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Abstract

Stall occurs in an airfoil when it reaches a critical angle of attack and the flow detaches from
its surface, causes a sudden reduction in lift coefficient values. Several mechanisms have been
studied and applied to aircraft to mitigate this phenomenon in the intermediate and high Reynolds
number flow regimes, where the flow is governed by inertial forces. In the low Reynolds number
regime, the flow is governed by viscous forces, and stall mechanisms need to be studied to effec-
tively implement countermeasures in this regime. This thesis evaluates the slotted blade design
developed by !, by performing 2D CFD (Computational Fluid Dynamics) simulations to observe
fluid behavior at Reynolds number 10*. Results showed that the slotted design delays boundary
layer separation, mitigates the stall angle for the NACA 0015 airfoil from 12° to 18°, and the flow
presents smaller variation in lift and drag coefficients.

1740 Ni [1]
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“You should be glad that bridge fell down.
I was planning to build thirteen more to that same design”

Isambard Kingdom Brunel
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Chapter 1

Introduction

1.1 Motivation

Since the introduction of boundary layer theory in 1904 by Prandtl [2] and the development of
the aeronautics industry, most studies of flow behavior over airfoils have been conducted at high
Reynolds numbers. In recent years, however, there has been increasing interest in low Reynolds
number applications. Particularly of note are Micro Aerial Vehicles (MAVs) which themselves
offer enormous potential: surveillance and reconnaissance operations for the military [3, 4], traf-
fic monitoring and rescue missions for civilians [3], even as a fast and mobile alternative to
ground-based rovers for Mars exploration [4]. In this final case, due to the low weight and wing
chord length and, considering that its atmosphere is 70 times less dense than Earth’s, any martian
flight vehicle would be operating at extremely low Reynolds numbers [5]. As figure 1.1 shows,
the MAVs, a class of miniature of Unmanned Aerial Vehicles (UAVs), are located in the same

Reynolds number regime as small birds and insects.

In an attempt to find solutions for improvements, many researchers have turned to nature for
inspiration. For flight improvements at scales with low Re, birds and insects present modifications
or adaptations throughout centuries that allowed them to survive many adversities. Birds and
insects possess natural wing adaptations to flight at low Reynolds number through slotted wings.
In birds, for example, the tip of the slotted feathers moves forward and downward to produce
high lift by catching hot vertical columns of air called thermals [7, 8]. MAVs, on the other hand,
need mechanisms to improve their ability to fly in a range where viscous forces characterize the
flow regime. Contrary to high Reynolds number regimes, where inertial forces characterize the
flow, and the transition from laminar to turbulent flow is achieved without disturbance on lift and
drag values. However, at low Reynolds number, there are very few studies focused on changes
to wing profile to address this issue. Additional concerns regarding this flow regime are that the
wing’s critical angle of attack is typically at low angle of attack (AoA) and due to the infinity of
airfoil models, and that each behaves differently even at the same Re number, studies of individual

airfoils need to be done.

This work addresses many of those issues. The NACA 0015 airfoil was chosen due to its
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Figure 1.1: Relationship between mass of a flight vehicle and its correspondent Reynolds number

[6].

symmetrical shape and simple construction. A passive control design, in this case, internal slot
was used in an attempt to see if the slot would delay the angle of attack that the airfoil stalls, and

to visualize how the modification affects the boundary layer.

1.2 Problem Statement

At low Reynolds number, the flow around an airfoil is laminar and the boundary layer is thicker
due to viscous forces. As the flow travels from the leading edge (LE) to the trailing edge (TE),
depending on the AoA, the flow can detach from the boundary layer due to adverse pressure.
Along the x-direction, at the LE up until the maximum point, pressure goes from high to low
meaning that velocity reaches its maximum value at this point. After, pressure starts to increase
as it approaches downstream. At the same time, at the wall, the velocity at the boundary layer to
fulfill the no-slip condition has to be zero. So, as the flow goes down, the velocity profile along the
boundary layer becomes steeper closer to the wall. If the adverse pressure gradient is high enough
and flow momentum is low, the flow will be push backwards causing recirculation and laminar

flow separation from the surface.
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The flow separation from the surface causes stall and each airfoil has a critical AoA, an angle
at which the airfoil stalls. As the AoA is increased, the boundary layer goes from fully attached
at the LE to slowly becoming thicker and, at the critical AoA, it detaches completely. When it
happens, lift values plummet and drag rises by a large factor, deteriorating the airfoil performance.
At high Re number, it is possible for the flow to reattach by artificially tripping the boundary layer
transition to turbulent flow, but at low Re number, this tripping was not successfully implemented
yet [9].

One way to approach this problem is to look for solutions that brings the critical stall angle
further up, thus delaying stall from happening. This can be accomplished by flow control solutions.
Flow control is divided between active and passive control. The cheapest method would be to
modify the geometry in a way that would make the boundary layer attached for longer, this solution
constitutes a passive flow control technique.

