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Abstract: It is well established that increasing vehicle efficiency enables the achievement of
N + 3 sustainable air travel goals. To this end, the integration of a slotted natural-laminar-
flow airfoil with a transonic, truss-based commercial wing configuration is projected to
significantly decrease fuel consumption demand. The slotted natural-laminar-flow airfoil
is designed with two elements to extend favorable pressure gradients further aft than
single-element airfoils. This two-element design increases the extent of laminar flow to
approximately 90% of the airfoil surface, thus decreasing streamwise instabilities, which in
turn reduces the wing profile drag. The slotted natural-laminar-flow airfoil also exhibits
the dumping-velocity effect and achieves an off-surface pressure recovery, both critical
to achieving laminar flow and overcoming single-element airfoil limitations. Given the
potential of this novel concept, the objective of this literature review is to discuss the history
of slotted natural-laminar-flow airfoils, recent research to mature the design, and future
work needed for the implementation of this airfoil on a commercial aircraft.

Keywords: natural-laminar-flow; two-element airfoil; fuel efficiency; drag coefficient

1. Introduction

In 2023, the United States commercial aircraft industry alone consumed over 23 billion
gallons of fuel [1], and the aerospace industry’s demand is projected to continually increase
(Figure 1), exemplifying the unprecedented urgency for disruptive fuel efficiency technol-
ogy. To address this need, the National Aeronautics and Space Administration (NASA)
created N + 3 (far term) goals for reduction in fuel consumption relative to a 2005 best-
in-class transport aircraft [2]. This challenge encompasses many conflicting requirements,
including accommodating the continuous increase in passengers, while simultaneously
protecting the environment and preparing for a diminishing supply of fuel and rising fuel
costs. With this multitude of complexities, temporary fixes and incremental advancements
will not adequately address long-term sustainability. Instead, the development of new
operations and aircraft technologies is required.

One example of high-impact technology for fuel efficiency is the SUGAR High aircraft,
an iteration of the Transonic, Truss-Braced Wing (TTBW) aircraft developed through a
NASA-funded study conducted by Boeing [3] (Figure 2). If fully developed, this aircraft
is projected to drastically decrease fuel consumption by 70% during cruise conditions.
The SUGAR High aircraft is designed for a cruise Mach number (M) of 0.70 and a cruise
Reynolds number (Re) of approximately 13 x 10° with a maximum span of 118 feet. The
operating conditions and sizing were derived using the transonic, commercial Boeing 737
aircraft as the baseline. The design provides a high lift-to-drag (L/D) ratio, a high-bypass-
ratio turbofan engine, and other advanced technologies such as riblets, natural laminar
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flow (NLF), and supercritical airfoil technology to improve engine performance. NLF is
ranked as the 5th highest out of 24 technologies for the SUGAR High design, indicating
its importance in contributing to improved aerodynamic performance and subsequent
fuel/energy conservation. The projected fuel reduction achieved by implementing NLF
alone is estimated at 2.54%, which would have saved 602 million gallons of fuel in 2023
or approximately USD 1.12 billion in fuel costs for the U.S. civil aircraft industry. Three
additional studies cite NLF as a promising advanced technology that contributes towards
the reduction in profile drag: the Massachusetts Institute of Technology (MIT) (a 180 pas-
senger capacity aircraft) [4], Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) (short
and medium range transport aircraft) [5], and Technische Universitdt Braunschweig (a
twin-fuselage aircraft) [6].

One NLF concept with demonstrated potential to improve aerodynamic performance
is the slotted, natural-laminar-flow (SNLF) airfoil patented by Dan Somers of Airfoils
Inc. [7]. This airfoil, consisting of a forward or fore element and a rear or an aft element,
is under active maturation for integration on a TTBW aircraft intended to replace current
100-210-passenger-class aircraft configurations (i.e., the Boeing 737), which currently con-
sume half of the commercial fleet fuel [8]. One of the SNLF airfoil shapes, the S207, can be
adapted to the cruise conditions of the SUGAR High aircraft and has been evaluated both
computationally and experimentally, as discussed in Sections 3 and 4.
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Figure 1. Historical and projected: total domestic and international U.S. passenger traffic for U.S.
commercial air carriers; jet fuel and aviation fuel consumption by U.S. civil aircraft [1,9-13].

The SNLF airfoil can be readily integrated alongside complementary advanced tech-
nologies to further increase aircraft efficiency. For example, implementing active flow
control and high-lift systems on an SNLF airfoil would improve the wing’s L/D perfor-
mance ratio. Moreover, the incorporation of hybrid electric propulsion could boost fuel
burn reduction by 26-32% [3]. Additionally, a study conducted by Boeing demonstrates
that adaptive structures and control systems could provide a 50% reduction in weight for
complex high-lift systems, improving fuel efficiency as well as reducing noise and drag
while enhancing laminar flow, therefore complementing the benefits of implementing an
SNLF airfoil [3].
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Figure 2. Configuration of a Boeing Transonic, Truss-Braced Wing (image credit: NASA /The Boeing
Company [14]).

The two-element SNLF airfoil provides increased laminar flow, and thus more lift
than a classical, single-element airfoil. Single-element NLF airfoils are limited because they
produce a thick boundary layer across their surface, which cannot sustain large pressure
gradients as efficiently as multi-element airfoils. Additionally, single-element airfoils do
not take advantage of the dumping velocity effect or the off-surface pressure recovery effect.
The slot in a two-element SNLF airfoil allows the wing to achieve NLF on the entirety of
the lower surface of both elements and the upper surface of the fore element (Figure 3).
The simultaneous reduction in profile drag enables the SNLF to achieve a higher L/D
ratio [15]. To fully realize the potential of the SNLF airfoil, it is necessary to understand its
development history, current design, and the future work required for its integration with
a new aircraft configuration.
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Figure 3. Airflow over the 5207 cross-section showing the extent of laminar flow (image provided
courtesy of Dr. Doug Stefanski).
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2. Laminar Flow for Fuel Efficiency

A core goal in aircraft design for improved fuel efficiency is the reduction in wing
profile drag, responsible for a third of the total drag [16]. NLF has been identified as an
enabling technology [3-6]; therefore, it is important to understand laminar flow and design
challenges for NLF implementation.

2.1. Overview of Laminar Flow

In simple terms, air particles in laminar flow move in smooth layers allowing for
uninterrupted flow, whereas turbulent flow is an unsteady, mixed flow that produces drag.
The extent of laminar flow under the surface of an airplane wing primarily depends on the
state of the boundary layer that is highly influenced by the pressure gradient, or the change
in static pressure as the flow progresses. An extended gradient of decreasing pressure is
favorable as it reduces streamwise instabilities on the boundary layer, allowing for increased
amounts of laminar flow on the surface. This boundary layer stability greatly reduces the
skin friction drag. However, an adverse pressure gradient can form and destabilize the
laminar flow, causing a transition to turbulent flow. The onset of turbulent flow increases
the instabilities, causing boundary layer separation and increasing the skin friction drag.
In summary, increasing the favorable pressure gradient and the extent of laminar flow on
the airfoil is essential to reducing the global drag coefficients (Cp) of the wing surface and
improving the overall aircraft performance.

