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ABSTRACT

A passive flow control technique of utilizing an equilateral triangular trip close to the leading edge was developed and tested for a micro-scale
Eppler E423 airfoil at a Reynolds number based on the chord of 40 000. The analysis was carried out via high-order wall-resolved large eddy
simulation using the computational solver HpMusic. Angles of attack of 5! and 20! were tested. It was shown that at an angle of attack of 5!,
the trip height of two times the local boundary layer thickness outperformed existing passive flow control techniques from the literature by
almost a factor of five in terms of the lift-to-drag ratio. To understand the underlying physics which allowed the trip to provide this very sig-
nificant performance benefit, metrics such as pressure coefficient profiles, oil flows, iso-surfaces of Q-criteria, and leading-edge flow behavior
were examined. It was found that this trip configuration simultaneously removed the flow separation regions on both the suction and pres-
sure sides of the wing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174284

NOMENCLATURE
CD Drag coefficient
!CD Temporally averaged drag coefficient
c Chord length
E Total energy
~F Flux vector
M Mach number
~m Vector of momentum components
P Static pressure
Pt Total pressure
p Spatial solution polynomial order
Q Vector of conservative flow variables

Rec Reynold’s number based on chord
Tt Total temperature
Tu Convective time unit
t Time

u1 Freestream velocity
x Location in streamwise direction

xþequiv Surface mesh resolution in streamwise direction
y Location in wall-normal direction

yþequiv Surface mesh resolution in wall-normal direction
z Location in spanwise direction

zþequiv Surface mesh resolution in spanwise direction
a Angle of attack

d Boundary layer height
Dxmax Largest surface element size in streamwise direction
Dymax Largest surface element size in wall-normal direction
Dzmax Largest surface element size in spanwise direction

q Density

I. INTRODUCTION
The ability to achieve controlled, sustainable flight for drones at

increasingly smaller scales continues to be an area of active research.
Notable progress has been made in the following drone classes: super-
heavy, large, medium, and small.1–10 However, drones weighing
between 2 kg and 250 g, known as micro-air vehicles (MAVs), and
drones weighing under 250 g, also known as nano-air vehicles
(NAVs), suffer from high sensitivity to atmospheric turbulence, low-
energy boundary layers, and lack of on-board space for propulsive
components.11–13 These factors culminate to make MAVs and NAVs
susceptible to low flight endurance and loss of control. As a result, a
primary focus of recent fixed-wing MAV and NAV research has been
directed toward stability and flow control.14–16 One suitable approach
to enhance fixed-wing aerodynamic efficiency, primarily at low
Reynolds numbers, is the use of flow tripping devices. The goal of the
flow tripping device is to force the flow into a turbulent state so that it
is more energetic and remains attached to the control surface.17
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Although there is a consensus that tripping devices do, indeed, pre-
serve flow attachment through this process, answers regarding the
optimal trip location and geometry have been established only on a
case-by-case basis. For example, Sreejith and Sathyabhama18 computa-
tionally and experimentally evaluated the effectiveness of boundary
layer trips (BLTs) on an Eppler E216 airfoil at a Reynolds number of
100000. Their results showed that for the optimal trip configuration,
the flow separation along the suction side of the airfoil was substan-
tially mitigated and the lift-to-drag ratio improved by 34.6%. This
work was continued19 to include two different trip locations: 10% of
chord and 17% of chord. After testing a variety of trip heights ranging
from 0.3 to 1mm, they concluded that the lift-to-drag ratio can be
improved by 21.62%. Because their results showed such drastic
improvement of tripped airfoils over un-tripped airfoils, a third work
studying the effects of different trip geometries20 was produced. In it,
they showed that an isosceles-triangle-shaped BLT produced better
results over its right-angled-triangular (RAT) and rectangular trip
(RT) counterparts. In addition to the previously mentioned triangular
trips, one particular BLT device that has gained prominence is vortex
generators (VGs). By creating small vortexes that span the chordline of
the control surface, VGs have shown to successfully sustain flow
attachment to control surfaces by energizing the flow. This has led to
several studies analyzing VGs in different configurations.21,22 Li et al.21

found that using the optimal VG configuration on the DU93-W-210
airfoil, the lift-to-drag ratio was increased by 48.7%, the drag was low-
ered by 84.9%, and the stall angle was increased by 10! when operated
at a Reynolds number of 1 # 106. Similarly, Seshagiri et al.22 experi-
mentally studied the effects of both static and oscillating VGs on a
NASA LS(1)-0417GA(W)-1 operating at Reynolds numbers of 80 000
and 160 000. After testing six static VG configurations and one oscilla-
tory VG configuration, their data suggest that although the oscillating
VGs had no appreciable effects, the static VGs increased the maximum
lift coefficient by 25%. They concluded that this increase in aerody-
namic performance was due to the ability of the VGs to reduce the
extent of the laminar separation bubble (LSB). Because MAVs require
as much lift as possible, high-lift airfoils, such as the Eppler E423,23 are
used typically as the baseline in flight efficiency research. This airfoil
has been the subject of several flight efficiency optimization studies at
low to moderate Reynolds numbers. In addition to testing a NACA-
0012 and USA-28, Allemand and Altman24 experimentally studied the
effects of placing artificial self-deployable flaps on the suction surface
of an Eppler E423 airfoil. The intent was to improve the post-stall
wing lift performance by having the flaps act as a passive boundary
layer flow control mechanism. They found that at a Reynolds number
of 200 000, the post-stall lift performance was increased by 15% for the
E423 and by 5%–30% for the NACA-0012 and USA-28. They con-
clude by stating that although they were able to increase the perfor-
mance of each of the airfoils on a case-by-case basis, no universal flap
setting was discovered. Concerning low Reynolds numbers, the work
conducted by Bakhtian and Jones25,26 aimed to enhance the flight
characteristics of the E423 airfoil by introducing leading edge flaps
similar to those found on Mallards. After running experiments on
Reynolds numbers ranging from 40000 to 140000, Bakhtian25 found
that the leading-edge flap substantially enhanced the airfoil’s perfor-
mance by augmenting the lift and limiting the drag at certain inciden-
ces. Additionally, they concluded that the leading-edge flap acted as a
transition device which prevented the formation of separation bubbles.

