is similar to the resilts presented in Ref. [13]
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where LSB improved performance at moderate angles of attackihe increase in
lift is mainly due to the separation bubble acting as a bounds layer trip. After
reattachment, the boundary layer is turbulent over the restof the airfoil. In this
region, the lift curve slope is computed (in a least-squaref to be 5.9, which is
relatively high for an airfoil in low Reynolds number ow. The drag curve slope is
analogously low in this region, as can be seen in Figure 5J)(because the ow is
attached over the majority of the airfoil.

The high angle of attack region from =9 to = 15 is near the stall
boundary where the airfoil reache€, ,,,, and begins to lose lift due to leading edge
stall. The ow separation that previously was bene cial as @oundary layer trip no
longer reattaches, leading to a loss in lift and sharp increa in drag. The computed
CL, Is around 1.45 which is higher than for the Mueller airfoil beause of the
increased camber and sharpened leading edge which promaeshort LSB.

The pitching moment coe cient curve in Figure 5.1(b) is typical of cambered
airfoils. At low angles of attack, the pitching moment is sfihtly nose-down while
at higher angles of attack, it is severely nose-down. Staldic be seen at = 14
as the pitching moment curve is slightly nose-up before ptiing down at stall. The
levels of pitching moment are similar to those of the Muelle2-D airfoil, which are

stronger than the Eppler 387 airfoil due to the large amountfacamber.
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Figure 5.1: Hein 2-D Results
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5.2.2 Sharpened Leading Edge E ects

Examining the sharpened leading edge, there is a large ardfalaw pressure
on the upper surface where the ow expands over the sharpenkzhding edge and
the change in geometry. The velocity vector plot in Figure 2(a) shows that
the ow is attached over the upper surface of the airfoil at = 6 . Examining
the pressure contours in Figure 5.2(b), it can be seen that &reng region of low
pressure exists on the upper surface (and accompanying higitessure on the lower
surface). Examining the leading edge at = 13 in Figure 5.2(c) shows that the
ow is recirculating within the LSB, as can be seen by the presire contour in Figure

5.2(d).

5.2.3 Velocity Vectors

The velocity vectors are plotted for the 2-D Hein airfoil in kgure 5.3 at three
representative angles of attack. It can be seen that the ovsigenerally attached over
the majority of the upper surface of the airfoil at =6 , with laminar separation
near the trailing edge. As the angle of attack increases to = 13 , the point
of laminar separation moves forward to the leading edge, arappears as a LSB.
The ow is then attached as a turbulent boundary layer over tle remainder of the
airfoil. Increasing the angle of attack by one degree to = 14 causes the ow to
separate over the entire airfoil. E ectively, the bubble ha burst, giving a leading
edge stall type. It can also be seen from Figure 5.1(a) that ¢hairfoil achieves a

high maximum lift coe cientat =13 and then abruptly falls at =14 due to
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(a) Velocity Vectors, =6 (b) Pressure Contours, =6
(c) Velocity Vectors, =13 (d) Pressure Contours, =13

Figure 5.2: Close-up of Leading Edge of Hein Airfoil

98




the ow separation.

5.2.4 Pressure Distribution

The pressure distributions in Figure 5.4 show the e ect of tb ow separation
at the sharpened leading edge. This is very pronounced at thegher angles of attack
where the ow stagnates, accelerates, and then separateseyy near x=c=0:1. For
the =13 case, the pressure contour still shows a bump in pressure ngac=0:1
although the suction pressure is much larger. There is a dease in negative pressure
on the upper surface due to ow separation. The airfoil staflat = 14 where there

is a loss in negative pressure on the upper surface.

5.2.5 Eddy Viscosity

Turbulence levels can be examined in the eddy viscosity ptotn Figure 5.5.
The =6 case has a laminar boundary layer over much of the airfoil uhtthe
trailing edge where it separates. Due to the LSB on the uppeudace at =13 ,
boundary layer is thick over the entire airfoil. As the angleof attack increases
further to = 14 , the eddy viscosity increases in magnitude (Table 5.1) andhé

boundary layer thickens.