2.2. Challenges in Achieving Laminar Flow

Maintaining laminar flow is challenging because the airfoil must simultaneously fulfill
multiple requirements, such as high M, high Re, and maximized global coefficients of lift
(Cp) for the wing. When Re is high, the favorable pressure gradient must extend along
the entire length of the airfoil to stabilize the flow and maintain the laminar boundary
layer [17]. Additionally, accounting for the various range of instabilities is critical to prevent
the boundary layer from transitioning from laminar to turbulent flow. For wings with
relatively large sweep angles, the predominant instability is crossflow; however, lower
swept wings primarily exhibit Gortler instabilities [18]. These conflicting relationships
challenge design as reducing the wing sweep could lower crossflow instabilities. However,
wing sweep influences the critical M, which is desirable for aircraft efficiency [19]. Therefore,
researchers are investigating approaches to minimize Cp and maximize Cj by increasing
the extent of NLF over airfoils.

An initial attempt to decrease wing profile drag through increased NLF was performed
by Eastman Jacobs, a research engineer at the National Advisory Committee for Aeronautics
(NACA) Langley Research Center (LaRC) in the late 1930s [20]. Jacobs performed the
calculations to demonstrate how NLF single-element airfoils produce higher local lift
coefficients (C;). He inverted the airfoil analysis method to derive an airfoil shape that
produced the desired pressure distribution. In doing so, Jacobs created a unique procedure
for obtaining the optimal boundary-layer characteristics that continues in today’s airfoil
design research. Thus, this newfound process of designing laminar-flow airfoils helped
NACA in developing low-speed airfoils, i.e., the NACA 6-series airfoils, which showed
lower drag characteristics and higher critical M than their predecessors [21].

A more recent example of a single-element NLF airfoil is the NASA Common Research
Model (CRM)), specifically the CRM.65 model [22]. Extensively researched and developed,
this airfoil can reach higher NLF levels than standard airfoils, although analyses show a
corresponding 25% increase in total profile drag due to an early transition to turbulent flow
on the lower surface [15,23]. Thus, the benefits of NLF are counteracted by increased drag,
and this design cannot sustain large extents of NLF while also preventing early transition.
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In general, single-element NLF airfoils exhibit performance limits that cannot be overcome
through airfoil shape modifications alone. For example, the extent of laminar flow along
the aft and leading-edge sweep of the airfoil is limited to around 70% chord, with the
lower surface sustaining laminar flow until around 50% chord. Additionally, once the
adverse pressure gradient reaches a certain point, trailing edge separation occurs [24]. This
separation decreases the maximum C;, subsequently reducing the L/D ratio of the aircraft.

2.3. Slotted Natural-Laminar-Flow Airfoil Solution

A two-element SNLF airfoil overcomes the limits of a single-element airfoil
(Table 1) [25]. The slot is always open between the fore and aft elements; therefore, the
favorable pressure gradient extends farther aft and along both surfaces of the fore element.
Specifically, the fore element has a lower trailing edge pressure than the freestream, creating
a higher velocity, thereby allowing the element to carry more load before separation, an
effect known as dumping velocity [26]. The aft element interacts with the fore element to
sustain the dumping velocity, enabling the airfoil to achieve increased lift as it recovers
the pressure gradients [15,26]. The result is that the aft element produces higher lift as
it recovers to the free-stream pressure. Additionally, the slot prevents the formation of a
strong suction peak on the aft element. Generally, a fresh boundary layer is allowed to
form at the aft element, and without a strong suction peak, the airfoil can operate at much
higher angles of attack before stalling occurs.

Table 1. Comparison of representative single- and two-element NLF airfoils.

NASA CRM.65 Airfoil

SNLF S207 Airfoil

Only a portion of the airfoil can support laminar flow
until the favorable pressure gradient separates

B _/cause early shock/separation

Slot introduces stream flow to upper boundary layer,
allowing two thinner layers, moving shock aft and
allowing for pressure recovery off the surface

: e~
_

Slot allows laminar flow to occur along the entire fore element, the aft's

Single, thick boundary layer will

entire lower surface, and most of the upper surface - only a small part
of the aft's upper surface experiences turbulent flow

Single-element airfoil

Boundary layer becomes thick until favorable
pressure gradient separates causing transition into
turbulent flow

Upper surface of wing is 56% laminar
Shock-induced separation occurs at a shorter
chordwise distance than on slotted airfoils
Transition on lower surface causes 25% increases in
total profile drag

Two-element airfoil

Stream flow passing through slot stabilizes a thinner
boundary layer, allowing a greater extent of laminar
flow and favorable pressure gradient

Fore element is fully laminar, surface of aft element
is 90% laminar

Slot delays pressure recovery further aft than
single-element without separation

Ref. [27] slotted airfoils are known to deliver higher maximum C; as compared to
unslotted airfoils. Examples include the slotted, supercritical airfoils [26,27] and the MDA 3-
element high-lift airfoil [26]. The SNLF airfoil developed by Somers combines the low drag
characteristics of NLF airfoils and the higher maximum C; offered by a slotted design [7].
Because the design of the fore element does not need to meet the requirement of pressure
recovery at the trailing edge, the minimum pressure is located near the trailing edge.
Therefore, the entire fore element achieves a favorable pressure gradient (laminar flow).
The aft element produces circulation and therefore aids in supporting the dumping velocity
at the exit of the fore element. A fresh boundary layer develops at the aft element, and
again, favorable pressure gradients can be maintained almost entirely along the aft element.
For example, the 5207 SNLF model for transport aircraft achieves 60% laminar flow on
the upper surface of the aft element and 100% on the lower [28]. Therefore, the entire
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SNLF airfoil reaches around 90% laminar flow on its surface. Thus, the SNLF airfoil
concept provides lower wing-profile drag and higher maximum C; while preserving the
conventional airfoil shape.

The NASA CRM.65 is used to compare the performance improvements of the SNLF
airfoil to a single-element airfoil. The design conditions of the NASA CRM.65 were M = (.85,
C; =0.50, and Re = 30 x 10°, similar to the suggested design conditions for the TTBW [29].
Therefore, the CRM is a reasonable benchmark against which the improvements provided
by the SNLF can be measured. An aerodynamic figure of merit (FOM = ML/D) based
on the Breguet range equation (an equation used to predict the range of an aircraft based
on aerodynamic efficiency and fuel consumption) was calculated for 3 airfoils [15]. The
airfoil specifics are: (1) The S207 SNLF airfoil with a Re and M equal to 13.2 x 10° and
0.7-0.71, respectively, (2) the NASA CRM.65 with free transition (i.e., the transition location
between laminar and turbulent flow is not specified), providing a direct comparison with
an identical Re and M = 0.74, and (3) the NASA CRM.65 with the transition fixed (i.e., the
transition location is predicted and set in the computational software) on the leading edge,
fully turbulent, with an identical Re and M = 0.725. The S207 SNLF achieved a ML/D of
178-167 for the M range investigated. The NASA CRM.65 achieved a ML/D of 123 and
64 based on the free transition or fully turbulent model, respectively. Therefore, the S207
SNLF demonstrated an increased FOM of 44% relative to the free transition NASA CRM.65,
and an increase of 178% relative to the fully turbulent model.

Figure 4 compares the single-element NASA CRM.65 airfoil with the two-element S207
SNLF airfoil at cruise conditions. The 5207 airfoil’s aft element produces a considerable
amount of lift during cruise while the trailing edge of the single-element airfoil displays
little to no lift. The result of employing a two-element airfoil is that the aft element produces
higher lift as it recovers the free-stream pressure.