This work was continued by Jones26 with the inclusion of testing lead-
ing edge wires and surface-mounted trips as an additional BLT device.
After testing a variety of modified and unmodified E423 airfoils within
a Reynolds number range of 40000–120000 at various angles of attack
(AoAs), the authors found that the leading-edge flap successfully acts
as a transition trip by introducing disturbances into the flow which
propagate over the upper surface of the wing and prevent LSB forma-
tions at high AoAs. Furthermore, they concluded that shallower flap
deployment angles become effective at lower AoAs and that leading
edge flaps generally outperformed surface-mounted trips. Although a
substantial amount of research has been conducted to modify existing
airfoil designs to optimize flight efficiency at MAV scales, some recent
studies have sought to design entirely new types of airfoils. Di Luca
et al.27 presented a new type of airfoil called the Separated Flow Wing
(SFW), and performance metrics are compared against an unmodified
Eppler E423 airfoil. It was found that at a Reynolds number of 40 000,
the SFW is much less sensitive to free-stream turbulence levels over a
wide range of AoAs when compared to the E423. This new wing
design was then implemented on a 104g fixed-wing drone and tested.
The results indicated that the maximum flight time of the drone with
the SFW wing geometry is estimated to be 170min, almost four times
higher than existing fixed-wing drones. A companion paper28 found
that at Reynolds numbers of 20 000 and 10 000, the lift generation of
the SFW is within 13% of the results shown for Reynolds number
40000 when external turbulence is introduced. In addition to the
works discussed above, recent developments pertaining to active flow
control have been published.29,30 Although the following works do not
explicitly test their new flow control designs on the E423, their contri-
bution to the field of low Reynold’s number flow control is of para-
mount importance and deserves proper recognition. First, Wang
et al29 investigated the leading edge vortex (LEV) of a plunging
SD7003 in response to active flow control. The flow control methodol-
ogy used a combination of leading-edge blowing control and mid-
chord suction control. They found that the strength of the LEV can be
increased by injecting momentum into the leading-edge shear layer.
This momentum injection at the leading edge increased the maximum
lift coefficient. The second work, conducted by Tadjfar and
Kasmaiee,30 used machine learning to optimize the performance of a
pitching NACA0012 in dynamic stall conditions using a suction con-
troller for a Reynold’s number of 135 000. By successfully using
machine learning as an aerodynamic optimization technique, the
authors found that the optimized blowing jet configuration increased
the lift-to-drag ratio by 24 times that of the baseline case. In addition,
they were able to show that during validation testing, the machine-
learning model successfully predicted the optimal jet placement angle
to be within 0.5! of the actual optimized jet angle. The purpose of the
present study is to present and assess the physics associated with a
novel passive flow control design called the equilateral triangular trip
(ETT). The innovation stemming from the ETT is twofold. First, the
geometry of the ETT is nothing more than an equilateral triangle. This
makes the trips easy to model and manufacture. Second, the ETTs are
able to successfully eliminate both the suction side and pressure side
separation bubbles for the E423 airfoil at a ¼ 5!. This leads to a very
significant improvement in lift-to-drag ratio which has not yet been
observed in previous literature for this airfoil operating in MAV-scale
conditions. This manuscript is organized as follows: In Sec. II, the
numerical method for solving the flow equations is illustrated briefly.
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In Sec. IV, the simulation setup and results are presented. Concluding
remarks are then discussed in Sec. V. Finally, it should be noted that
all computational simulations performed for this work were carried
out at the high-performance computing (HPC) facilities operated by
the Center for Research Computing (CRC) at the University of
Kansas. The CRC contains a variety of central processing unit (CPU)
and graphics processing unit (GPU) computing resources. For this
work, four Nvidia A100 GPUs were used for each simulation. As a
result, each simulation took approximately six days of continuous
computing to complete.

II. NUMERICAL METHOD
A. Spatial discretization

For this work, the compressible Navier–Stokes equations are
solved numerically. The Navier–Stokes equations depict the conserva-
tion of mass, momentum, and energy for the fluid medium. Let Q
denote the conservative flow variables within a differential volume of
space. That is, let Q be the column matrix ½q; ~m; E&T , with q represent-
ing mass per unit volume, ~m representing momentum per unit vol-
ume, and E representing total energy per unit volume. Let the function
~F denote the flux vector, i.e., the peripheral exchange of fluid over the
boundary of the differential volume, both its convective and its dissipa-
tive parts.31 With the defined symbols, the Navier–Stokes equations,
written in conservative form, are expressed as

@Q
@t

¼ 'r (~FðQ;rQÞ: (1)

A high-order large eddy simulation (LES) tool called HpMusic32

is used in the computational study to solve Eq. (1). The tool is based
on the flux reconstruction (FR) or correction procedure via reconstruc-
tion (CPR) method originally developed in Ref. 33 for hyperbolic par-
tial differential equations. The method is capable of handling mixed
unstructured meshes,34,35 has some recent advancements in terms of
highly scalable GPU capability,36 and has far-field aeroacoustic predic-
tion methods.37 Many further developments took place, and a review
of the method was provided in follow-up works.38,39 This method not
only belongs to discontinuous finite element methods, similar to the
discontinuous Galerkin (DG)40 and spectral difference41 methods, but
also has some unique advantages. For viscous flux involving the gradi-
ent of conservative variables, we use the Bassi-Rebay 2 scheme.42 No
sub-grid scale stress models are used. Therefore, the present simula-
tions are called implicit LES (ILES). For under-resolved flow features,
we employ an accuracy-preserving limiter to stabilize the simulation.43

B. Time integration
For problems with complex geometries, it is very challenging to

generate a mesh without any bad elements which may have nearly
diminishing cell volumes. If a globally explicit time integration scheme
is used, the global time step will be extremely small, making the simu-
lation very expensive. With implicit schemes, the time step can be usu-
ally selected based more on the physical requirement. In the present
study, we employ an optimized backward difference formula, which is
second-order accurate and A-stable (BDF2OPT)44 and involves four
time levels. Compared with the usual second-order backward differ-
ence formula (BDF2), BDF2OPT has about half the truncation error
with a similar computational cost and needs slightly more storage. The
implicit system is then solved with the non-linear block lower-upper

symmetric Gauss-Seidel (LU-SGS) approach.45 In order to mimic an
SGS approach, the update equation is solved in forward and backward
sweeps according to the natural cell ordering in the mesh until the
norm of the unsteady residual is reduced sufficiently, normally by two
orders of magnitude.46 On each element, the linear equation is small
and is solved with a direct LU-decomposition algorithm. Therefore,
the overall solution method is called the LU-SGS scheme, which has
two advantages: (1) Only the block diagonal matrix on each element is
stored and the memory requirement is much smaller than a fully
implicit scheme; (2) Only one loop is necessary to converge the non-
linear unsteady residual.