The focus of this study is to investigate the flow field around an airfoil by means of passive flow
control, in this case, with a internal slot at Reynolds number 10* and compare it with the baseline
airfoil NACA 0015 to observe if the slot can bring significant input on lift and drag values and if
pushes the critical AoA further up.

1.3 Outline of Dissertation

In Chapter 2, a literature review on different types of flow control applied to airfoil and wings and
its respective study results on the field are described. In Chapter 3, the theory, the CFD (Com-
putational Fluid Dynamics) solver equations and the case set up will be described. In Chapter 4,
results and comments will be presented. Chapter 5, study conclusions and suggestions for future

work.
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Chapter 2

Literature Review

Flow control is a category of techniques in engineering by which alterations are made to fluid
flows to achieve improvements of some kind (in this review, flow control over airfoils is the pri-
mary context). These improvements may include a delay of the laminar-turbulent transition, a
postponement of boundary layer separation, an augmentation of turbulent mixing, a suppression
of flow induced noise, an enhancement of lift, or a reduction of drag. The impacts of these im-
provements may take a variety of forms, e.g., improved aerodynamic performance, improved fuel
economy, reduced cost, improved regulatory compliance. Flow control techniques can be divided

into two categories based on required energy input: active flow control and passive flow control.

2.1 Active flow control

Active flow control requires external energy input. This can be achieved through a number of
methods. This review covers the following: suction and blowing, zero-net mass-flux, plasma

actuators, and acoustic excitation.

2.1.1 Suction and blowing

Suction and blowing involve adding or removing fluid to the flow through steady state jets. Suction
is the removal of fluid, and is often used to delay boundary layer separation, while blowing is
the addition of fluid, and can be used to overcome adverse pressure gradients by increasing the
momentum of the flow [10]. Both techniques can modify the pressure distribution over an airfoil
surface and lead to dynamic virtual shaping [11]. Suction and blowing effects vary according
to their input parameters, which may be amplitude, jet location, and jet angle, all of which can
enhance or diminish lift, drag and circulation effects [11]. When used in combination, suction and
blowing work better when applied at different locations. Suction is more effective when applied
near the leading edge because it manipulates the separation bubble and by reducing the pressure on
the suction side, it enhances lift. Additionally, this lower pressure causes flow to remain attached

to the surface, decreasing drag. On Huang et al. study [11], blowing was more effective when
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applied downstream because it manipulates the trailing-edge vortex circulation which improves

drag and lift. Figure 2.1 shows an example of suction mechanism.

Active/passive Shock wave

ventilation
. . \1 [Miscrete suction
Discrete suction 4
e ! i

Discrete suction and active/passive ventilation

Figure 2.1: Suction flow control mechanism [12].

2.1.2 Zero-net Mass-Flux

Zero Net Mass Flux (ZNMF) is similar to suction and blowing, except transient jets are used
instead of steady state jets. These jets oscillate between suction and blowing such that the time
averaged mass flux is zero, but they still alter the flow by adding significant mean and unsteady
momentum to it. The jets themselves are generated by actuators (typically pistons or diaphragms)
located in cavities beneath the surface of the airfoil. As they oscillate about their equilibrium
positions, they periodically draw fluid into the cavity through an orifice or slot and then expel it
back into the flow.

During the blowing stroke, the ejected fluid separates at the sharp edges of the orifice and rolls
up to form a vortex pair or a ring. Due to the pressure differential between the ambient flow and
the actuator, a sink-like behavior develops, and fluid is drawn back into the actuator. When this
occurs, the vortex pair/ring is too far from the orifice to affect the entrainment of fluid back into
the cavity. The added unsteady momentum generates vortices that can be used in control and for
thrust purposes due to the synthesizing of a time-averaged jet with a finite momentum from the
surrounding fluid with zero-net mass transfer during a cycle.

Tuck et al. [13] studied the wall-normal ZNMF located at the leading edge of a NACA 0015
airfoil to find the optimal frequencies that enhance the lift coefficient values. With the optimal
frequencies that were determined, the stall angle was mitigated from 10° to 18°, and the lift co-
efficient exhibited a 46% increase. There was improvement in the lift-to-drag ratio for the range
of post-stall angles investigated. Monir et al. [14] compared two different types of synthetic jets:
cross boundary-layer and tangential-boundary layer. The inclined angle a; on the lift enhance-
ment mechanisms of a NACA 23012 airfoil at Reynolds number 2.19x10°, and the influence of
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the blowing ratio V;/U.. were also investigated. The tangential boundary-layer synthetic jet pre-
sented considerable stall improvements compared to the cross boundary-layer synthetic jet. At
AoA 18°, the lift coefficient was increased by 19.04% and drag coefficient was decreased by
36.19%. The most cost-effective blowing ratio (V; /Us) was three, and, at angle of attack 22°, the

absolute maximum C;/C, = 11.19 occurred when the inclined angle of the jet was a; = 0°.