5.2.6 Grid Re nement

To analyze the accuracy of the 2-D mesh that was used for theloalations

in this section, a grid re nement study was completed. The gad parameters are in
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Figure 5.3: Hein 2-D Velocity Vectors
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Pressure Distribution over 2-D Hein Airfoil, Re = 60,000
T T T T

—*—a=6.0
—8—a=13.0(]

—S—a=14.0

Figure 5.4: Hein 2-D Pressure Distribution

=
=6 90.197
=13 | 84.460
=14 | 244.884

Table 5.1: Hein 2-D Turbulent Viscosity Levels,
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Figure 5.5: Eddy Viscosity Contours over Hein 2-D airfoil
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JDIM | KDIM NPTS

Grid 1 \coarse" | 227 81 1.8 10

Grid 2 \ ne" 347 161 |56 10

Table 5.2: 2-D Grids used in Re nement Study

Table 5.2. It can be seen that the ne grid contains 3 times as amy points as the
coarse grid. Because the lift, moment, and drag coe cientsra nearly the same for
both grids (as can be seen in Figure 5.6), it was concluded thtéhe coarse mesh
contains a su cient number of points to compute an adequatedution while making
e cient use of the computational resources available. Thysthe coarse mesh was

used in subsequent 3-D calculations.

5.2.7 Summary

The Hein airfoil exhibits a relatively high maximum lift coecient compared to
the Eppler 387 and Mueller airfoils due to its large amount afamber and sharpened
leading edge. The sharpened leading edge promotes trarmitito turbulent ow at
high angles of attack where the change in geometry e ectiyelrips the boundary
layer. The cost of the high lift is relatively high nose-dowrpitching moments and

high drag.
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Figure 5.6: Grid Re nement Study Results
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5.3 Static 3-D Results

Static 3-D calculates are performed on a mesh system similkar the Mueller
3-D cases. The mesh collapses at the tip to form a C-O mesh toptare the tip
vortex. The aspect ratio was 3.81, and the ow conditions weragainM = 0:114
and Re = 51;200. The angles of attack examined are all positive, and cespond
to the collective angles measured in the hover model to be dissed in the next

section.

5.3.1 Lift, Moment, Drag Curves

The lift, moment, and drag curves for the 3-D Hein airfoil areshown in Figure
5.7. The 3-D lift curve is similar to the 2-D lift curve although the measured lift is
slightly less due to 3-D e ects. The pitching moment is agaistrong and nose-down,
while the drag is also still high. Stall is predicted aroundtie same angle of attack

( =14 ) as the 2-D case, again of leading edge stall type.

5.3.2 Contours of Chord-wise Recirculation

The regions of chordwise ow recirculation are plotted in Fjure 5.8 for several
angles of attack. At =6 in Figure 5.8(a), the ow is separated at the trailing
edge. Notably, the LSB does not form until the angle of attacks increased to

=10 . The region of ow separation at the leading edge expands abke angle of
attack is increased to =14 . The ow is still attached over the middle of the chord

at this angle of attack; however, increasing the angle of atk furtherto =15 as
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Figure 5.7: Hein 3-D Lift, Moment, Drag Curves
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in Figure 5.8(d) results in the ow stalling over the inboardsection of the blade.
This is at a slightly higher angle of attack than in the 2-D aifoil results, possibly
due to the 3-D e ects. For all of these plots, the ow over the ip region does not
undergo ow recirculation in the chordwise direction due tahe presence of the tip

vortex which reduces the local angle of attack.

5.3.3 Pressure Distribution

An analysis of the chordwise pressure distribution at sevarspanwise locations
is presented in Figure 5.9 for =15 . The 3-D wing exhibits a similar pressure
distribution as the 2-D airfoil at the inboard stations. The suction pressure is
reduced at the leading edge with an increase in radial positi. All of the 3-D stations
have a relatively shallow pressure gradient because the thawv is turbulent over
most of the airfoil. The outboard station has a particularly at pressure contour,
although Figure 5.8(d) indicates that the ow is attached inthe chordwise direction.
The tip vortex reduces the local angle of attack in this regim which keeps ow
attached at the tip. The presence of the tip vortex also lead® a higher negative

pressure over the chord.

5.4 Summary

The 3-D Hein wing stalls at a similar angle of attack as the 2-@irfoil with
a high maximum lift coe cient. Similar to previous 3-D cases the ow begins to

stall inboard, and moves outboard upon subsequent increaseangle of attack. The
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Figure 5.8: Regions of Chordwise Recirculation
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Pressure Distribution over 3-D Hein Blade
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Figure 5.9: Hein 3-D Pressure Contours, = 15

high amount of camber and sharpened leading edge give godt d¢haracteristics
and delay stall until higher angles of attack for this airfdj although the pitching

moment and drag coe cients are still relatively high.