III. OPERATING CONDITIONS AND TRIP
CONFIGURATIONS

The Eppler E423 was chosen for this work due to its design opti-
mization for low Reynolds number flows. The airfoil has a chord
length of 0.085m and was simulated at AoAs of 5! and 20!. These two
angles of attack were selected because they represent certain milestones
pertaining to airfoil performance. The AoA of 5! was chosen because
this is the angle at which the SFW27 obtains its optimal lift-to-drag
ratio. Additionally, the AoA of 20! was chosen because this is the angle
that the baseline E423 obtains its maximum lift coefficient.27 For the
aspect ratio, the airfoil within this manuscript has an aspect ratio of
40% which is similar to other LES studies.47–49 The flow conditions
were specified such that the Reynolds number based on the chord is
40000 and the freestream turbulence intensity was set to zero. A sum-
mary of the case parameters is shown in Table I. The domain used
throughout the study is representative of the wind tunnel from Brown
University.27 Because both the domain and the airfoil are simple geom-
etries, high-order hexahedral meshes were generated in Pointwise. The
height of each equilateral trip was based on the boundary layer height,
d, at AoA 5! for the baseline configuration at 5% chord. The location
of the trip for all configurations was specified such that the apex of the
trip occurred at 5% chord. This location is similar to other passive flow
control studies.50–52 The trip is extruded in the spanwise direction so
that the span of the trip equals the span of the airfoil. The resulting
two-dimensional equilateral triangular trip is easy to model and was
chosen for its simplicity. Figure 1 displays the various trip configura-
tions at the AoA of 5!. For boundary conditions, the tunnel and airfoil
surfaces were specified as no-slip walls and the spanwise boundaries
were cyclic/periodic. A total-pressure-total-temperature inlet was used,
and the static pressure was fixed at the outlet. A visual depiction of the
boundary conditions and the flow domain is shown in Fig. 2.

IV. RESULTS AND DISCUSSION
This section focuses on assessing the performance of the tripped

and untripped E423 configurations. The cases for the AoA of 5! will
be presented first, followed by the results for the AoA of 20!. All results
shown in this document have a spatial polynomial order of three. This
is based on previously conducted p-refinement and mesh refinement
studies.

TABLE I. Operating conditions for the E423 airfoil.

Pinlet
t =Poutlet a ðdegÞ Rec c ðmÞ M

1.028 5,20 40 000 0.085 0.2
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A. AoA of 5!

The number of elements, degrees of freedom (DOFs), and other
relevant mesh metrics for each simulation can be seen in Table II. The
height of the first cell along the airfoil, denoted as Dy, was kept con-
stant. The length of the first cell at the leading edge was 0.5% of the
chord length. At the location of each trip, the height and length of the
first cell was such that the cell became isotropic. After the trip,
the streamwise spacing of the elements grew at 25% until reaching the
maximum size at the mid-chord location. After the mid-chord loca-
tion, the streamwise spacing shrank at 1% until reaching the trailing
edge, similar to the baseline mesh. The meshes for the 2#d, 3#d, and
4#d configurations are shown in Fig. 3. With the exception of
the mesh around the trip, the mesh is identical to the baseline case, i.-
e., same spanwise spacing, off-body refinement region of one
chord length, and post refinement region growth rate of 50%.

Each configuration was sampled for eighty convective time units (Tu)
after reaching a quasi-steady state where one convective time unit is
defined as

Tu ¼
c
u1

: (2)

This metric of eighty convective time units was selected based on pre-
vious recommendations53 and far exceeds the averaging time used by
other studies.54 To ensure that no transient phenomena occurred
within the eighty convective time unit sampling period, the time his-
tory of the drag coefficient was plotted and is shown in Fig. 4. The lift
coefficient (CL), drag coefficient (CD), and lift-to-drag ratio (CL/CD) for
each configuration are shown in Table III. It is shown that the 1# d
configuration obtains almost the same drag coefficient as the baseline
case but simultaneously reduces the measured lift coefficient. This
results in a detrimental effect to the lift-to-drag ratio. On the other
hand, all ETT configurations which have a trip height greater than one
show substantial improvement to all three of the integrated quantities.
It is also shown that the CL and CL/CD are inversely proportional to
the trip height (excluding the 1#d configuration). The configuration
which obtains the highest lift-to-drag ratio is the 2#d configuration. It
obtains a lift-to-drag ratio that is almost five times that of the baseline
case. The lowest performing configuration which still benefits the per-
formance is the 6#d trip height. It obtains a lift-to-drag ratio that
is almost three times higher than the baseline case. To further
understand the contributions of each component of the drag force,
Table IV was created. Table IV displays the time-averaged pressure
and friction drag percentages of each configuration for the AoA of 5!.

FIG. 1. The E423 geometry and the trip configurations.

FIG. 2. Flow domain with boundary condition labels.

TABLE II. Simulation and mesh metrics for each configuration at the AoA of 5!.

Simulation Elements DOFs Avg xþequiv Avg yþequiv Avg zþequiv

Dxmax

c
Dymax

c
Dzmax

c

Baseline (p¼ 3) 165 000 10 560 000 10.3 0.6 16.7 0.03 0.01 0.03
1# d (p¼ 3) 174,750 11 184 000 8.8 0.7 17.3 0.03 0.01 0.03
2# d (p¼ 3) 174 750 11 184 000 9.4 0.6 17.5 0.03 0.01 0.03
3# d (p¼ 3) 174 750 11 184 000 9.0 0.6 16.7 0.03 0.01 0.03
4# d (p¼ 3) 174 750 11 184 000 9.2 0.6 16.7 0.03 0.01 0.03
6# d (p¼ 3) 174 750 11 184 000 8.6 0.6 15.9 0.03 0.01 0.03