Piezoelectric Diaphragm
-y i X
Ceramic

Figure 2.2: Schematic of a synthetic jet actuator [15].

2.1.3 Plasma actuators

Plasma actuators are electrical devices that generate a wall bounded jet without the use of any
moving parts. Also known as dielectric barrier discharge flow control devices, these actuators
consist of two electrodes that are separated by a dielectric material [16]. Figure 2.3 provides an
example of how a plasma actuator works.

The most popular variant of non-thermal plasma actuators is the single dielectric barrier dis-
charge actuator. In this variant, one of the electrodes is exposed to the flow surface and the other
is fully covered by the dielectric material. A high-voltage AC input is supplied to the electrodes,
resulting in an asymmetric electric field in which plasma is produced at voltages above the break-
down voltage V. Consequently, the air ionizes over the electrode area covered by the dielectric
and is accelerated through the electric field [17, 16, 18]. When the plasma actuators are used, the

free electrons from the ionized air are repulsed by the upper electrons into two forces. First, the
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downward thrust force creates a wall jet over the airfoil, which then deflects upward into a spiral
vortex that travels from the leading edge down to the trailing edge. As the vortices pass through the
upper boundary layer, they bring the free-flowing, high-momentum down by adding momentum
to the system, delaying the flow separation, and changing the flow from turbulent to laminar. The
second force is ionic thrust in the x-direction down the airfoil. It causes any incoming, free-flowing
air to be entrenched in the momentum being forced downwards. As a consequence, all incoming
air will be redirected and flow parallel to the airfoil, and with the help of an electromagnetic field
after being ionized, it will redirect the crosswind flow and reduce its force on the aircraft.
Vorobiev et al. [19] investigated trailing-edge mounted plasma actuators (SDBDs), for lift
enhancement and roll control in a wind tunnel. Two independent, controllable plasma actuators
were installed on the left and right suction side of the wing. For the lift enhancement study,
Re = 83,000 was chosen to describe the results. Based on previous studies, the lift was expected
to increase linearly with AoA from 0° until 10°. However, there was a peak at AoA = 1.5° and
only on 4° < AoA < 10° did a linear increase occur. The study concluded that the deviations
were due to the interaction of the plasma actuators with the viscous flow field, that besides adding
momentum to the flow, the actuators affected the flow control by suppressing viscous effect. Both
phenomena increased the lift values. The roll control study concluded that the actuators generated
constant lift enhancement across the wingspan and the Reynolds number effect showed that lift

enhancement by plasma actuators can vary across different low Reynolds numbers.

Induced Flow Plasma

N \ /'— Dielectric Layer

voltage lr;__c”:\: 3 \\\?‘c’\\ ‘\\

source _
T f

Actuator location reference

Figure 2.3: Plasma actuator device [16].

2.1.4 Acoustic excitation

Acoustic excitation affects the stability of the boundary layer. Small-amplitude excitation in a
wide, low-frequency range is found to eliminate laminar separation that otherwise degrades the
airfoil performance at low Reynolds number near the design angle of attack. Excitation at high
frequencies eliminates pre-stall and periodic shedding of large-scale vortices. Significant improve-
ment in lift is also achieved during post-stall, but with large-amplitude excitation [20]. Yarusevych

et al. [21] performed wind tunnel tests to see the effect of external acoustic disturbances on a
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NACA 0025 airfoil with a loudspeaker mounted on the test section floor under the leading edge
of the airfoil with two types of excitations: one with "pure" acoustic excitation and the other with
the help of a speaker to superimpose acoustic excitation with mechanical vibrations. The results
showed that both set ups could substantially reduce or suppress the separation region and improve
lift and drag values by altering the vortex shedding characteristics. Also, after the separation re-
gion was suppressed with a certain amplitude, further increases in amplitude did not change the

airfoil performance.

2.2 Passive control

In contrast to active flow control, passive flow control requires no energy input. It is often accom-
plished through the addition of surface features, such as vortex generators, leading-edge tubercles

and, internal slots.

2.2.1 Vortex generators

Vortex generators are used to prevent or delay flow separation by increasing lift at the expense
of slightly increasing drag. Through the geometric addition of small rectangular or delta-shaped
protrusions along the wingspan, it energizes the boundary layer ahead of the separation point by
transitioning to turbulent flow, thus preventing the flow separation, leading to a pressure drag
reduction and improved fight control at lower airspeeds [22, 23]. Bragg et al. [23] tested three
different vortex generator designs on a canard airfoil at the 17% and 45% of the chord location
(the delta design was only tested at 45% chord location) as a possible solution for the changed in
pitch trim reported by Voyager pilots when encountered light rain. As a result of the study, the
delta-shaped vortex generators were recommended to be installed to induce drag increase, the aft
portion of the wing was smoothed. The pilots reported a better performance regarding cruise speed
and an improvement on the elevator stick force. Figure 2.4 shows vortex generators installed in an

aircraft wing.