CRM SNLF
15
1k
{\ 05+
o OF
Q
0.5 -
1
2 .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
% chord % chord

Figure 4. Comparison of a single-element airfoil, NASA CRM.65 (left), to a slotted airfoil, 5207 (right).
Graphs depict the Cp, of the two airfoils. (Graph reproduced from [29,30]).

3. SNLF Airfoil Development Progression

The six SNLF airfoil models to date (Figure 5) were developed following the timeline
shown in Figure 6. Table 2 summarizes their designations and performance metrics. Each
version is discussed below.
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S103 Q Blunt leading edge
Lower thickness-to-chord ratio
Q required due to lower cruise
Mach number
Curvature is reduced to decrease
drag while still meeting target lift
Q coeflicients that are lower than
other SNLF airfoils
‘l More curvature causes lift

Smoothed to eliminate pressure
oscillation

Figure 5. SNLF airfoil shapes (cross-sections reproduced from [15,16,24,25,31,32]).

Table 2. Theoretical and experimental performance metrics of SNLF airfoil models.

Airfoil: Designated Data Collection

Aircraft Method M Re Max C; Drag Range
[Reference]
c 1.00 x 10° 1.916 0.0397-0.2312
S103: General Aviation 010 1.50 x 10° 2.269 0.0321-0.2449
[24] B ' 3.00 x 100 1.969 0.0502-0.2349
6.10 x 10° 2.156 0.0454-0.2362
S204: Business Jet [16] C 0.65 12.00 x 10° 2.130 Not Available
0.07 0.70 x 10° 1.940 0.087-0.231
c 0.10 1.00 x 100 2.010 0.069-0.245
S414: Rotorcraft 0.16 1.50 x 100 2.095 0.140-0.247
'[25 3] 0.17 Not Available 2.115 0.139-0.246
’ 0.07 0.70 x 100 1.746 0.0071-0.0552
E 0.07 1.00 x 10° 1.855 0.0059-0.1398
0.07 1.50 x 10° 1.994 0.0057-0.1305
5207: Tra“[slp;;rt Aircraft C 0.20 16.0 x 106 223 Not Available
Xz%ﬁf;;rta[g?]’ort C 0.05 1-3 x 10 1.95 Not Available
5702: Low-speed E 0.10 1.00 x 106 1.80 Not Available

Fixed-wing Aircraft [32]

E: Experimentally Determined Values, C: Computationally Determined Values.
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2002: The $103 airfoil is 2004: The S204 amfoil is 2008: The S414 aifoil is 2017: The Advanced Aerodynamic 2022: The S702 airfoil is
experimentally verffied in the  designed and theoretically  designed and theoretically Center for Ultra-Efficient designed and experimentally
NASA Langley Low- analyzed for business jets.  analyzed for rotorcraft. Commercial Vehicles is established verified in the Pennsylvania
Turbulence Pressure Tunnel. to further advance the S207 airfoil. State University Low-Speed,

Low-Turbglence Wind tunnel.

2000: The first SNLF 2002: The application to  2003: The patent for the 2009: The S414 airfoil is 2020:The X207LS airfoil is designed
airfoil (S103) is designed patent the SNLF airfoil SNLF airfoil concept is experimentally verified i the and theoretically analyzed for transonic
and theoretically analyzed concept is submitted. granted. Penn State Low-Speed, Low- commercial transport aircraft.

for general aviation aircraft

Turbulence Wind Tunnel

Figure 6. SNLF airfoil development timeline (dates reflect when results were published).

3.1. S103

The first SNLF airfoil (5103) was developed for general aviation applications, specifi-
cally low-speed aircraft [24]. The primary design objectives were to reach a C; > 1.72 at
Re =3 x 10° and to achieve a low-profile, local drag coefficient (C;) in the operating range
of C; = 0.20 at Re = 9 x 10° to climb C; = 1.00 at Re = 6 x 10°. Design optimization was
performed using a multi-element, Multidisciplinary Simulation Environment for Space-
craft (MSES) code [25,34]. This design methodology for multi-element airfoils divides the
process into smaller optimization cycles, allowing the isolation of varying functions and
exploration of flow field response to design changes. MSES is used to design all of the
SNLF airfoils due to its ability to handle multi-element airfoils, unlike solvers such as
XFOIL [35] and PROFIL [36], which are limited to single-element airfoils. However, one
crucial limitation of MSES is that it cannot account for transitional effects in dynamic stall
predictions or boundary-layer instabilities such as Gortler instabilities [37].

Wind tunnel tests were conducted in NASA LaRC’s Low-Turbulence Pressure Tunnel
to evaluate the 5103 performance in 2002 [24]. Figure 7 shows the pressure distribution at
cruise relative to the cross-section at Re = 9 x 10° and M = 0.10, and Figure 8a provides
a comparison of the pressure distribution between theoretical and experimental results
at Re =3 x 10%, M = 0.10, and angle of attack («) = —1.07° in the transition-free state (i.e.,
transition was not fixed to the leading edge of the fore element). A minimum pressure
occurs near the trailing edge on both the upper and lower surfaces of the fore element,
indicative of a favorable pressure gradient over the entire fore element. Pressure recovery
occurs over the aft element. The wake of the fore element does not impinge on the aft
element, and therefore the aft element also exhibits laminar flow over a large extent of the
surface area. The theoretical results agree with the experimental data.

Figure 8b shows the section characteristics at Re = 3 x 10° and M = 0.10. While the
experimental data showed higher C; and lower C; values than the computational predic-
tions, the test data demonstrated that the 5103 exceeded the design target with a maximum
C; =2.00. The S103 exhibited a rapid stall at o« = 17° when the lift decreases rapidly. The
stall exhibited a sharper decline in the experimental test than predicted by MSES. Thus, the
5103 did not meet the airfoil’s goal of minimal and docile stall characteristics. The local
pressure coefficient (C,) magnitudes are overpredicted by the computational method, but
the computational results showed improved agreement with pressure gradients across
multiple . The airfoil exhibited favorable pressure distributions and section characteris-
tics. The 5103 has a 12% higher maximum C; and a 7% lower C; when compared to the
NLF(1)-0215F [38] at a flap deflection of 10°. It should be noted that the MSES code does
not account for Gortler instabilities. These instabilities are expected to cause transition in
the concave region of the lower surface of the fore element.
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Figure 7. Pressure distribution over the 5103 airfoil at the design point (cruise). (Graph reproduced
from [24]).
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Figure 8. Comparison of theoretical and experimental results for the S103 airfoil at Re = 3 x 10°,
M =0.10 in the transition-free state. (a) Pressure distributions along the cross-section for o« = —1.07°.
(b) C; vs. Cy [24].