FIG. 3. Tripped E423 meshes for the AoA of 5!.
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From Table IV, it can be seen that the pressure drag percentages follow
a parabolic behavior with one local minimum and two local maxima.
The maximum values are obtained by the 1#d and the 6#d configu-
rations. For the friction drag percentages, it can be seen that the trend
of this metric follows an inverted parabola with one local maximum
and two local minima. The configuration which obtains the highest
friction drag percentage is the 3#d configuration and the configura-
tions which obtain the minimum values are the 1#d and 6#d. The
cause for both the pressure and friction drag percentages is easily

identified when assessing Fig. 5. From Fig. 5(a), it is seen that the base-
line and 1#d configurations display a primary LSB on the suction side
of the airfoil which is significantly larger than the other configurations.
Therefore, the pressure drag obtained by the baseline and 1#d config-
urations is due to the primary LSB. For the pressure drag obtained by
the 6#d configuration, it is shown in Fig. 5(a) that this is attributed to
it’s large trip induced separation bubble (TISB). Although the 6#d
configuration successfully reduces the primary LSB’s size, its TISB is
larger than the other configurations. This causes the elevated pressure
drag shown in Table IV. For the friction drag, the 1#d configuration
obtains the first of two local minima because its trip is ineffective at
generating high-friction turbulent eddies. This is shown via Fig. 5(b).
On the other hand, the ETT from the 6#d configuration successfully
generates turbulent eddies which convect along the suction side of the
airfoil’s surface, contributing to elevated friction drag levels. However,
as mentioned previously, the TISB from the 6#d configuration is
excessively large and shifts the dominant contribution of drag toward
pressure drag instead of friction drag.

Now that it has been shown that the tripped configurations (with
the exception of the 1#d case) obtain a performance increase over the
baseline case, the underlying physics of this performance increase will
now be discussed. To begin, the turbulence generation effectiveness of
each trip will be examined. Figure 5(a) displays the instantaneous
iso-surfaces of Q-criteria colored by streamwise velocity for each con-
figuration. It is easily observed that the behavior of the shear layer is
significantly altered across the different configurations. The baseline
case has a mostly two-dimensional, undisturbed, shear layer until just
aft of the mid chord location where transition to turbulence occurs.
This shear layer remains mostly the same for the 1#d case with the

FIG. 4. Time histories of drag coefficients for the AoA of 5!.

TABLE III. Time-averaged aerodynamic coefficients and lift-to-drag ratio for the AoA
of 5!.

Simulation
Lift

coefficient
Drag

coefficient
Lift-to-drag

ratio

Baseline (p¼ 3) 0.678 0.129 5.239
1# d (p¼ 3) 0.665 0.128 5.176
2# d (p¼ 3) 1.403 0.060 23.553
3# d (p¼ 3) 1.265 0.057 22.281
4# d (p¼ 3) 1.208 0.063 19.224
6# d (p¼ 3) 1.160 0.073 15.793

TABLE IV. Time-averaged pressure and friction drag percentages of each configura-
tion for the AoA of 5!.

Simulation Pressure drag ð%Þ Friction drag ð%Þ

Baseline (p¼ 3) 90.7 9.3
1# d (p¼ 3) 92.5 7.5
2# d (p¼ 3) 84.5 15.5
3# d (p¼ 3) 80.9 19.1
4# d (p¼ 3) 81.6 18.4
6# d (p¼ 3) 87.0 13.0
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exception of the small TISB generated by the trip. When progressing
to the 2#d case, strong three-dimensional variation in the shear layer
occurs. This is shown as the streaks of turbulence on the right-hand
side of the airfoil which are generated by the trip in Fig. 5(a). For the
2#d case, it is also shown that the degree of separation is much
smaller than any of the other configurations. When looking at the
3#d, 4#d, and 6#d cases, it is shown that there is a proportional
relationship between the trip height and turbulence level just aft of the
trip. This proportional relationship between the trip height and turbu-
lence generation is expected andmeans that of all of the tested configu-
rations, the TISB of the 6#d trip produces the largest levels of
turbulent eddies. One final, interesting observation regarding Fig. 5(a)
is that there is a sharp decay in streamwise velocity just aft of the mid-
chord location for the 4#d case that is not present in the 3#d and

6#d cases. This is shown as the sudden change from red to green on
the colormap. To support the observations made when discussing
Fig. 5(a), Fig. 5(b) was created. Figure 5(b) displays the contours of
instantaneous streamwise velocity with iso-lines of Q-criteria near the
trip’s position at the mid-span location for the baseline, 1#d, 2#d,
and 4#d configurations. From Fig. 5(b), it becomes clear that the
1#d configuration is able to generate a small TISB. However, the
strength of its TISB is not strong enough to promote transition to tur-
bulence. This is shown as the smooth iso-lines of yellow Q-criteria. As
a result, the shear layer on the suction side of the airfoil remains nearly
identical to that of the baseline case. From Fig. 5(b), it is shown that
the shear layer for the 2#d configuration also produced a visually
noticeable TISB. However, the TISB at this spanwise location is not
able to promote local transition, resulting in a shear layer thickness
that is roughly the same as the baseline and 1#d configuration at the
mid-chord location. This observation, coupled with the observation
from Fig. 5(a) that local pockets of transition are present on the right-
hand side of the airfoil near the TISB for the 2#d configuration, sug-
gests that the 2#d configuration is experiencing a bifurcation type
phenomenon. This bifurcation causes some portions of the TISB from
the 2#d configuration to experience turbulent transition, whereas
other portions of the airfoil’s shear layer remain untripped. As a result
of its TISB’s inability to promote and sustain local transition at the
mid-span location, the shear layer of the 2#d configuration shown in
Fig. 5(b) is similar to that of the baseline and 1#d configurations. As
was the case with the 1#d and 2#d configurations, the 4#d configu-
ration shown in Fig. 5(b) also displays a visually noticeable TISB.
However, unlike the 1#d and 2#d configurations at the mid-span
location, the TISB of the 4#d configuration successfully promotes tur-
bulent transition which is sustained along the suction side of the
airfoil.