2.2.2 Leading-edge tubercles

Leading-edge tubercles are a biomimetic foil design inspired on the flippers of the Humpback
whales (Megaptera novaeangliae). In Humpback whales, the tubercles are located along the lead-
ing edge of the flipper starting approximately at 30% of the flipper span extending until the distal
extremity of the flipper [25]. The purpose of the tubercles is to generate vortices by flow excitation
to maintain lift. And by keeping the flow attached to the boundary layer, to also prevent stall at
high angles of attack [25].

Johari et al.[26] performed water tunnel studies on the aerodynamic effects of a leading edge,
modified NACA 634-021 airfoil with tubercles ranging the leading edge protuberance amplitudes
and spanwise wavelengths for angle of attacks varying from 6°until 30°. Results showed that

compared to the non-modified foil, lift coefficient values of the modified foils on pre-stall regime
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Figure 2.4: Vortex generators in an aircraft wing [24].

presented lower values, while in the post-stall regime, it presented values 50% higher. Drag values
were higher in the pre-stall regime but independent of the angle of attack in the post-stall regime.
The separation flow occurred first in the troughs between adjacent protuberances, and the flow

remained attached after the stall angle of attack.

Figure 2.5: Humpback whale (M.novaeangliae) flipper [25].
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2.2.3 Internal slots

Slots are fixed geometrical modifications that allow for a percentage of the fluid flow under the
airfoil (pressure side) to travel to the upper side (suction side). This adds momentum to the in-
coming flow and keeps the flow attached to the airfoil surface. It has the purpose of delaying
boundary layer separation by increasing lift values. There are three types of slot configurations:
leading-edge, trailing edge, and combined leading and trailing edge.

The leading-edge slot is located at the leading edge and can have different geometrical shapes.
Zhang et al. [27] studied leading-edge slots on the upper and bottom surface at the same time with
the NACAOQO15 airfoil for Re 1000, by configuring the geometry using Boolean operations with
cutting ellipses and varying the angle of the ellipses from the airfoil chord (figure 2.6). The best
inclination angles were the 16° and 17°. Both caused the leading-edge vortices to attach to the
surface until they were shed from the trailing edge. The 17° inclination slot compared with the

original airfoil design presented a 9.23% power coefficient increase.

- > e A ’
_____..—— i a:-“_":-d—-';\- - S —
_— S o T
o Airfoil with slot S
q:‘:ﬁﬂqr—:l:-_,__n‘__h_ S -
o, — [
B EE———

Figure 2.6: Leading-edge slots at the upper and bottom surfaces [27].

Belamadi et al. [28] modified a S809 airfoil with a rectangular slot which crossed the upper
and lower surfaces. By varying the slot location (X), width (Y) and slope (y) in search of the
optical configuration as shown in figure 2.7. Results showed that the slot position has a significant
effect on aerodynamic performance. The best slot location on the upper surface was upstream of
the boundary layer separation point. One of Belamadi et al. [28] results demonstrated that by
fixing the slot width (Y) at 1.0% of the chord length and slot slope (y) at —60% and selecting
AoA 18°, the maximum observed lift coefficient was observed at X = 80% by 3.72% and the drag
coefficient for X = 50% was reduced by 4.8% when compared with baseline values. All together,
the slot presence for low angle of attack has no positive effect on the airfoil efficiency, due to
the higher overall drag induced by slot flow. Even so, at high AoA, the slot presence increases
efficiency by reducing drag and increasing lift values.

With the intent to design an internal slot design capable of simultaneously increasing lift and
decreasing drag, Zao Ni [1] designed a tangential internal slot in 2D with two circles of the same
radius but offset in the chordwise direction by distance w, as shown in figure 2.8. Both circles
were tangential to the upper surface (suction side) of the airfoil to effectively guide the flow. The
author tested nine different configurations using the NACA 634 — 021 airfoil. After performing
computational simulations at Re 10°, the 0.1c_0.4c¢ configuration presented the best maximum
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Figure 2.7: Rectangle slot schematics (c: airfoil chord, LE: leading edge, TE: trailing edge, X:
slot location, Y: slot width, y: angle between slot axis and chord normal) [28].

lift-to-drag ratio. Afterwards, this configuration was tested in a water tunnel. Both the simulations
and water tunnel results show that for lower AoA (0 < AoA < 11°), lift values are low and drag
values are high. This is known as "initial loss". Only for AoA > 11°, does the slotted airfoil lift-
to-drag ratio exceeds the baseline airfoil’s by 14%. Zao Ni [1] suggested that this "initial loss"
phenomenon could be resolved by adding an active slot mechanism to open or close the slot at

appropriate AoAs.

"-‘

Tangential Tangential

..«S"
— 2 : -

Tangential ;
| N

w Circle 2

f

Circle 1

Figure 2.8: Sketch for the internal slot design (c: airfoil chord, w: width of the internal slot, o:
angle of the internal slot) [1].