3.2. 5204

The 5204 airfoil succeeded the 5103 and was conceptualized for business-jet applica-
tions [16]. The design objectives were to achieve (1) a maximum C; = 1.55 at M = 0.10 and
Re =3 x 10° (corresponding to the tip chord at a minimum velocity), (2) low profile-drag
coefficients at C; = 0.20, M = 0.65, and Re = 12 x 10° (corresponding to the root chord at
cruise condition), and (3) a C; = 0.40 at M = 0.30 and Re = 12 x 10° (the root chord at climb
condition). A goal was to prevent the maximum C; from decreasing with fixed transition
near the leading edge, while also displaying docile stall characteristics. Concurrently,
relative insensitivity to roughness was an additional goal. While the airfoil thickness was

originally intended to equal 15% of the chord, the final design was 14% to account for the
lower M at cruise for business jets.
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While the 5204 has not been experimentally evaluated to date, design and analysis
was conducted using the single-element, Eppler Airfoil Design and Analysis Code [39] as
well as the multi-element, MSES code. Figure 9 shows the theoretical pressure distribution
at the cruise condition. Figure 10 provides the theory-based transition locations and section
characteristics predicted at M = 0.1 and Re = 3 x 10° (transition-free case). The theoretical
results show that the laminar flow extends to the trailing edge on both surfaces of the
fore element, 60% chord on the upper surface of the aft element, and the trailing edge
on the lower surface of the aft element. As for the section characteristics, the lift-curve
slope, minimum Cy, the width of the low-drag range, and magnitude increase in the
pitching-moment coefficient all generally increase with M. The maximum C; increases
with Re, while the minimum C; and width of the low drag decrease with increasing Re.
A maximum C; = 2.13 was predicted, exceeding the design objective. Additionally, there
was an approximate 1% decrease in maximum C; between the transition-free and transition
fixed as well as the demonstration of roughness insensitivity at the leading edge.

S204

2 L L L L L
0 0.2 0.4 0.6 0.8 1

% chord

Figure 9. Theoretical 5204 pressure distribution at M = 0.65, Re = 12 x 10°, and o = —1° and —2°
(cruise). Graph reproduced from [16].

S204

- = = = Transition fixed

2+ Transition free
15+

O
1 L
05+
0

0

cd (10%)

Figure 10. Theoretical S204 transition locations and section characteristics at M = 0.1 and Re = 3 x 10°
(transition-free state). (Graph reproduced from [16]).
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3.3. 5414

Shortly after the SNLF airfoil patent was granted to Somers in 2005, he began designing
the third SNLF airfoil model (5414) to reduce the blade profile drag for helicopters and
rotorcraft [33]. The overall goal was to maximize the rotor L/D ratio by increasing the
section maximum C; to delay the stall-flutter on the retreating blade while simultaneously
reducing the cruise section profile C; to decrease drag on the advancing blade. The
two primary design objectives were to achieve a maximum C; = 1.25 at M = 0.3 and
Re =0.97 x 10° and to obtain low profile-drag coefficients from a C; = 0.10 at M = 0.70
and Re =22.6 x 10° to C; = 0.65 at M = 0.45 and Re = 1.45 x 10°. The design specifications
require that the airfoil should not exhibit strong stall characteristics, the thickness should
equal approximately 14% of the chord, and the maximum C; should not experience a
significant decrease with transition fixed on the leading edge of both surfaces. The 5414
was analyzed using the Eppler code for designing the initial fore and aft elements. The
MSES code was later used to refine the fore element. While the lower limit of the low drag
(at C; = 0.1) was higher than the goal, the other characteristics aligned with the objectives
and constraints.

In 2009, the 5414 was experimentally tested through a series of wind tunnel tests in
the Pennsylvania State University Low-Speed, Low-Turbulence Wind Tunnel (LSLTT) [25].
Additional computational fluid dynamics (CFD) analysis was performed using NASA’s
OVERFLOW CFD solver [40] and the results were compared with the experimental data and
MSES predictions. Figure 11 provides a comparison of performance predictions generated
with MSES and OVERFLOW to the wind tunnel results at Re = 1.5 x 10°. MSES and
OVERFLOW results are in general agreement, with the largest discrepancy observed on the
C; vs. C4 plot (Figure 11b). MSES is a flow solver that predicts the aerodynamic behavior
of airfoils based on the Euler equations. OVERFLOW is a 3D Reynolds-averaged Navier—
Stokes (RANS) solver that employs structured overset grids to predict fluid flow. While
MSES and OVERFLOW are both uniquely able to analyze multi-element airfoils, MSES
performed notably better than OVERFLOW, specifically for the drag polar predictions.
OVERFLOW does not model laminar-turbulent transition and thus cannot capture the
sharp corners on the drag polar, so it cannot provide well-defined drag limits or detect rapid
changes in drag. Similarly, OVERFLOW significantly over-predicts the low-drag range
coefficients [37]. Thus, the overall versatility of MSES proved better than OVERFLOW for
the theoretical aerodynamic analysis of the 5414 airfoil.

There are significant differences between the computational and experimental pressure
distributions on the aft element. The cause may be that both computational approaches
were based on the average C; of the fore and aft elements obtained from the experimental
testing instead of accounting for the individual C; of each element [37]. Additionally, the
computational methods overpredict the maximum C; and the lift-curve slope. Another
major discrepancy to note is that neither MSES nor OVERFLOW predicted the appearance
of a “horn” that consists of a significant drop in drag coefficient in the lower limit of the
low-drag range. This horn is likely the result of an interaction between the wake off of the
fore element and the laminar separation bubble that appears on the upper surface of the aft
element [37].

For the section characteristics, the experimental results indicate that the lift-curve
slope and maximum lift values are directly proportional to Re, whereas the extent of the
low-drag range is inversely proportional to Re. However, unusual shapes were observed
at lower Re. Specifically, a laminar-separation-bubble effect caused a higher drag than
expected in the low-drag range. Additionally at the lower limit of the low-drag range, the
C, dropped significantly at Re = 0.7 x 10°, creating the “horn” shape previously discussed.
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Figure 11. (a) Comparison of theoretical and experimental pressure distributions at C; = 0.518 and
Re =1.51 x 10°. (b) Comparison of predicted and measured section characteristics for Re = 1.51 X 10°.
Reproduced with permission from Ref. [25].

3.4. 5207

The 5207 is designed for a transonic, transport aircraft. The primary objectives of its
initial design were to achieve a maximum C; = 2.30 at M = 0.225 and Re = 16.0 x 106, as well
as to obtain low profile-drag coefficients over the range of C; = 0.39 to 0.65 at M > 0.660
and Re = 13.2 x 100 [15]. The pressure distributions over the S207 airfoil predicted by
MSES at M = 0.71 and Re = 13.2 x 10° for C; = 0.39, 0.65 and 0.78 are shown in Figure 12.
C; = 0.39 and 0.78 represent values close to the lower and upper limits of the low drag
range. As C; increases, the pressure gradient on the upper surface becomes less favorable
and the pressure gradient on the lower surface becomes more favorable. Increasing C;
exhibits minimal effect on the pressure distribution over the aft element, consistent with
observations for previous SNLF airfoils.

S207

-16

-1.1

0.9

0 0.2 0.4 0.6 0.8 1
% chord

Figure 12. S207 airfoil pressure distributions at M = 0.70 and Re = 13.2 X 100 for o« = —1.6°, —0.7°,
and —0.6°. (Graph reproduced from [30]).
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As for the boundary-layer transition within the low-drag range, the airfoil achieves
complete laminar flow on both surfaces of the fore element, 60% laminar flow on the aft
element’s upper surface, and laminar flow all the way to the trailing edge on the lower
surface of the aft element. The results of the computational analysis indicate that for the
design M = 0.7, significantly low levels of C; (<0.003) are predicted in the low drag range.
There is almost no wave drag for M = 0.66 and 0.7. Upon increasing M, however, drag
divergence is apparent as wave drag becomes a significant portion of the total drag, even
in the low drag range. An estimated impact of Gortler instabilities was determined by
tripping the boundary layer at the entry of the slot on the lower surface of the fore element.
While there is minimal variation in C;, the C; increases by around 17% in the low drag
range. After accounting for the Gortler instabilities, the 5207 airfoil met or exceeded the
design objectives.