With a qualitative understanding of the turbulence levels of each
TISB in place, the next step is to assess the impact of these turbulent
structures on the downstream flow field. For this, contours of time-
averaged turbulent kinetic energy (TKE) and streamwise flow velocity
are shown via Fig. 6. From Fig. 6(a), it is easily seen that elevated levels
of TKE are associated with the higher trip heights. This observation,
coupled with the observations regarding Q-criteria, establishes that the
trips induce turbulent eddies which then grow and elevate the TKE in
the region where the TISB reattaches to the suction side of the airfoil.
Because the TISB eventually reattaches to the suction side of the airfoil,
it is critical to assess the TKE’s influence on the behavior of the bound-
ary layer near the separation location. To address this, Figs. 6(b) and 7
were generated. From Fig. 7, it can be seen that both laminar and tur-
bulent boundary layers are present. The laminar profiles are obtained
by the baseline, 1#d, and 2#d configurations, whereas the turbulent
profiles are obtained by the 3#d, 4#d, and 6#d configurations. Of
the laminar boundary layers, the baseline and 1#d configurations
obtain nearly identical laminar boundary layer profiles. This is in con-
trast to the 2#d configuration which, even though it still obtains a
laminar profile, is slightly closer to transitioning to a turbulent profile.
For the turbulent profiles, it is shown that there is a clear proportional-
ity between the trip height and the strength of turbulence obtained
within the boundary layer. For example, the 3#d configuration,
although still turbulent, displays the weakest level of the turbulent pro-
files, whereas the 6#d configuration shows the strongest turbulent
profile. In addition to this relationship between trip height and

FIG. 5. Turbulence characteristics at AoA of 5!.
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boundary layer turbulence, it is also clear that the boundary layer
thickness at this location is inversely proportional to the trip height.
This is seen most clearly in Fig. 7(a) when comparing the profile thick-
nesses of the 2#d and 6#d configurations. With this being said, it
now becomes clear that the boundary layers of the trip heights greater
than 1#d are energized by the TKE generated by the turbulent eddies
that are shed aft of the trip. This TKE injection strengthens the bound-
ary layer and, in some instances, trips the boundary layer into turbu-
lent (as is the case with 3#d, 4#d, and 6#d). With the behavior of
the boundary layer established, the next step is to assess the impact of
the boundary layer on the degree of separation over the suction side of
the airfoil. Figure 8 shows the oilflow over the suction side of the airfoil
at the AoA of 5!. The color map contours the streamwise skin friction
coefficient. From Fig. 8, it is shown that the flow direction as well as

the streamwise skin friction coefficient along the suction side of the air-
foil for the baseline configuration is mostly two-dimensional until the
point of separation. After the initial separation point, however, the
flow direction becomes highly three-dimensional, whereas the stream-
wise skin friction coefficient remains mostly invariant in the spanwise
direction. This behavior of high three-dimensional flow direction in
regions of separated flow has also been mentioned in Refs. 55–57. A
small reattachment point can be located just aft of the midchord

FIG. 6. Time-averaged contours for each configuration at mid-span location the
AoA of 5!.

FIG. 7. Time-averaged boundary layer profiles at the mid-span, quarter chord loca-
tion for the AoA of 5!.
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location. For the 1#d configuration, the behavior of the flow direction
and streamwise skin friction coefficient is similar to that of the baseline
case. The only exception to this is the small pocket of separation just
aft of the trip. As for the tripped configurations greater than 1#d, it is
shown that there is a mix between the dimensionality of the flow direc-
tion within the TISB. For example, the 2#d and 4#d configurations
show strong three dimensionality, whereas the 3#d and 6#d configu-
rations remain mostly two-dimensional within this region. One dis-
cernible trend which appears when analyzing the flow aft of the TISB
reattachment is the proportional relationship between the trip height
and the delay of the primary LSB separation point. For example, the
2#d has a smaller delay in separation when compared to the 4#d
configuration whose separation is delayed almost until the trailing
edge. This suggests that higher levels of TKE, which are generated by
the trip and cause the boundary layers to strengthen, have a significant
effect in delaying the separation. This ability of turbulent flows to resist
separation has been published in various books58,59 and directly sup-
ports the current explanation of how the ETTs improve the perfor-
mance of the tested airfoil. One last observation regarding Fig. 8 is that
almost all of the configurations (including the 1#d and baseline case)
show mainly two-dimensional behavior of the contours of streamwise
skin friction coefficient. The only exception to this is the 2#d configu-
ration which show pockets of high skin friction coefficient which varies
in the spanwise direction just aft of the TISB’s reattachment point. To
bring all of the previous observations back to the aspect of aerody-
namic performance, the time-averaged pressure coefficient at the mid-
span location for each airfoil configuration is shown in Fig. 9. From
Fig. 9, it is shown that the flow along the suction side of the airfoil for
the baseline configuration experiences a decrease in pressure coeffi-
cient within the region of x/c¼ [0.0 0.2]. After this region, however,
the laminar flow along the suction side of the airfoil quickly loses its
kinetic energy and separates, forming the primary LSB. This is shown
in Fig. 9 as the pressure coefficient increasing in value then forming a
pressure plateau which starts at x/c¼ 0.35. This behavior in pressure
coefficient has been observed for a variety of airfoils which experience
flow separation.60–62 As for the tripped configurations, it is shown that

the 1#d trip height is unable to alter the pressure profile of the airfoil,
leading to nearly the same performance as the baseline case. On the
other hand, all trip heights greater than 1#d show a similar profile.
On the suction side, these tripped profiles all start with a pressure drop
followed by a small pressure plateau. This drop and plateau is caused
by the TISB. Once the flow reattaches at roughly x/c¼ 0.2, the losses
due to friction occur and begin to reduce the turbulent kinetic energy
of the boundary layer. This is shown as the gradual increase in the
pressure coefficient in Fig. 9 and was also shown explicitly in Fig. 6(a).
Eventually, as was the case with the baseline configuration, the flow
separates and the primary LSB is formed. However, due to the early
accumulation of turbulent kinetic energy, the boundary layer of these
tripped flows with a d greater than one is able to remain attached to
the suction surface much longer than the baseline and 1#d case. This
explains how the performance benefits shown previously were
obtained. With regard to the pressure side, there is a noticeable separa-
tion bubble which occurs from x/c¼ [0.0 0.4] on the baseline case.
This pressure side LSB has also been noted in a previous work.63

Similar to the suction side, the 1#d configuration yields a nearly iden-
tical profile to the baseline case. On the other hand, all trip heights
greater than 1#d show a significant reduction in the size of the pres-
sure side separation bubble. The causation of pressure side LSB reduc-
tion due to trip implementation will be discussed next.

Although the trip’s ability to reduce the primary LSB magnitude
is easily explained, the more subtle interaction is the relationship
between the trip and the performance gain on the pressure side of the
airfoil. The inclusion of the trip reduces and/or eliminates the pressure
side LSB as was mentioned previously. Although this correlation was
mentioned, the cause of this phenomenon was not explored until now.
Figure 10 shows the time-averaged static pressure contours of the vari-
ous tripped airfoils at the mid-span location. Additionally, streamtra-
ces have been added to display flow direction. For the baseline and
1#d trip configuration, it is easily seen that the stagnation point is
located toward the suction side on the airfoil. On the other hand, the
2#d, 3#d, 4#d, and 6#d configurations have stagnation points that
are shifted toward the pressure side of the airfoil. Additionally, the
2#d, 3#d, 4#d, and 6#d configurations exhibit an increased local
AoA near the leading edge of the airfoil. This stagnation point shifting
and increase in local AoA are the cause for the reduction in the size of
the pressure side LSB. First, the stagnation shifting allows the flow near
the stagnation point to traverse a shorter length before it reaches the

FIG. 8. Time-averaged oilflow for the AoA of 5!.