5.5 Hover 3-D Results

The actual experiment conducted by Hein was for a 2-bladed MArotor with
Regp = 51;200, Reget = 10;000,My, = 0:114,Mo,: = 0:03. The experiment was
conducted with the rotor thrusting downwards from a hover tst stand to avoid the
in uence of ground e ect. Flow visualization from the expemment showed consid-
erable wake obstruction near the root, as can be seen in Figui5.10. The TURNS
code has a di cult time predicting the steady-state solutian over the inboard portion
of the blade because the ow near the root appears to be unstha

Experimental results are presented in quantities oFM, and C;. For the

computational results, it is possible to integrate the sugce pressures acting on the
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Figure 5.10: Flow Visualization for Hein rotor, from [11]

blade to nd the sectional lift coe cient. This in turn can be used to nd the
sectional thrust and integrated thrust. The incremental lit per unit span, dL, is
de ned by:

dL = % U 2cCdy (5.1)

where U is the local velocity, ¢ is the local blade chord, andly is the incremental
length along the span. The incremental thrust per unit spandT, can similarly be

de ned using small-angle simplifying assumptions as:
dT = NpdL (5.2)
where Ny, is the number of blades. Substituting equation 5.1 into 5.2iglds (with

— T .
CT - W)

NydL _ Nb 3 UZ?cGdy
A(R? (R3)(R)?

dcr = (5.3)
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[

y 2

dC; = = C, d (5.4)

= y
2 R
where = % . The total thrust can then be found by integrating Equation 54

across the blade span.

5.5.1 Convergence

The hover computations took several thousand iterations nne for the residue
to converge one order of magnitude, as can be seen in Figurel1%a). Although
the residue is steadily decreasing, the thrust is slightlysaillating, as can be seen
in Figure 5.11(b). Flow visualization of the TURNS solutionat several instances
in the computations showed that the loads on the outboard pton of the blade
changed very little, although the loads on the inboard portin of the blade changed
signi cantly. It can thus be concluded that the thrust is osdlating mainly due to
unsteady e ects on the inboard portion of the blade. The vales ofC; taken as the
\converged" solution for the results in this section are avage values as illustrated

in Figure 5.11(b).

5.5.2 Performance Curves

Figure 5.12 shows thrust curves for experimental, Blade-&hent Momentum
Theory (BEMT), and CFD results. BEMT is used to predict perfamance for he-
licopter rotors, as described in Ref. [37]. For the BEMT redts, o= 3 and

Cq, = 0:05 based on the 2-D results presented in Section 5.2. BEMT wased with
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Figure 5.11: Hein Rotor Convergence Rates

ideal wake contraction based on full-size rotors. It can beesn that the TURNS
ow solver slightly over-predicts the thrust for most colletives compared to the
experimental data. It is also notable that results from the URNS solver are closer

to experimental data and BEMT approximations at higher cokctives.

Thurst Calculations
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Figure 5.12: Hein Hover Results

Commonly the gure of merit (FM) is used to measure performance for heli-
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copter rotors. It is important to note that at low Reynolds numbers, there may be
coupling between the induced and pro le power due to the reli&ely high viscous

e ects. The de nition of FM is repeated in Equation 5.5 for clarity.

C3:2
=
FM = ———~—— (5.5)
c 32 c
_pr_ + 8d0

Figure 5.13 shows the predictedcM from CFD, BEMT, and the FM cal-
culated from experimental data against blade loadingd;y= ). Due to the over-
prediction of thrust, CFD overpredicts FM because the e ect of the pro le power
coe cient (%) will be smaller. The prole power may not be insigni cant at
low tip Reynolds numbers. The TURNS code may also be underpglieting drag,
which leads to a highel-M . However, the TURNS code does predict a maximum

FM at the highest blade loading, which is qualitatively correc It is noted that

experimental FM values agree reasonably well with BEMT approximations.
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Figure 5.13: Hein Rotor Performance

To gain a better understanding of the rotor performance, th& M is broken

down into ideal and actual power in Figures 5.14 and 5.15. Thdeal power is
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based solely on the rotor thrust Cp,,.,, = 35372) The ideal power is plotted against
collective angle in Figure 5.14(a), which is similar to Figie 5.12 because the ideal
power is a simple function of rotor thrust. Alternatively, the ideal power required
can be plotted against blade loading in Figure 5.14(b) whei@FD gives reasonable

agreement for most blade loadings.