3.5. X207LS

The S207, designed for transonic conditions, produces significantly different pressure
distributions and boundary layer characteristics when tested at low speeds [31]. Therefore,
the X207LS airfoil was created as a low-speed surrogate of the 5207 airfoil to enable testing in
a low-speed wind tunnel. While CFD simulations and boundary layer analyses account for
stationary crossflow instabilities within low intensities, the experimental test environment
may prove too noisy to observe and verify boundary layer predictions. The X207LS shape
was designed by mapping transonic pressure gradients to an equivalent low-speed airfoil.
First, an inverse design method based on conformal mapping was utilized to develop a
single-element airfoil for low speeds. This single-element airfoil was then modified to a
slotted configuration. Designed to replicate the pressure distribution as produced by 5207
at M = 0.7 and Re = 13.2 x 10%, the X207LS also required a reduced C; = 0.45 (as compared
to C; = 0.65 for S207) to prevent wall separation issues.

The major differences from the 5207 are that the leading radius of the X207LS is 0.958%
chord (compared to the 5207 radius of 1.068% chord) and the entire X207LS was smoothed
to avoid a pressure oscillation. MSES predicts the maximum C; > 1.8 for the given Re range,
with the pitching moment coefficient showing low sensitivity to the Re. The low-drag, C;
range, decreases with increasing Re. The pressure gradients are favorable along the entire
upper surface of the fore element and up to the slot entrance for the lower surface of the
fore element, resembling the 5207 pressure gradients. Therefore, the X207LS is considered
an acceptable surrogate model of the 5207 that mimics similar behavior under low-speed,
low M conditions.

3.6. 5702

The 5702, designed for a low-speed, fixed-wing aircraft, is the first of the SNLF airfoils
to incorporate a simple flap onto the aft element [32]. The design goals include using the
flap to shift the low-drag range to lower C; with negative deflections, and higher C; with
positive deflections, as well as utilizing the flap as a control surface. The primary objective
was to achieve a maximum C; = 2.00 for Re = 0.29 x 10° to 0.91 x 10°. The Eppler code was
used to develop the initial shapes while the MSES code was used to refine the fore element
shape and predict performance.

The S702 airfoil was experimentally tested in the LSLTT for four flap configurations
with deflections = 0°, —2°, 5°, and 10°. As « increases from —7.13° and to 1.01°, the
pressure gradient on the lower surface begins adversely but becomes neutral to the trailing
edge of the fore element, demonstrating laminar flow. The pressure gradient of the upper
surface of the fore element is initially favorable and becomes neutral around 65% chord.
The adverse pressure gradient at the aft is unfavorable but not enough to cause boundary-
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layer transition. As o is further increased to 16.18°, trailing-edge separation occurs on the
upper surface of the fore element around 50% chord and moves forward as « increases,
but leading-edge stall does not occur. The S702 airfoil achieved the primary objectives of
high maximum C; and low-profile C;, and although stall occurs, the characteristics are less
abrupt than the previously designed SNLF airfoils, demonstrating improved performance.

4. S207 Advanced Research

Substantial research was performed through NASA’s University Leadership Initiative
(ULI) Advanced Aerodynamic Design Center for Ultra-Efficient Commercial Vehicles to
advance the 5207 towards integration with a TTBW for implementation on a commercial
aircraft [41]. This holistic research program included aerodynamics simulation, wind
tunnel testing, structural analysis, acoustics evaluation, propulsion effects investigation,
stability and control analysis, and exploration of advanced technology. A summary of
the 5207 advanced research topics and citations for additional information is provided in
Appendix A.

4.1. Aerodynamics Simulation

Computational simulation was performed to evaluate the aerodynamic performance
of a TTBW aircraft with an SNLF airfoil. Initial two-dimensional (2D) analysis of the S207
was performed using a Reynolds-Averaged Navier-Stokes solver (RANS) [42] with the flow
solvers NSU2D (Navier-Stokes Unstructured 2D) and NSU3D (Navier-Stokes Unstructured
3D) [43,44]. The S207 was analyzed at free transition, and the drag counts were 31.8 at
C; = 0.658, which is lower than the upper C; limit of the drag bucket. This free transition
modeling aligned with design data and demonstrated that laminar flow is achieved on the
fore element and through the slot. Transition occurs at 87% of the chord length on the upper
surface of the aft element. Next, three-dimensional (3D) analysis of the S207 TTBW aircraft
configuration was performed using both fully turbulent and free transition conditions
at Re = 1.4 x 10°/ft and the wing’s mean aerodynamic chord (MAC) = 8.786 ft. Results
simulated at M = 0.5 and M = 0.7 included the wing’s friction drag and drag polars. In the
transitional runs, a low-drag bucket formed between « = 0° to 3°, whereas the turbulent
runs exhibited relatively flat drag profiles. The favorable pressure gradient predicted by the
3D analysis is less than that predicted by the 2D results, especially for the inboard sections,
indicating that inboard airfoil sections should be modified. While no shock was observed
in the results, transition occurred further upstream than the initial design predictions.
Therefore, the origin of the early transition requires further investigation.

To overcome the SNLF airfoil’s abrupt stall characteristics, a computational analysis
was performed to investigate the potential of the aft element to act as a high-lift device [45].
Four configurations were investigated: a baseline 5204 aft element, a deflected aft element
or Fowler flap, a deflected micro-flap, and both a combination of Fowler flap and micro-
flap. Computational simulation was performed with the structured, overset grid solver
NASA OVERFLOW V.2.2n, a RANS-based approach, to determine the integrated lift
forces. Figure 13a shows off-the-surface separation, where the off-surface wake from
the fore element suddenly appears to thicken above the wake of the aft element. In
Figure 13b, with the o increased to 16°, the flow is shown to be fully separated. Thus,
at higher « values, additional work is needed to improve the subsequent drop in the
maximum C;. It was concluded that a constant slot width is optimal for maximum efficiency
of microflap deflections. Additionally, deflecting the microflap downwards rather than
upwards provides increased microflap lift. A Fowler flap resulted in a higher maximum lift
at a lower o, and a simple flap also provided an improved C; with potentially less abrupt
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stall characteristics. Thus, high-lift devices have the potential to increase the fuel efficiency
of the SNLF airfoil.

a) a=+12°

b) a=+16"

Figure 13. Mach number contours with the Fowler flap deflected + 40° and microflap deflected + 10°.
Reprinted with permission from Refs. [45,46].