FIG. 9. Time-averaged pressure coefficient at the mid-span location for the AoA
of 5!.
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location of the pressure side LSB. This reduced traversal length lowers
the amount of frictional losses experienced within the boundary layer
and allows more kinetic energy to be retained to resist separation.
Second, the increase in local AoA decreases the flow turning angle
required to stay attached to the pressure side of the airfoil. This lower-
turning-angle-less-separation phenomenon was explored for duct
flows64,65 and is best shown in Fig. 10 by comparing the baseline case
to the 2#d case. For the baseline case, we can see that the angle
between the oncoming flow and the latter portion of the pressure side
results in a turning angle that resembles a flow expansion. On the other
hand, the angle between the oncoming flow and the latter portion of
the pressure side of the 2#d case results in a turning angle that resem-
bles a flow compression. By changing the required flow turning angle
from an expansion to a compression, the 2#d, 3#d, 4#d, and 6#d
configurations greatly reduce the flow separation and subsequently
reduce and/or eliminate the pressure side LSB. When combining the
observations made from this section, it becomes clear that the relative
sizes of each of the three separation bubbles dictate the lift-to-drag
ratio. For example, there is no drag penalty associated with a TISB for
the baseline case. However, the drag penalty from the primary LSB for
this configuration is substantial. On the other hand, the size of the pri-
mary LSB for the 6#d configuration is minimal. However, the TISB
for this configuration promotes too much separation, resulting in
excessive drag in this region. With this being said, the configuration

which best minimizes the drag incurred by all of the separation bub-
bles is the 2#d configuration. At this AoA, its trip height is
large enough to inject energy into the boundary layer without
creating an excessively turbulent TISB and accruing unnecessary drag
penalties.

B. AoA of 20!

Because it is imperative to also understand the performance of
the trips in a near-stall condition, the 2#d, 3#d, and 6#d configura-
tions were also tested at an AoA of 20!. The mesh metrics for each
simulation can be seen in Table V. The meshes at this angle of attack
(Fig. 11) are just the rotated version of the meshes described in Sec.
IVA. For the sake of brevity, the specifics of the mesh information are
not repeated here. Identical to Sec. IVA, each of the configurations
was sampled for eighty convective time units after reaching a quasi-
steady state [see Eq. (2) for the definition of convective time unit]. To
ensure no startup transience was present in the sampling period, the
time history of lift-to-drag ratio is shown in Fig. 12. The CL, CD, and
CL/CD for each configuration at the AoA of 20! are shown in Table VI.
It is shown that none of the configurations are able to provide a benefit
over the baseline case. Contrary to the findings in Sec. IVA, the trip
height now as an inversely proportional relationship to the perfor-
mance of the airfoil. The trip height which provides the lowest detri-
ment is the 2#d configuration which shows an increase in one

FIG. 11. Tripped E423 meshes for the AoA of 20!.FIG. 10. Time-averaged pressure contour and streamtraces at leading edge loca-
tion for the AoA of 5!.

TABLE V. Simulation and mesh metrics for each configuration at the AoA of 20!.

Simulation Elements DOFs Avg xþequiv Avg yþequiv Avg zþequiv

Dxmax

c
Dymax

c
Dzmax

c

Baseline (p¼ 3) 165 000 10 560 000 9.8 0.7 16.6 0.03 0.01 0.03
2# d (p¼ 3) 174 750 11 184 000 9.4 0.7 16.8 0.03 0.01 0.03
3# d (p¼ 3) 174 750 11 184 000 8.9 0.6 15.9 0.03 0.01 0.03
4# d (p¼ 3) 174 750 11 184 000 7.5 0.5 14.0 0.03 0.01 0.03
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hundred and fifty drag counts. On the other hand, the tripped configu-
ration which shows the lowest performance is the 4#d case which
shows a lift-to-drag ratio reduction of approximately 15%. The perfor-
mance deficit of the ETTs at a high AoA is expected and is consistent
with other findings of passive flow control devices operating at off-
design conditions.66–68 As was performed previously for Sec. IVA, the
time-averaged drag force was decoupled into pressure drag and friction
drag. These drag components are shown in Table VII. From Table VII,

it is shown that the pressure drag for the tripped configurations is
higher than the baseline case. As will be discussed further, this increase
in pressure drag for the tripped configurations is due to the primary
LSB encompassing the ETTs.

To understand the lack of performance enhancement at this angle
of attack, a similar examination procedure to the one shown in Sec.
IVA will be undertaken. More specifically, the turbulence generation
due to the trips will be assessed via Q-criteria, followed by oilflows of
the suction side of the airfoil. Next, the surface pressure coefficient and
leading edge-stagnation point behavior will be assessed. The instanta-
neous iso-surfaces of Q-criteria colored by streamwise velocity are
shown in Fig. 13(a). Similar to the observations found in Sec. IVA, it is
shown that the level of turbulence generation is proportional to the
height of the trip, whereas the length of the shear layer is inversely pro-
portional to the trip size. One thing worth pointing out here is that the
flow is clearly not able to reattach once passing over the trips, resulting
in a very similar off-body flowfield to the baseline case. Because the Q-
criteria for this angle of attack displays that the flow is not able to reat-
tach aft of the trips, it is expected that the oilflows will also show very
similar behavior between the different configurations. Figure 13(b)
shows the oilflow over the suction side of the airfoil at the AoA of 20!.
The color map contours the streamwise skin friction coefficient,
whereas the black arrows depict the near-wall flow direction. From
Fig. 13(b), it is shown that the streamwise skin friction coefficient
along the suction side of the airfoil for every configuration is two
dimensional. From this figure, it is easily seen that the trip is unable to
alter the flow behavior along the suction side of the airfoil. As a result,
the separation location is the same. Figure 14 shows the time-averaged
pressure coefficient of the airfoil at the mid-span location for each con-
figuration at the AoA of 20!. From Fig. 14, it is shown that the flow
along both sides of the airfoil remains mostly the same regardless if the
airfoil is tripped or not. The only exception to this is the behavior of
the pressure along the suction side of the airfoil within the region of
the leading edge. Within this region, it can be seen that there is a

FIG. 12. Time histories of lift-to-drag ratio for the AoA of 20!.