x10° Ideal Power Calculations x10° Ideal Power Calculations
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(a) Ideal Power vs. Collective Angle (b) Ideal Power vs. Blade Loading

Figure 5.14: Hein Rotor Ideal Power

The actual power required by the MAV rotor is plotted with BEMT and CFD
predictions against collective angle in Figure 5.15. The B&T approximation is
relatively low, perhaps because the prole power may be ungwedicted because
BEMT does not take into account low tip Reynolds number e ect. CFD results
closely approximate both BEMT and experimental results. TIs is probably due
to the TURNS code over-predicting the thrust (and thereforenduced power) and
under-predicting the pro le power. Examining how the actua power varies with

blade loading again shows good qualitative agreement, pdlarly at high blade
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loadings. It can be seen from Figure 5.15(b) that by underpdécting the actual

power, CFD e ectively overpredicts theFM .

x10° Actual Power Calculations x10° Actual Power Calculations
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(a) Actual Power vs. Collective Angle (b) Actual Power vs. Blade Loading

Figure 5.15: Hein Rotor Actual Power

5.5.3 Floweld

In the TURNS solution, one vortex passage has been resolvedthe rotor
wake in addition to the vortex forming on the blade. These vaices can be seen in
the background mesh in Figure 5.16. Notice that the wake hathcontracted, as
the vortex in the wake appears to be directly below the tip oftte blade. Conversely,
the vortices along the slipstream boundary have contractea signi cant amount in
the experiment (seen in Fig. 5.10). At one-half rotor revolion, the wake has
contracted tor=R = 0:8, while at one full rotor revolution, the wake has contracte
slightly further to r=R = 0:78. Thus, the loads on the blade in the CFD calculations

may be slightly di erent from the experiment due to the di erent location of the tip
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vortex in the wake. If the wake were to contract in the computtonal solution, the
vortex would induce a velocity on the portion of the blade theproduces a signi cant
amount of lift. This vortex a ects the blade loads and power alculations. Because
the vortex is outboard of the tip, however, it induces a velaty on a portion of the
blade where the lift produced is much lower. Therefore, thé@tland drag calculations

give somewhat better performance in terms of thrust and powgéhan was measured

experimentally.

L

Figure 5.16: Background mesh, =8

It is also noted that there is only one vortex resolved in theaf eld mesh
beneath the blade. The vortex at a later wake-age has di usednainly due to
increased mesh spacing. The mesh spacing is ne at the bladbere the vortex
forms; however, the resolution decreases as the vortex cects downward. Thus,
the in uence of additional passes of the vortex on the blades iunknown.

The vortex is expected to convect along the slipstream bouady as the wake
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contracts below the rotor disk. The far eld boundary 14 chads beneath the rotor
was chosen to see the wake contraction ratio, which momentuhreory gives assl—é =
0:707. The measured contraction ratio was 0.76 (similar to thexperiment), as can
be seen in Figure 5.17. This is fairly close to the momentumebry approximation.
The wake contraction ratio is somewhat prescribed by the badary conditions, and
thus the shape of the contraction is di erent than was seen ithe experiment. In
the experiment, the wake contracted signi cantly after onehalf rotor revolution,
and little further in subsequent measurements. In the CFD sation, however, the
wake has contracted slightly near the blade, and contractsgsi cantly further in
the far- eld. Again, the wake could have been modeled with Br resolution but it
was decided to keep the computational cost low because thgeadiive was to obtain
thrust and drag data. Additionally, accounting for swirl e ects could possibly bring
the wake contraction ratio closer to the BEMT approximation as the ow at the
boundary is prescribed by the boundary condition to be onlynithe axial direction.

The tip vortices can be examined further in the near-body btde mesh in
Figure 5.18(a). It can readily be seen that the \old" vortex les immediately below
the blade tip, with little wake contraction. It can also be sen that the old vortex
interacts with the new vortex. This interaction can be examed further in Figure
5.18(b) where it can be seen that the ow stagnates betweendhwo vortices. The
tip vortex forming at the blade tip can be examined further inFigure 5.18(c) (with
reduced vector magnitude) where the vortex induces a ow fro outside the tip
region onto the upper surface of the blade.