Investigation of high-lift systems with a leading-edge device was performed with
the goal of alleviating abrupt stall characteristics [47]. The first of the two leading-edge
devices evaluated are a morphing leading edge (MLE), which thickens the leading edge
to increase the radius and reduce the undesired stall characteristics. An MLE presents a
tradeoff because a larger radius could result in instability stemming from attachment-line
contamination. The second option, a drooped leading edge (DLE), consists of a flap-
like nose droop to prevent stall from occurring by maintaining the laminar flow. Five
configurations were investigated: the S207 with a stowed aft element as the baseline, two
airfoils with a deflected DLE (one located at 10% chord and the other at 20%), and two
with a deflected MLE (one at 10% chord length and the other at 20%). Computational
simulation was performed to evaluate the aerodynamics at different angles of incidence
using a 2D RANS computational procedure in OVERFLOW and to predict 5207 SNLF airfoil
performance in different high-lift configurations. The best performance was observed with
an MLE and Fowler flap deflection, where maximum C; performance was higher, and the
stall was more controlled and smoother. The change in C; was +1.68 and the stall was
delayed to an « up to 3°. When stall occurred, it remained sudden relative to the baseline,
indicating future work is needed to improve the consequences of stall behavior. However,
delaying the stall o is beneficial, by providing a larger range of operational «, improving
the overall high-lift performance.

Additional aerodynamic analysis of the 5207 airfoil was performed under varying
load conditions at cruise conditions (Figure 14). Computational simulation using NSU2D
predicted a c; = 0.6505 at M = 0.7, « = —1.3, and Re = 13.2 X 10°, consistent with design
specifications and published results [15]. However, a C; = 0.0032 was predicted that
exceeded the low-drag profile target value of 0.0027. Several analyses were performed
to evaluate the agreement between MSES and NSU2D. Run 1 was simulated at the same
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M, Re, «, and Ny = 19.2 (the value at which the maximum amplification ratio of an
instability is reached). Run 2 was simulated with N; = 9.0, and Run 3 contained Run 2
as an initial condition while maintaining the same flow conditions. Additional analysis
of the transition behavior models established reasonable agreement between MSES and
NSU2D [48], predicting similar C; and C; values, as well as relatively accurate transition
locations. However, the transition location on Run 3 was predicted to be the entrance of the
slot on the lower surface of the fore element, which is far from the designed location and
indicates insufficient convergence of the solution.
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Figure 14. Mach flow field of S207, SNLF airfoil (image provided courtesy of the Mavriplis CFD lab).

Furthermore, this study included 3D computational analysis of an integrated SNLF
TTBW aircraft based on the Boeing SUGAR High aircraft [48]. The Two-Equation Ampli-
fication Transport (AFT2) model was used, because the single-equation Menter model is
limited in its ability to analyze high Reynolds numbers. The simulation was run using the
parameters of M = 0.7273, « ranging from —1.0 to —2.5, Re =12.3 x 106, and Ngyir = 8.4. The
results indicate that when the wing is modeled as free transition rather than fully turbulent
on the lower surface, representing leading-edge tripping, higher C; and lower C; values are
predicted. Additionally, there is a greater amount of laminar flow on the upper and lower
surfaces for lower «, aligning with expected behaviors. A wind tunnel simulation was
conducted using NSU3D-AFT2-SA for M= 0.7, « =0, and Re =12 x 10° with the predicted
C; =0.3611 and C; = 0.0335. The predicted transition location was at 40% chord length, sig-
nifying more significant turbulent flow than demonstrated during the experimental wind
tunnel tests at NASA Ames. While insight into the transition behavior for the SNLF airfoil
and SNLF TTBW aircraft was gained, future work is necessary to improve the robustness
of free transition RANS models for better alignment between computational predictions
and experimental results.

Another simulation technique to evaluate and optimize SNLF airfoils is to identify
and decompose the types of aircraft drag [49]. A method based on partial-pressure fields
in compressible flow calculations was explored. The application of Euler (inviscid) and
dissipative (viscous) partial-pressure fields in the compressible Navier-Stokes equation
was found to increase solution robustness and accuracy. This solution method can lead to a
greater understanding of the contributors of drag to minimize drag and provide resolved
surface-pressure contours to enable future high-performance adjoint-based optimization.
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4.2. Wind Tunnel Testing

Experimental testing of the S207 was performed in the NASA Ames Unitary Plan Wind
Tunnel (UPWT) 11-ft transonic test section Figure 15 [50]. Primary objectives included S207
technology demonstration, airfoil viability evaluation, identification of the instabilities that
cause laminar-turbulent transition, and compiling a database of physical test data for CFD
validation. The S207 test article was a semi-span airfoil that was untwisted, constant-chord,
and constant-sweep consisting of a steel fore element and an aluminum aft element. Early
design considerations highlighted that the connection between the fore and aft elements
was critical in maintaining the slot during cruise. A lower-surface bracket design was
selected based on cost and ease of connection while concurrently attempting to limit the
disturbance to the laminar flow through the slot. This connector design required spacers in
the slot to prevent slot collapse.

Pressure Port

Rows Connectors

Fiberglass Fairing ‘
(Rotates with Wing) Rotation Clockwise or
Counterclockwise

.

(a) Model Construction Diagram (b) Model Installation Photograph

Figure 15. (a) SNLF wind tunnel model, (b) installed for testing in the NASA Ames transonic
wind tunnel. Reprinted with permission from Ref. [48], 2023, American Institute of Aeronautics
and Astronautics.

There were two test configurations for the aft element: nominal position at cruise and
a high-lift position with the aft translated and deflected as a Fowler flap. The cruise design
conditions for the wind tunnel operating conditions were M = 0.70 and Re = 13 x 10°,
similar to the design cruise conditions of the Boeing SUGAR High TTBW aircraft design, a
regional to medium class aircraft [3]. Due to load limits, the maximum « = 5°. Additionally,
the 20° deflection the aft element during testing was much higher than the predicted
maximum deflection. The justification was to prioritize the demonstration of high-lift while
preventing excessive separation on the aft element. The rake was only able to measure
total pressure with no reference static pressure. Therefore, the data could not be reduced
to drag coefficients. One last challenge of the test campaign was ensuring a smooth,
clean surface for the fore element, which was deteriorating as the test continued and due
occasional debris strikes. An additional localized roughness was created (to remedy the
deteriorating surface) which induced boundary-layer transition, a notable divergence from
the predicted results.

Figure 16 shows the infrared (IR) thermography results visualizing the flow on the
upper surface of the wing, Figure 16a captures the flow for M = 0.699, Re = 12.93 x 10°,
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and « = —0.002, and Figure 16b illustrates the flow for M = 0.701, Re = 12.95 x 10°, and
o = —1.000 [48]. From the images, it is clear that distinct lines are visible in Figure 16b
that are not seen in Figure 16a, indicating that the configuration and flow conditions of
the wing in Figure 16a are conducive to the production of large regions of laminar flow on
the upper surface, as designed. By observing the lift and drag force data collected from
the experiment, there is both the expected trend of increased lift with increased M and the
unexpected trend of increased drag coefficient with increased M. The study hypothesizes
the cause for the latter observation could be that the fairing caused shockwaves at lower
M. Overall, the experimental results confirmed the predicted performance: (1) there is a
reduced amount of drag accompanying the laminar flow, (2) aft element deflections led to
higher lift as demonstrated in the high-lift configuration, and (3) that abrupt stall occurs,

although the stall is lessened at increased M.

(a) Mach=0.699, =-0.002,Re=12.93x10° (b) Mach=0.701, @=-1.000, Re=12.95x10°

Figure 16. Infrared flow visualization images of flow moving on the upper surface of SNLF wing
near the fairing. Reprinted with permission from Ref. [48], 2023, American Institute of Aeronautics
and Astronautics.