TABLE VI. Time-averaged aerodynamic coefficients and lift-to-drag ratio for the AoA
of 20!.

Simulation
Lift

coefficient
Drag

coefficient
Lift-to-drag

ratio

Baseline (p¼ 3) 1.334 0.445 3.001
2# d (p¼ 3) 1.315 0.460 2.862
3# d (p¼ 3) 1.302 0.487 2.674
4# d (p¼ 3) 1.251 0.492 2.540

TABLE VII. Time-averaged pressure and friction drag percentages of each configura-
tion for the AoA of 20!.

Simulation Pressure drag ð%Þ Friction drag ð%Þ

Baseline (p¼ 3) 97.8 2.2
2# d (p¼ 3) 98.7 1.3
3# d (p¼ 3) 98.5 1.5
4# d (p¼ 3) 98.3 1.7
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sudden pressure fluctuation which terminates at x/c¼ 0.05. At this
point, a pressure decrease which looks like a step function is present
for the tripped configurations. However, aft of x/c¼ 0.05, all configura-
tions display a pressure plateau, indicating the presence of the primary
LSB. To conclude this section on the AoA of 20!, the flowfield near the
leading edge stagnation point will be assessed. Figure 15 shows
the time-averaged pressure contour and flow direction of the airfoil at
the leading edge, mid-span location for each configuration at the AoA
of 20!. Unlike the results in Sec. IVA, no initial pressure side LSB is
present. This is due to the airfoil operating at a high angle of attack.
Another contrast to Sec. IVA is that instead of the ETTs shifting the
stagnation point toward the pressure side of the airfoil, the trips now
shift the stagnation point slightly toward the suction side of the airfoil.
Additionally, instead of increasing the local flow angle near the leading

edge, the ETTs now create a shallower flow angle. This is most observ-
able when comparing the flow angle between the baseline and 4#d
configuration.

C. Comparison alongside existing designs
from literature

Additional comparisons were carried out to assess the applicabil-
ity of these ETTs as a suitable alternative to existing passive flow con-
trol methods. Figure 16(a) shows the tripped configurations from this
study alongside several other passive flow control methods25,26 which
have been tested on the E423 airfoil at a Reynolds number of 40 000.
The AoA of 5! results from this study are shown as the clustering of
markers on the left-hand side of the figure. The results from the AoA
of 20! are shown as the clustering on the top right. From Fig. 16(a), it
is shown that the tripped configurations (with the exception of the
1#d case) show a substantial improvement over the existing designs
for the low-drag regime. More specifically, for a drag coefficient of
0.05, the lift produced by the best ETT airfoil is nearly a factor of two
higher than the best passive flow control design shown from the

FIG. 13. Q-criteria and oilflow for the AoA of 20!.

FIG. 14. Time-averaged pressure coefficient at the mid-span location for the AoA of
20!.

FIG. 15. Time-averaged pressure contour and streamtraces at the leading edge for
the AoA of 20!.
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references. For the high-AoA-high-drag region on the right, it is shown
that the ETT airfoils perform similar to that of existing designs. Figure
16(b) shows the lift-to-drag ratio of the tripped configurations from
this study alongside the low-Reynold’s number airfoil design called the
SFW.27 At the AoA of 5!, it is shown that the 1#d configuration per-
forms nearly as well as the SFW. However, all tripped configurations
with a trip height greater than 1#d show significant improvement
over the SFW. The lowest performing ETT configuration (other than

the 1#d case) is the 6#d configuration which obtains a factor of three
improvement in the lift-to-drag ratio over the SFW. On the other
hand, the best-performing ETT configuration at this AoA is the 2#d
case which obtains nearly a factor of five improvement over the SFW.
For the AoA of 20!, it is shown that all ETT configurations only mar-
ginally outperform the SFW.

Table VIII displays the DCL; DCD, and DðCL=CDÞ for the current
set of tested E423 configurations at AoA of 5!. Additionally, Table
VIII also displays the DCL; DCD, and DðCL=CDÞ for several other flow
control designs from literature.69,70 However, before discussing Table
VIII, three things should be noted. First, the values of DCL; DCD, and
DðCL=CDÞ are the percentage change of the CL, CD, and ðCL=CDÞ with
respect to the baseline airfoil for the same airfoil type. For example, the
elliptic Canard-Rotor-Wing (CRW) airfoil with its plasma actuator off
achieves a lift degradation of 1.9% when compared to the baseline
elliptic CRW airfoil operating at a Reynold’s number of 100000, and
an AoA of 5!. The second thing that should be kept in mind when
assessing Table VIII, is that the baseline data (excluding the E423) is
referenced from the corresponding literature.69,70 In other words, the
baseline Elliptic CRW and S8036 were not simulated using HpMusic.
The last important factor which should be mentioned prior to discus-
sing Table VIII is the difference in Reynold’s numbers across the dif-
ferent airfoil types. When performing comparisons of flow control
techniques, it is always better to assess configurations which operate at
identical Reynold’s numbers. However, because that route has already
been exhausted with the previous comparisons within this manuscript,
attempts were made to find other flow control techniques which were
studied at Reynold’s numbers similar to 40000. With this being said,
we can now assess Table VIII. First, we will compare the ETT configu-
rations to the Elliptic CRW configurations.69 From Table VIII, it is
shown that the elliptic CRW configurations all display a degradation
in lift when compared to the baseline elliptic CRW for the Reynold’s
number of 100000. On the other hand, the E423 configurations with a
trip height greater than 2#d significantly improve the lift coefficient
relative to the baseline E423. This observations displays that in addi-
tion to being an effective passive flow control design, the ETTs show
promise in outperforming more complex, active flow control
approaches such as plasma actuators. Next, the effectiveness of the
ETTs will be evaluated against another well-known passive flow con-
trol methodology, tape trips. From Table VIII, it is shown that the tape
trips69 at Rec ¼ 75 000 display mixed results. For example, the trip
locations of x=c ¼ 10% and x=c ¼ 40% display improvement regard-
ing the lift coefficient but only the x=c ¼ 10% and x=c ¼ 25% config-
urations show improvement in ðCL=CDÞ. This is in contrast to the
ETT configurations which show a strong, linear correlation between
lift improvement and lift-to-drag ratio improvement. Additionally, the
best-performing tape trip at Rec ¼ 75 000 obtains a lift-to-drag ratio
improvement of 8.6% over its baseline configuration, whereas the
highest performing ETT setup outperforms its baseline configuration
by 349.6%. These two observations show that in addition to having a
more predictable performance envelope, the ETTs may be able to out-
perform tape trips in terms of performance improvement. The last
comparison that will be carried out using Table VIII is the comparison
between the ETT configurations and the tape trips at Rec ¼ 100 000.
For the tape trips, it is now observable that all three configurations
show an increase in CL, a decrease in CD, and an increase in ðCL=CDÞ
relative to the baseline S8036. Of the three configurations at this