A novel two-sided, symmetric slot was developed by Zhu et al. [29] , based on the elliptical
hydrofoil from Ribeiro et al. [30] with slots extending from airfoil leading to tailing sections on

top and bottom surfaces. With the intent for the semi-active flapping airfoil power generator to
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extract the fluid power during both the downward and upward flapping, as shown in figure 2.9.
Compared to the baseline airfoil, the slotted airfoil improved efficiency by 6.01% and the slot was

able to reduce mass and increase the effective lift of the airfoil

a

Figure 2.9: The schematic of two-side symmetric slot (a: major axis of the airfoil, b: minor axis
of the airfoil, c: airfoil chord, /.: location of the center of the slot from the center of the airfoil,
h,,: width of the slot, B: inclination angle of the slot) [29].

An airfoil design with tandem slots was proposed by Mdouki [31] to mitigate or eliminate
laminar bubble separation, as shown in fig 2.10. The NREL S809 wind turbine airfoil was the
baseline airfoil for the simulations. The tandem slot had a minor effect on pressure distribution
near the slots entries and exits but did not impact the overall pressure distribution. Lift and drag
values were the same as the baseline airfoil. However, the tandem slot did eliminate the short

laminar bubble separation zones on both sides.

Airfoil with

tandem siot

Upper slot

— Lower slot

Figure 2.10: NREL S809 airfoil with tandem slot [31].

The trailing-edge slot is located almost at the end of the trailing edge and is known as flap. A
flap is a high-lift device that works by increasing the camber of the airfoil and generating maximum
lift at lower speed. The camber increase is useful during approaching and landing because it allows
the aircraft to descend at a steeper descending angle, thus reducing the distance an aircraft has to
begin its descent approach. The maximum lift generation allows the aircraft to lower its required

minimum speed [32]. Attie et al. [33] studied the performance optimization of H-type Darrieus
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VAWT (Vertical Axis Wind Turbine) by selecting through Design of Experiments, the most likely
flap slot trailing edge configurations and performing CFD simulations to obtain the results. The
purpose of the flap was to delay early airfoil flow separation and reduce the size of the wake.
Results showed that for the optimized flap configuration and, tip speed ratio 3, the wind turbine
presented for 2D and 3D models 27% and 19% of power enhancement, respectively. The slotted
flapped turbine blades experienced less shedding, which justifies the increased power output. For
the turbine blades orientations that the baseline airfoil presented bad results, the slotted flap was

able to outperform it, with exception of 8 = 0° and 45°.

Ch

v

Figure 2.11: Schematic diagram of the single-slotted flapped airfoil [33].

The combined leading and trailing edge configuration blends the aforementioned approaches
to reach efficiency and performance in landing and take-off simultaneously. Arra et al [34] in
their study they modified the NACA 2412 airfoil by using a combined leading and trailing edge
configuration for Re between 10° and 107. By testing different design parameters for the slot and
the flap configuration and comparing lift values with AoAs, the authors were able to conclude that
the range of lift values lies between 3 and 4 for NACA 2412. The authors did not have any articles
to compare their results directly. Figure 2.12 displays the design and the mesh configuration used
in the study.

Figure 2.12: Combined leading and trailing-edge configuration [34].



Chapter 3

Governing Equations and
Computational Setup

The high-order computational fluid dynamics method called flux reconstruction/correction proce-
dure via reconstruction (FR/CPR) is used in this study. Most of the current CFD methods solve
the Reynolds averaged Navier-Stokes equations using a first or second-order numerical method
together with a turbulence flow model. These low-order methods are fairly accurate, generating
results within 5% solution error. However, when considering vortex dominated problems such as
flows with large separations, they produce poor results. When this is the case, high-order meth-
ods and large eddy simulations are employed [35]. The flux reconstruction/correction procedure
(FR/CPR) unifies high-order methods such as the discontinuous Galerkin, spectral difference and
spectral volume methods. Below is a descriptive explanation of how the FR/CPR method works.
For the mathematical derivations, the reader is invited to consult [36].

For the purposes of explanation, it is helpful to consider the one-dimensional case. The com-
putational domain is discretized into units called cells (simply intervals in 1D). Solutions to the
conservation laws are calculated at each of K solution points in each cell. Solution polynomials
of order K — 1 are then formed which interpolate the values at these points. These solve the laws
locally, but are discontinuous across cell boundaries. To compensate for these discontinuities, the
use of an additional flux function is necessary. To build this function, first, flux values are calcu-
lated from the solution values at each of the solution points. Then, a flux polynomial interpolates
these flux values, just as the solution polynomials interpolated the solution values. These flux
polynomials are, like the solution polynomials, discontinuous between cells but, together, can be
thought to constitute a discontinuous flux function over the entire domain. The next step is to
make it continuous. First, a common value must be assigned at the cell boundaries. In all cases,
this will be the flux value from the upwind cell. Next, a correction function will be applied which
approximates the zero function, but whose value at the left boundary of the cell is equal to the
magnitude of the jump. This will achieve continuity.