Additional experimental testing was conducted in the Klebanoff-Saric Wind Tunnel
(KWST) at Texas A&M University on the X207LS [51]. Selected instability mechanisms were
excited and observed. Computational analysis was performed by generating the laminar
flow over the wing using pressure coefficients obtained from an inviscid code as input into
a boundary-layer solver called Digits by Ethan, Koen, Alex and Fernando (DEKAF) [52]. A
strong correlation between the simulated and measured streamwise vortices was observed,
with concern of possible errors in assuming that the mean-flow-distortion’s «(0,0) = 0 in
the simulation. Future work can further detail the amplitudes of the crossflow disturbances
and OVERFLOW simulations may better quantify the flow.

4.3. Structural Analysis

While high-lift aft loaded surfaces are not novel, the slot between the fore element
and the high-lift aft element introduced a new challenge in how to transfer the load from
the high-lift aft element to the fore element while ensuring the slot does not collapse and
the aerodynamic benefits are maintained. The slot creates a ‘floating” aft element that is
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not connected to the fuselage and must be supported by the fore element’s rear spar. The
desired shape, location, and number of slot connectors were investigated to transfer the
high-lift aft element load to the fore element while minimizing the disturbance on the
aerodynamic performance [53].

An initial analysis focused on the general shape and location. Structural analysis and
CFD were employed to evaluate eight similar cross-section shapes and locations for stress,
aft element deflection, and disturbance on the local laminar flow. It was concluded that
a more streamlined shape located within the slot was preferred for both structural and
aerodynamic performance. Figure 17 illustrates the separation of flow quantified by the
coefficient of friction variation across the surface of the aft element. A smaller disturbance
to the local laminar flow was observed with an internal slot connector. The general shape
of the slot connectors was a symmetric shape based on the NASA CRM.65 Blunt, with
mirrored upper surface and no camber, to reduce the impedance on the local laminar flow.
The adjusted slot connectors allowed for a simplified structural design in both analysis and
production aspects while providing symmetry of flow effects around the slot connectors.
Further investigation of the slot connectors optimized placement within the slot in the
middle-upper region, controlled by the yield limit and the deflection of the aft element
(Figure 18).

Figure 17. Top, separation of flow; bottom, Eddy viscosity ratio displaying the difference between
sections with no connector, an external connector, and an internal connector. (Image provided
courtesy of Dr. Doug Stefanski).

An investigation was then performed to investigate the half-span flutter stability of
the airfoil including the effects of the connectors on the modes [54]. It was concluded that
nine connections were required to support the flutter stability between the fore and aft
elements. Subsequent structural analyses were based on nine slot connectors of various
sizes calculated by tributary load, fabricated with Ti-6Al-4V, and placed near the upper-
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middle region of the slot. As the slot connectors are transferring the high-lift load from the
aft element, it was crucial to understand the optimal structural density in the aft element. A
topology optimization within Abaqus CAE [55] was performed at the cruise condition. The
outer mold line (OML) was held constant with a 0.15” perpendicular thickness to model the
skin of the aft element. This thickness was selected as the minimum specified skin gauge
for the Boeing SUGAR HIGH while allowing the topology optimization to inform where
additional thickness was required [56].

Y | Symmetric

¥ Surfaces

MIDDLE ¢

7 Blunted Tip
—

Figure 18. Left, slot connectors placed in various regions of the slot for the SNLF airfoil; right,
adjusted CRM.65 blunt with camber removed and mirrored upper surface [53].

The internal elements acted as the design space and were controlled by the object
function and two constraints. The object function optimized the strain energy, and the
constraints were a percentage of material density (<10%) and the general displacement
of the aft element’s OML. Due to Abaqus CAE’s limitations only 500 nodes could be set
to control the displacement constraint and several nodes at the mid-span between each
slot connector were utilized to prevent displacement of the aft element > 0.1 inch. The
primary finding was that no spar formed in the design space. Because the aft element is
‘floating’, the high-lift load is required to transfer through the slot connectors alone. Thus,
reinforced ribs are required underneath each of the nine slot connectors. Additionally,
increased stiffness on the trailing edge was identified and could be optimized with thicker
skin gauges or stringers through a weight study.

4.4. Acoustics Evaluation

Aero-elastic instability arises from the interactions of inertial, elastic and aerodynamic
forces on the wing. These instabilities are characterized as either static or dynamic. Diver-
gence is a static instability that occurs at high angles of attack, when the elastic twisting
moment is no longer sufficient to counterbalance the aerodynamic pitching moment. The
consequences include loss of aerodynamic efficiency and high risk of structural failure. Flut-
ter is a dynamic, oscillatory instability that can be triggered by any external perturbation
(e.g., gust, sudden change in angle of attack) on the wing and can cause structural failure.
An investigation into the aero-elastic behavior of flutter mitigation of multi-element wings
was performed, with a focus on the aero-elastic stability of the strut-braced SNLF wing.

A beam-rod aero-elastic framework in modal space was developed with static equilib-
rium calculation and time-marching solution capabilities [57]. The aerodynamics are based
on Theodorsen’s theory for two aerodynamically independent flat plates. The two elements
are structurally coupled with springs. The component mode synthesis method is employed
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to study the effects of varying connection stiffnesses and locations. The mode shapes are
obtained by performing a frequency analysis of a three-dimensional finite element model
of the SNLF wing using the commercial software ABAQUS V.6.19. The wing model was
developed to include structural reinforcement while preserving the aerodynamic shape of
the wing. The first four torsion, vertical bending, and chordwise modal behaviors were
obtained for the wing. A key takeaway from the results of the flutter stability analysis is that
the rate of increase in the vertical bending mode is larger when the wing is forced to balance
the weight by producing the respective amount of lift. Therefore, coupled torsion and
bending stability are more likely to occur at lower speeds. Future work includes improv-
ing the aerodynamic model to capture the fore-aft element interactions in the aero-elastic
calculation tool.

4.5. Propulsion Effects

The engine location on the wing affects the interaction of propulsive and aerodynamic
forces acting on the aircraft, more specifically known as propulsion airframe integration.
This integration is vital because an undesirable interaction of forces can lead to an increase
in interference drag, or the drag produced by the connection of the engine to the wing, hence
decreasing the fuel efficiency of an aircraft. A high bypass ratio turbofan engine was chosen
for evaluation due to the increased efficiency that stems from the increased thrust produced
by the fan, which in turn means less fuel consumption [58]. The study utilized OVERFLOW
to simulate the engine and analyze the mass flow in different parts of the engine, as well as
to simulate the 5204 and S207 SNLF airfoils in varying proximities of the turbofan engine.
The results indicated that the optimal location for the investigated flight conditions was
to attach the engine under the wing on the leading edge. However, when considering
minimal interference drag, a location the trailing edge under the wing was preferable.
Further propulsion airframe integration research is a clear path towards ensuring that the
benefits of the SNLF airfoil are maximized for increased aircraft fuel efficiency.