The induced velocity from the tip vortex can be seen in an axiglane of the
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Figure 5.17: Wake Contraction in Hover

background mesh in Figure 5.19(a). Due to the rotation of thgortex, the induced
velocity is positive on the outboard portion and negative inoard. The vortex core
is also characterized by a low pressure center, as can be sedfigure 5.19(b). The
vortex passes underneath the succeeding blade and inducesbbcity on the blade.
This is known as a blade-vortex interaction (BVI).

An additional vortex also forms at the blade root, although his vortex is not
as strong as the tip vortex because of the di erence in localele-stream velocities.
The velocity eld induced by the root vortex can be seen in Figre 5.20. The
root vortex contributes to the amount of turbulent ow in the downwash near the
blade root, as can be seen in Figure 5.20(a) where the ow inced by the vortex
is up through the root near the blade. Further inboard from tke blade in the root
cutout region, the ow stagnates and changes direction to w down through the

root cutout, as can be seen in Figure 5.20(b).
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L L

(a) Blade Tip (b) Blade Tip (vortex omitted for clarity)

L

(c) Blade tip (with reduced vector magni-

tude)

Figure 5.18: Velocity Flow-eld at =8 , 63% span, looking from trailing edge
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(a) Axial velocity contour at blade surface (b) Pressure Contour at the blade surface

Figure 5.19: Axial velocity and pressure contours in the pte of the rotor, =8

L L

(a) Blade Root (vortex omitted for clar- (b) Blade Root
ity)

Figure 5.20: Velocity Floweld at =8 , 63% span, looking from the trailing edge
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The e ects of the root and tip vortices can be examined furthein Figure 5.21,
which shows the induced in ow at%c below the rotor for = 12 . The tip vortex
induces a relatively large velocity at this wake location. 8yond & = 1, the induced
velocity of the rotor causes the ow to travel up to the rotor kefore being ushed
through the rotor disk. The e ect of the root vortex on the induced in ow is not as

strong due to the large wake obstruction as discussed prewsdy in this section.
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Figure 5.21: Induced In ow at %c Below the Rotor

5.5.4 Lift and Thrust Distributions

Sectional values of lift and thrust can be computed at each apwise loca-
tion for both BEMT and computational results, although there is no experimental
distribution. The section lift coe cient is computed using the local velocity. The
sectional lift distribution can be seen in Figure 5.22 for v@ous collectives, and
shows that the inboard portion of the blade has a high sectiahlift coe cient. This

portion of the blade experiences slight unsteady e ects due the wake obstruction,
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as was seen in Figure 5.10. The ow may be recirculating in thiregion, or even
owing up through the rotor near the blade due to the tip vortex. The lift distribu-

tion is relatively constant across the blade span althoughe tip vortex induces a
small velocity in the outboard 5% of the blade. The sectionfticoe cient increases

with collective angle, as expected.
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Figure 5.22: Lift Distribution for Hovering MAV
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The spanwise thrust distribution is plotted with the BEMT approximation
for several collectives in Figure 5.23. The thrust is calcatled with BEMT using
the results from equation 5.4. The CFD results agree qualtigely with BEMT
predictions, particularly at higher angles of attack. The ip e ects are stronger in
the CFD due to proper modeling of the induced velocity from té tip vortex forming
on the blade, which has a signi cant e ect for low aspect rath blades. The thrust
coe cients in Figure 5.12 were found by integrating the areaunder the curves in
Figure 5.23. The small negative thrust region in Figure 5.28) at = 12 is

possibly due to the aforementioned unsteady e ects at the &tle root.

5.5.5 Chordwise Flow Separation

Regions of chordwise ow separation are plotted in Figure 34. At =

4 , there is only a small portion of ow recirculation on the upger surface of the

blade. As the collective angle increases to= 8 , the region of separation expands
toward the trailing edge. Upon subsequent increase in caiteve, the region of ow
separation expands further outboard and towards the leadinedge at = 10 . At
= 14 , the ow has stalled over the inboard portion of the blade (exept near
the root where the root vortex reduces the e ective angle ofttack). There are
several regions on the blade where the ow separates and ddycreattaches. At
the leading edge, this is probably due to the LSB. The ow is ab separated at
the trailing edge, similar to static 3-D computations wherahe turbulent boundary

layer is unattached at high angles of attack.
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Figure 5.23: Spanwise Thrust Distribution for Hovering MAV
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Figure 5.24: Regions of chord-wise ow separation
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5.5.6 Summary