To extend this method to two/three dimensions, the idea is to transform the governing equa-

tions from a physical element to the reference or standard element and then apply the 1D CPR

15
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formulation on the standard element in each coordinate direction. Figure 3.1 shows the solutions
points expanded to 2D.

. T

T

m

5 _; & ;6:2 &3
(b-)

Figure 3.1: (a) Solution points (dots) and flux points on vertical boundaries (squares). At
each of theses flux points, we define an upwind flux value f,p,. (b) Flux points on horizontal
boundaries (squares). Here, we define g,y [36].

(a)

Previous studies [37, 38, 39, 40] have shown that these methods are accurate and applicable to

the type of problem in the current research.

3.1 Governing Equations

The governing equations for unsteady compressible Navier-Stokes flow are used in this study and
is express in the conservative form as

dQ0 JF JG OJH

T i 3.1

o Tox "oy Tz G-1)
where Q = (p, pu,pv,pw,E)T are conservative variables, p is the fluid density, u, v and w are flow
velocities in the x-, y- and z-directions, and E is the total energy given by E = % + % p(u?+v>+
w?) for a perfect gas in which p is the pressure and ¥ is the constant specific heat capacity ratio.
The total energy formula closes the solution system. F,G and H are total flux vectors including
the inviscid and viscous flux terms in the x-, y- and z-direction, respectively, which are expressed

as

pu
pu2+p—‘cxx
F=F—-F" = Py — Ty, ,
pPwu — Ty,
Ku(E—l—p)—u’Cxx—vrxy—wrxz—”P—(’;” .y
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pv
puv — Ty
G=G-G" = PV +p—Ty ,
pwy — Ty,
(V(E +p) — T = vTy — Wiy — F52 Ty
pw
puw — T,y
H=H -H"= pyw — Ty :
pwr 4 p— Ty
W(E +p) — UTy — VT — WTy — ”Pcr” T,

where p is the dynamic viscosity, C), is the specific heat at constant pressure, P, is the Prandtl

number and T is the temperature. For the Newtonian fluids, the viscous stresses are given as

follows:
Ty = 2 (ux - W)
f =21 <vy B ux+v3y+wz>
T, =20 (wz— MX+V3y+WZ>

Ty = Tye = M (Ve +uy)
T = Tor = M (Wx + 1)

Ty =Ty =HU (Wy +v;)

To facilitate numerical simulation, the governing equation (3.1) in the physical domain (¢, x,y,z)
is transformed into computational domain (7,&,n,&) as shown in figure 3.2. Eq. (3.1) can be
written as follows:

00 OoF dG 0H
—+=+=—+=7-=0 32
9t T 9E Tan T =% (3-2)

where,

0=\|J10

F=|J|(Q& +F&+GE +HE,)
G =|J|(Qn: +Fny+Gny+Hn,)
H=J|(Q¢:+F{+ GG+ HE)

(3.3)

Note that in the coordinate transformation, T =¢ and (§,1,§) € [-1,1] x [-1,1] x [-1,1] isa

standard element in computational domain. The Jacobian matrix of the coordinate transformation
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az

Figure 3.2: Transformation from a moving physical domain to a fixed computational domain [41].

can be written as the following form:

Xé Xn X{; Xt

d(8.n.¢,7) E I g e
0 0 0 1

The inverse transformation must also exist for a non-singular transformation. Therefore, the

inverse of the Jacobian matrix can be written as:

& & & &
o _dEn¢T) | my Mo
= Seen o 6og g G:3)

The metrics &, 1, and & are related to the grid velocity vector Vigrid s

ét = _vgrid : Véa
N = —Vgria- V1, (3.6)
Ct = _vgrid : VCa

The geometric conservation law has been enforced following the error compensation approach
[42].
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3.1.1 Spatial Discretization and time Integration Methods

The Flux Reconstruction/Correction Procedure via Reconstruction (FR/CPR) [37, 43, 38, 40, 36,
44, 45] method was used to solve the governing equations. A brief introduction of the FR/CPR
method is discussed in this section for the sake of completeness, but a full discussion of the method
can be found in [37]. In FR/CPR methods, the flux terms in Eq. (3.2) are divided into two parts,
i.e. local fluxes F/*¢ constructed from local solutions and correction fluxes F°" by mapping the
differences between the local fluxes and the common fluxes on the element interfaces into the

entire element with high-order correction functions. This can be expressed as:

F(é»nag) :Floc(é)njg)_f_ﬁcor(é’n’C)
G(&:n,8) =G"(6.n.§)+G"(&:n.0) (3.7)
H(&v”vé):I:Iloc(évnvg)+er(§7n7C)

On substituting Eq. (3.7) into Eq. (3.2), the governing equations in the computational domain

can be reformulated as:

8Q~ aFloc 86100 aﬁloc aﬁcor aGcor 8[:[60}’
—-— =0 3.8
ot T\ 9g Ton Toc )T\ o Taq T ot (3-8)
In this study, the inviscid common fluxes on the element interfaces were calculated using Roe
approximate Riemann solver [46] and the common viscous fluxes were obtained by the second
approach (BR2) developed by Bassi and Rebay [47]. To minimize numerical errors when per-

forming simulations on curved elements [48], Eq. (3.8) can be transformed back to the physical

domain as
0 Q 0 Floc 0 Gl oc 0 Hl oc cor
To solve Eq. (3.9), it can be rewritten as
0
= = \% .
97 R(Q,V0Q), (3.10)

For the 2D simulations with moving grid, a third-order accurate spatial discretization, sixth-
stage forth-order explicit singly diagonally implicit Runge-Kutta (ESDIRK) method [38, 45] was
used in the simulations with time-steps of 10~* and 10~3. The general formulation of ESDIRK is

written as

n+l _ n o ; ]
{ [0} =0 —i—AtZi:]btR(Ql)a 3.11)

Qi=Q"+ Ay aiR(Q)), i=1,..s,

where s is the number of stages and

%:{ 0 = (3.12)
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Equation (3.11) can be written as

Q" = Q"+ AL BiR(Q)),
01 = On, (3.13)
Q' = AMoR(0)+ Q"+ A Y\ aijR(Q)), i=2,...,

3.2 Computational setup

The NACA 0015 airfoil was selected for the study of low Reynolds number flow dynamics at Re
number 10* and for the modified slotted airfoil. The design for the slotted airfoil was based on the
work of Zao Ni [1]. The optimal design parameters found by him was applied on a NACA 0015
airfoil, as is shown in figure 3.3. Both circles have the same radius of 0.4c and have to be tangent
to the upper surface of the airfoil. One of the circles is offset from the center by a width w = 0.10c¢

and the one located more to the left has also to be tangent to the y axis.

1.00c

Tangent

N,

Tangent

Tangent i ! i i
9\ | \

Figure 3.3: Slot design and parameters of NACA 0015 airfoil.

The 2D computational domain was designed to simulate the flow across the airfoil. The sim-
ulation domain comprises of two different shape domains, a rectangular domain, figure 3.4a, re-
sembling a wind tunnel test section (far from the airfoil) and a C-grid domain, figure 3.4b, to
better capture the airfoil leading-edge curvature (close to the airfoil). The rectangular domain has
a width of 100c and total length of 151c. Figure 3.4 shows the domain dimensions based on the
airfoil chord length.

For this study the airfoil chord length is ¢ = 1. The boundary conditions at the inlet was set

as inflow velocity, at top and bottom surfaces as symmetric, the outlet was set as outflow and,
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Top surface

50 ¢

Inlet N Outlet

100 c

100 c

151 c -

Botfom surface

(a) Rectangle domain.

e
3C

(b) Detail view of the C-shaped domain.

Figure 3.4: Schematics of the computational domain.

at the airfoil wall, a wall function. The computational domain for the baseline NACA 0015 and
for the slotted design have 37920 and 17169 unstructured quadrilateral elements respectively. To
satisfy the wall function at the airfoil wall, the y+ value was set to y™ = 0.6. The CFD simulations
considered air as the fluid and Mach number of Ma = 0.1. Figure 3.5 shows the meshes for the
baseline airfoil and the slotted airfoil.

All the simulations were performed on the high performance computing facility of the Univer-

sity of Maryland, Baltimore County (UMBC) with the UMBC in-house code.
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Figure 3.5: NACA 0015 mesh domains. (a) original design; (b) slotted design.



Chapter 4

Results

To understand the effect of the slot on the performance of the airfoil, the NACA 0015 airfoil and
the slotted design were simulated for 8 < AoA < 24°, where the main coefficients, lift and drag
were calculated and analysed. To calculate the lift and drag coefficients, eq. (4.1) and eq. (4.2)
were considered for 2D airfoil, in which F; and F; are respectively the horizontal force (drag) and

the vertical force (lift) measured per unit length, V.. is the freestream velocity and c is the chord

length.
F,
Cp=—— 4.1
P 0.5pUnc @1
F7
CL=—>— 4.2
L 0.5pUnc “42)

The vorticity z plots for AoAs 8°,10°and 12° are shown in figure 4.1, for 14°,16°and 18° are
shown in figure 4.2, and for 20°,22°and 24° are shown in figure 4.3. The original airfoil results
are displayed on the left and the slotted design on the right. It is noticeable that for the same
AoA, for the baseline airfoil, the flow displays chaotic behavior on the suction side while for
the slotted airfoil, the flow exhibits a more controlled behavior. This can be further observed in
figures 4.4, figure 4.5, and figure 4.6 presenting the lift and drag coefficients. The baseline plots
present significant amplitude variations on lift coefficient values when compared with those of the
slotted design. Even at high AoA, the slotted design presents less variation on the lift coefficient
amplitude over time.