FIG. 16. Comparisons to other passive flow control designs from literature for the
E423 airfoil.
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Reynold’s number, the trip location of x
c ¼ 25% displays the highest

lift-to-drag ratio improvement with a value of 44.4%. However, none
of the three tape trips at this Reynold’s number obtains the same per-
formance increase as the ETTs for any of the tested performance
parameters. This, along with the previous observations when discus-
sing Table VIII, suggests that ETTs may significantly outperform well-
established flow control methodologies in terms of airfoil performance
enhancement.

V. CONCLUSIONS
A new passive flow control technique was developed and tested

for the Eppler E423 airfoil at a Reynolds number based on chord of
40 000. The design was first tested against an unmodified/baseline
E423 via wall-resolved large eddy simulation (WRLES) at angles of
attack of 5! and 20!. Metrics such as lift-to-drag ratio, pressure coeffi-
cient profiles, oilflow, iso-surfaces of Q-criteria, and leading edge flow
behavior were compared. It was shown that the ETTs with a trip height
greater than 1#d were successful in eliminating both the suction side
and pressure side separation bubbles at a ¼ 5!, a phenomenon which
has not yet been seen before for the E423 operating in MAV-scale con-
ditions. After showing substantial improvements in lift-to-drag ratio
over the baseline case for the AoA of 5!, the ETT study was replicated
for the AoA of 20! to see if the results would hold in a near-stall con-
figuration. At this AoA, it was shown that the trips were unable to pre-
vent and/or delay the onset of the primary LSB. Comparisons against
existing passive flow control techniques from the literature via drag
polar were then carried out. The included reference techniques
included wire trips, tape trips, and leading edge flaps. It was shown
that the ETTs produced more lift than existing passive flow control
designs by almost a factor of two in the low-drag regime and per-
formed similar to existing designs in the high-drag regime. Of the

tested trip heights, the 2#d configuration displayed the largest
improvement in aerodynamic performance over the baseline case. Its
TISB is large enough to energize the boundary layer which reduces
flow separation without accruing unnecessary drag penalties. As a
result, this configuration is able to minimize the drag incurred by both
the LSB and TISB. Comparisons of lift-to-drag ratio alongside a in par-
ticular, designed wing called the SFW was also conducted. It was
shown that the ETTs outperformed the SFW in terms of lift-to-drag
ratio at the AoAs of 5! and 20!. Although the ETTs performed mar-
ginally better than the SFW at an AoA of 20!, the performance benefit
of using ETTs over the SFW at an AoA of 5! is almost a factor of five.
Finally, the performance benefit of the ETTs was assessed alongside
several well-established flow control methodologies such as plasma
actuators and tape trips. It was shown that the ETTs provided superior
results in terms of lift enhancement, drag reduction, and lift-to-drag
ratio improvement. These results indicate that ETTs show promise in
outperforming both active and passive flow control designs.

VI. FUTURE WORK
The current work presented a novel passive flow control device

called the ETT. In addition, the document presents a series of six dif-
ference configurations tested at a Reynold’s number based on chord of
40000. These six airfoil configurations were tested at 5! and 20! angles
of attack. Although this is a solid foundation to begin our understand-
ing of the performance and mechanics of these ETTs, several sugges-
tions for follow-on work are listed. First, is the optimal location of the
ETT. Second is the influence of freestream turbulence intensity (FSTI)
on the performance aspect of the ETTs. According to previous stud-
ies,71–73 increasing the turbulence intensity will reduce the size and
strength of the primary LSB, thus increasing the baseline airfoil’s per-
formance and reducing the need for flow control. Third is the

TABLE VIII. Lift and drag improvements for AoA of 5! compared to other flow control designs from literature at similar Reynold’s numbers.

Airfoil type Configuration Rec DCLð%Þ DCDð%Þ DðCL=CDÞð%Þ

E423 1#d (p¼ 3) 40 000 '1.9 '0.8 '1.2
E423 2#d (p¼ 3) 40 000 106.9 '53.5 349.6
E423 3#d (p¼ 3) 40 000 85.6 '55.8 325.3
E423 4#d (p¼ 3) 40 000 78.2 '51.2 266.9
E423 6#d (p¼ 3) 40 000 71.1 '43.4 201.5
Elliptic CRW Plasma actuator off69 100 000 '1.9 N/A N/A
Elliptic CRW Plasma actuator on (Steady)69 100 000 '8.5 N/A N/A
Elliptic CRW Plasma actuator on (Duty cycle)69 100 000 '19.7 N/A N/A
S8036

Tape trip,70
h
c
¼ 0:1%;

x
c
¼ 10%

75 000 0.3 '5.7 6.4

S8036
Tape trip,70

h
c
¼ 0:1%;

x
c
¼ 25%

75 000 '9.5 '16.9 8.6

S8036
Tape trip,70

h
c
¼ 0:1%;

x
c
¼ 40%

75 000 3.6 7.0 '3.6

S8036
Tape trip,70

h
c
¼ 0:1%;

x
c
¼ 10%

100 000 0.6 '3.8 4.6

S8036
Tape trip,70

h
c
¼ 0:1%;

x
c
¼ 25%

100 000 1.2 '29.9 44.4

S8036
Tape trip,70

h
c
¼ 0:1%;

x
c
¼ 40%

100 000 7.3 '10.5 19.9
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effectiveness of the ETTs at different angles of attack. Some previous
work displays that the lift coefficient of low-Reynold’s number airfoils
remains mostly linear for angles of attack smaller than the stall
angle.69,70,74 This suggests that the beneficial results shown for the
ETTs at a ¼ 5! will hold for nearby angles such as a ¼ 4! and a ¼ 6!.
However, when approaching the stall angle, the lift coefficient and
other performance parameters become non-linear. This means that
the results for a ¼ 20! shown in this manuscript may not be similar
for nearby angles of attack.
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