The Hein airfoil has been analyzed from a static 2-D, 3-D, antbtary 3-D
perspective. The 2-D and 3-D results show high maximum liftoe cient while
predicting stall at a higher angle of attack than the Eppler ad Mueller airfoils.
Chordwise pressure distributions show that the sharpene@dding edge may trip
the boundary layer, leading to increased performance. Foné¢ hover 3-D computa-
tions, the performance of the Hein MAV rotor was slightly ovepredicted compared
to BEMT and experimental results. High sectional lift coe cients were measured
inboard where experimentally, there was signi cant wake datruction at the root.
The shed tip vortex captured in the wake showed no contractiafter one half rotor
revolution, which probably led to an over prediction of seabnal lift and thrust on
the outboard portion of the blade. Although there was a di eence between pre-
dicted thrust and gure of merit, valuable insight has been gined into the e ect of
applying hover boundary conditions onto static 3-D resultsThe hover model could
be improved at signi cant computational expense to includenore detailed resolu-
tion of the background mesh to capture the shed vortices withigher delity, and
could be extended to capture swirl e ects in the rotor wake. bwever, at the vali-
dation level, the TURNS ow solver does reasonably well in ¢gnding its capability

to a hovering rotor.
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Chapter 6

Summary and Conclusions

Rotary Micro Air Vehicle (MAV) development is hindered in pat by poor
aerodynamic performance at low Reynolds numbers. Becaugese aircraft y in
the operational Reynolds number range of 20,000 to 70,008et ow over the blades
are signi cantly in uenced by viscous forces. Low Reynoldsiumber ows have
been researched more frequently in the last decade and the@mt of experimental
knowledge is growing. Additionally, several computatiorisstudies have been made
recently although the Reynolds numbers are generally not iine appropriate range
for rotary wing MAVs. Few of these computational studies haw investigated thin,
highly cambered airfoils together with rotary wing MAVs. The methodologies for
the 2-D and 3-D computations are then extended to a hoveringtor using the same
ow solver, low Mach preconditioner, and turbulence modeld allow for comparisons
to be made between airfoils. Understanding the computati@ah ow physics leads to
a fundamental understanding of the problems and issues redamg CFD for MAVs
and low Reynolds number ow in general.

The key to good computational results at low Reynolds numbélies in the
prediction of the laminar separation bubble (LSB). At low Rgnolds numbers, LSBs
tend to form on the upper surface of an airfoil, often betweethe leading edge and

mid-chord. If the bubble is short, it will act as a boundary lger trip to turbulent
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ow, thereby increasing performance. Conversely, if the kable is long, the airfoil
will have a relatively low maximum lift coe cient and will st all at a relatively low
angle of attack. Thus, the development of the LSB plays an ingstant role in the
aerodynamic performance of a MAV.

To examine the ow physics particular to low Reynolds numberows and LSB
development, computational uid dynamics (CFD) is used. Instatic 2-D, an airfoil
is modeled as a viscous wall in a C-type mesh whereas in st&iD, the tip is closed
into a C-O type mesh to better resolve the tip vortex. Oversemeshes are used for
hover 3-D cases where a cylindrical background mesh enckodee local blade mesh.
The TURNS and OVERFLOW ow solvers are used (with the SpalarfAllmaras
turbulence model) to reach the steady-state solution, and is therefore possible to
validate experimental lift, moment, and drag measurementwith results from CFD.

This thesis marks an addition to the literature by validating low Reynolds
number data from di erent wind tunnels in static 2-D and 3-D &periments. An
emphasis has been given to understanding the ow physics blgdroughly analyzing
the computational ow eld. The importance of resolving the laminar separation
bubble cannot be under-emphasized, as this is the key to résng the lift-curve
slope and stall characteristics. CFD has been used in thisdkis to gain an under-
standing of spanwise lift and thrust distributions which ae not easily measured in
an experiment.

The main results from the CFD are:

Experimental data for the Eppler 387 airfoil has been validad at a Reynolds
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number of 60,000. CFD shows good agreement through the mafgprof the
angle of attack range experienced by MAVs for the lift, momenand drag
coe cients. The formation of a LSB causes a slight bump in thdift and
drag curves where the bubble moves forward on the airfoil vhitincreasing
angle of attack. Examining the pressure contours con rms th existence of a
LSB on the upper surface at moderate to high angles of attacklhis airfoil
exhibits trailing edge stall combined with a LSB bursting, ad the TURNS
ow solver does an excellent job capturing stall at the samengle of attack as

was measured experimentally.