This is due to the internal slot. First, by adding momentum from the pressure to the suction
side, it makes the flow less unsteady for all the AoA tested by keeping the incoming vortices
spinning on the surface towards the trailing edge. Second, by splitting the airfoil into two smaller
airfoils, the flow detached from the left airfoil can be energised by the flow detached from the right
airfoil, which also brings the flow to roll over the remaining airfoil surface.

Beginning at the AoA 8°, the flow coming from the bottom surface through the slot flows
downstream along with the incoming flow from the leading edge. Until AoA 11°, the slotted

configuration add instability to the flow, hence it does not provide lift similar to the baseline

23
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model. This phenomena is known as initial loss and it can be seen at figure 4.7c, where the slotted
Cl/Cd values, start presenting higher values than the baseline airfoil. Until this AoA, it is not
worth it to use the slotted airfoil, as the baseline one presents better results. Further increase in
the AoA, the flow through the slot changes its behavior and, at the top surface, part of it rolls
counterclockwise (yellow color) towards the LE and the remaining goes downstream. The flow
coming from the LE, presents negative vorticity z values, so it rolls clockwise. Combined, these
two movements make the flow roll in and out of the top surface, providing the slotted design with
stable lift and drag values for a longer range of AoAs. In figure 4.3d and figure 4.3f, the flow in
front of the downstream wall of the slot detaches from the LE and it joins part of the flow coming
from the airfoil and it helps keep the flow attached to the surface.

12° (figure 4.1e) is the critical stall angle for NACA 0015 airfoil and the flow detached for the
first time at the LE at ¢t = 31s (figure 4.4e). However, the slotted airfoil does not stall at this AoA.
Only at AoA 18° the slotted airfoil’s lift values decreased (figure 4.5f), meaning it reached stall.
The slotted mitigated the stall angle from 12° to 18°. At post-stall angles, contrary to the baseline
airfoil, the slotted airfoil due to the internal slot, presents less variation on Cl and Cd values along
the run and this can be seen in all plots on the right side in figures 4.4. 4.5, and 4.6.

The vortices movement in and out of the upper surface, cannot be characterized as a reattach-
ment of the boundary layer. Ohtake et al. [49], in his wind tunnel experiment with NACA 0012
airfoil at Re 10,000, concluded that the flow does not reattach. Further studies need to be done for
the slotted design to confirm or refute Ohtake et al. statement.

Figure 4.7 display the lift and drag coefficient for all the simulated AoA. Comparing figure 4.7a
and figure 4.7b, the baseline airfoil for most of the runs presented higher lift and drag coefficient
values when compared to the slotted design. This behavior indicates that its performance is not
especially efficient. In aerodynamics, it is desired for most of the applications to have high lift
values while the drag values remain small. In figure 4.7c, It can be seem that, after its initial loss
interval, the slotted design performs better than the baseline post-stall angles. At 14°, it presents
the highest lift over drag ratio with 5.38 and, at 22°, it presents its maximum efficiency compared
with the baseline by 74%.
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Figure 4.1: Vorticity z plots for 8°,10° and 12°.
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Figure 4.2: Vorticity z plots for 14°,16° and 18°.
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Figure 4.3: Vorticity z plots for 20°, 22° and 24°
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Chapter 5

Conclusions and Future Work

This dissertation came to fulfill the increased interest in low Reynolds number fluid behavior, by
performing CFD simulations on a NACA 0015 airfoil and a modified design with an internal slot
to study how the internal slot would impact the flow behavior around the airfoil.

Results showed that the slotted design delays the laminar flow separation, thus increasing the
stall angle from 12° to 18°. However, for AoA less than 11°, the slotted design performs worse
than the unmodified airfoil. This phenomena is known as initial loss and for AoA smaller than
11°, it is better not to use the slotted design. In 3D, this problem would be solved by keeping the
slats closed. Slats are the internal slot applied in a spanwise direction that can be open or closed
as required.

Regarding the flow behavior, the slotted design presented less unsteady movements with
smaller variations in lift and drag amplitude values due to the vortices rolling in and out of the
the top surface. This behavior cannot be characterized as a reattachment of the boundary layer.
Further studies are needed to make a final statement.

Considering the lift-to-drag ratio, above 11°, the slotted design presented better results, even
at post-stall AoA. On a smaller note, Zao Ni’s [1] design parameters that originally was tested on
a NACA 63421 and in this study was applied on a NACA 0015 presented remarkable results, even
when both airfoils presented different shape.

It can be concluded that the slotted airfoil has potential for further applications in low Reynolds
number regimes and present a feasible option in minimizing the viscous characteristics of the
laminar separation flow.

In future work, verification and validation of the results are necessary. As a step further, pitch
the slotted airfoil up and down to study dynamic stall behavior. This would be closer to real
life maneuvers encountered by MAVs. 3D simulations to observe the slotted design effect in the
spanwise direction and perform wind tunnel experiments to verify if the differences in results are

significant and if further modifications are necessary to adapt this solution to a full 3D model.
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