The slightly cambered circular arc from Mueller was validad in 2-D over a
series of angles of attack. The lift, drag, and moment were h@dated with good
agreement with experimental data. This airfoil experiensethin airfoil stall
with a relatively low maximum lift coe cient. The LSB forms at a shallow
angle of attack near the leading edge and elongates as the lengf attack is
increased, until eventually the bubble bursts and the ow isseparated over
the entire airfoil. Due to the LSB, the boundary layer is reléively thick over
most of the airfoil. Both OVERFLOW and TURNS predict stall reasonably

well, though at a lower angle of attack than was measured exjraentally.

The Mueller airfoil was also investigated for a 3-D wing of W@ aspect ratio. The
lift, moment, and drag curves showed very good agreement tviexperimental
data, possibly due to the true 3-D nature of the experiment. e tip vortex

was captured with good delity and the spanwise distributiam of lift also closely
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resembled representative curves. By examining the localrticity and pressure
at the tip, it was discovered that the tip vortex had a somewhilarger e ect

on the spanwise lift distribution due to the low aspect raticof the wing. The
induced velocity from the tip vortex reduces the local anglef attack, and thus
the ow remains attached at relatively high angles of attackvhen the ow may
be unattached inboard on the wing. The e ects of increasinghe Reynolds
number were also examined and it was found that increasing éhReynolds
number from 60,000 to 120,000 leads to moderate performancgrovements
while increasing from 120,000 to 240,000 leads only to a ktigmprovement

in performance.

The Hein MAV rotor was investigated at Reynolds number of 5200, at an
RPM of 5500 M = 0:114). The thin, cambered airfoil with a sharpened
leading edge that was used on the rotor was initially invegfated from static
2-D and 3-D perspectives to gain insight into the ow physicsRelatively high
lift coe cients were seen at all angles of attack, althoughhis was accompanied
by relatively large nose-down pitching moments and a sigréant increase in
drag compared to the Eppler and Mueller airfoils. The airfdistalled at a
relatively high angle of attack, partially because of the sirpened leading

edge which served as a boundary layer trip.

For the hover computations, the ow eld over the 2-bladed Hé rotor was
modeled computationally by half of the rotor disk with a perodic boundary

condition. The rotor also had a large root cutout which expémentally led to
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a large wake obstruction. The experimental gure of merit wa relatively low
compared to full-size helicopters due to the high rotor sality, high zero-lift

drag coe cient, and high induced power coe cient. The calcuated thrust and
gure of merit from the TURNS ow solver were slightly overpredicted com-
pared to experimental data and Blade-Element Momentum Theg (BEMT).

This was possibly due to high sectional lift coe cients overthe inboard re-
gion of the blade. Additionally, the wake did not contract afer one half rotor
revolution in the computations, where the tip vortex was Iymg directly below
the blade tip. The vortex location has an in uence on the seain lift coef-
cient, and so one would expect the blade-vortex interactio to have a more

signi cant e ect than was found computationally.

6.1 Future Work

Continuing work on this research project will focus on maiglon computational

areas:

Now that the low Mach preconditioner has been validated, théocus can shift
to analyzing the e ects of various turbulence and transitia models that may

resolve the ow more correctly at the airfoil surface.

Adding signi cantly more points at the root and tip locations may allow for

better resolution of the 3-D e ects.

Adding signi cantly more points in a wake capturing systemsvould give better
resolution for resolving the blade-vortex interaction. Ugsg the results from
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the recent work in Ref. [35], the vortex may be able to be capted better
with turbulence model modi cations. Additionally, the wake contraction may
be able to be improved by taking swirl e ects at the bottom boudary into

account.

Making the TURNS code (with low Mach preconditioner) parakl will save

signi cantly on computational time.

From a performance perspective, results may also be able te bmproved by
examining the in ow characteristics near the rotor hub and kade root cutout.
In the Hein experiment, there was a signi cant amount of ow lbockage found
at the root, and so placing more points in this region may givbetter results.
Alternatively, the rotor hub could be modeled as a solid wallo prevent ow

recirculation in this region.

It may be worthwhile to examine the relationship between indced power and
pro le power at these low Reynolds numbers to see if any coupd exists
between them, and if so, whether this is signi cant enough tavarrant a new

metric for measuring MAV performance.

It may also be worthwhile to examine how BEMT approximationscould take
the blade aspect ratio and Reynolds number into account, abdse both de-

grade rotor performance.
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