4.6. Stability and Control

Morphing control surfaces can provide the aerodynamic benefits of slats and flaps
without the surface discontinuities that result in undesired aerodynamic behavior and
losses. Specifically, airfoil camber morphing can be achieved with surface bonded piezo-
composite actuators without the need for deployable control surfaces. In this context, a
study was performed on the capabilities of piezoelectric camber morphing of the SNLF
airfoil and its viability as a replacement for traditional control surfaces [59]. After an initial
model was conceptualized, evaluated and optimized, a protype was manufactured and
tested to determine deformation characteristics. The results from the benchtop and wind
tunnel testing demonstrated that while the lift was slightly lower than the theoretical
flow solver estimate, there was agreement in the airfoil’s capacity to consistently modify
lift throughout all «. Furthermore, the full-scale design was optimized using a commer-
cially available induced-strain piezocomposite actuator. The intent of the optimization
was to maximize C; and minimize aerodynamically induced deformation. When testing
the induced-strain actuator with the S207, tests showed that the substrates of the airfoils
were thick enough to passively resist aerodynamically induced bending while maintaining
lift-enhancing morphing capabilities, satisfying the objectives. Future work is needed to
quantify the camber-morphing capability as a function of chord and to determine if the
performance of the actuator sufficiently satisfies the design criteria.

Active flow control was also considered to recover the shortcomings of SNLF airfoil
performance while also meeting the surface constraints for laminar flow [60]. Active flow
control applied in the slot of a SNLF airfoil was analyzed using a modified version of
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OVERFLOW. A sensitivity analysis was performed on an 5207 airfoil with a morphed
leading edge to determine the effects of actuation ports based on the location, mode, and
mass flow. Actuation ports, based on blowing and suction, were considered such that they
are consistent with potential integration of flow control systems on future aircraft equipped
with NLF wings. The results of the study indicated that blowing contributed significant
improvement in L/D and minor improvement in C;, whereas suction comparatively only
exhibited a slight effect on the SNLF airfoil. Between the blowing actuation along the aft
versus the fore element, there was a larger improvement in the maximum C; and delay in
stall for the blowing actuation along the fore element. The major limitation of this study is
that the 2D simulations are restricted to a general prediction of the actuation performance,
and further simulations and experimental testing on a representative SNLF wing will
be required to better predict the improvements that actuation ports could provide to the
SNLF airfoil.

4.7. Advanced Technologies

Blowing actuation was investigated and demonstrated significant improvements in
the L/D along the range of « at each location considered with slight improvements in
the C; [60]. When positioned along the main element, implementation of blown actuation
demonstrated larger improvements in the maximum C; and slightly delayed stall. This
behavior suggests that the boundary layer is being re-energized and active flow control is
providing separation control. Suction actuation demonstrated little impact on the overall
performance of the airfoil but is still important to quantify for integration in practical flow
control layouts. The initial results are encouraging since an increase in L/D during take-off
can lead to a shorter runway, longer range, and higher payload. Moreover, the takeoff and
climb-out portions of the flight profile often determine the engine rating and thereby the
engine core size. Therefore, applications that improve the L/D will enable a reduction in the
engine core size, resulting in lower airplane weight and thus lower fuel consumption. Since
2D analysis only provides general guidance, implementation of these flow control systems
on a representative SNLF wing will be required to establish more realistic objectives for an
integrated flow control system.

A later study building off of the previous study’s findings analyzed unsteady blowing,
which can match the natural instabilities in the boundary later to re-energize the boundary
layer while offering improved actuation efficiency [61]. The three actuation techniques
investigated through computational simulations are pulsed blowing, traverse actuation,
and thermal actuation. The study consisted of 2D OVERFLOW simulations of an altered
5207 airfoil with a blunted, drooped leading edge to model a future version of an inte-
grated SNLF wing with advanced high-lift systems. It was shown that traverse actuation
performed better than both steady and pulsed blowing at all mass flows up to 0.001. The
traverse method consisted of a single jet traversing across the wing. However, in future
studies, multiple traverse actuation methods should be studied to determine if the aerody-
namic efficiency can be further improved. Additionally, the thermal actuation method was
evaluated as a potential anti-ice system, and the results indicated a constant L/D under
varying supply temperature ratios, which could replace the conventional source of hot air
exhaust from the lower side of the leading edge. This replacement could ensure more effi-
cient actuation while additionally rendering a smoother lower surface of the wing allowing
for greater extents of laminar flow. While these results are promising, validating these
actuation techniques in a wind tunnel test is critical to comprehensively understand the
aerodynamic performance of an SNLF wing integrated with active flow control methods.

Excitation techniques such as plasma actuators and pulsed jets offer another option to
improve the L/D by delaying separation and reattaching flow. A comprehensive review
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of research on flow separation control on lifting surfaces focused on two key parameters:
momentum coefficient and excitation frequency [62]. The review examines how these
factors influence shear layer and wake dynamics, with the goal of improving aerodynamic
efficiency through enhanced lift, reduced drag, and optimized performance. The review
highlights various unsteady excitation methods, such as pulsed jets, synthetic jets, plasma,
and acoustic actuators, showing their potential to effectively control flow separation. Key
findings suggest that increasing the momentum coefficient improves flow control, though
benefits reach a saturation point, and excitation frequency plays a critical role in stabilizing
flow reattachment. Additionally, high-frequency excitation delays flow separation by
creating a favorable local pressure gradient, similar to the favorable pressure gradient
created by the SNLF airfoil, indicating a reduction in air consumption while maintaining
control benefits.

One example of such an excitation method is a vortex generator jet, which creates
pulsations to stimulate additional vortices and increase flow mixing [63]. Applying this
technology to a NASA SC(2)-0714 airfoil with a single-slotted flap, the key findings indicate
a drag reduction ranging from 10.8% to 38% as well as a 53% increase in the suction peak
of the flap. A similar study investigated the same airfoil, except with a slotted trailing-
edge flap [64]. The study demonstrates that burst-modulated excitation combined with
fast-switching solenoid valves significantly improves high-lift performance, resulting in a
12.6% increase in lift coefficient and a 19.8% decrease in drag coefficient. Vortex generator
jets effectively prevent flow separation and enhance aerodynamic efficiency. The use of
modulated pulsed jet excitation also reduces air consumption by half compared to simple
pulsed jets, improving overall performance and energy efficiency.

Similar simulations on supercritical airfoils show that by providing actuated flow
control over the airfoil, the separation is delayed and the suction pressure reduces along the
trailing edge of the airfoil’s upper surface, resulting in increased lift [65]. The results show
that low frequencies (F+ = 0.2, 1, and 1.2) enhance lift, while high frequencies (F+ = 12)
reduce drag. The improvement in L/D was seen in all controlled cases, with the maximum
increase being 28.62% at F+ = 1. Therefore, many positive enhancements could results
from hybrid approaches to flow control and excitation techniques to further improve
aerodynamic efficiency of an SNLF airfoil.

The potential of morphing airfoils was also investigated. One such study develops
a double-slotted morphed flap for the NACA 4412 airfoil, which significantly enhances
aerodynamic efficiency [66]. The flap design incorporates a morphable camber and two
slots to reduce flow interference and improve performance. CFD simulations predict an
82.5% increase in maximum lift coefficient, a substantial reduction in drag, and a fivefold
improvement in L/D compared to a traditional double-slotted flap. This morphed flap
outperforms a conventional split flap with a 60° deflection, offering a 14% higher lift ata
30° deflection angle.

Another study investigated a morphing airfoil based on a NACA 0012 initial shape.
Modeling and simulation was performed using an expanded Multi-Disciplinary Opti-
mization (MDO) framework, including analysis of evolution of parameters throughout
optimization iterations [67]. Simulations suggested the model-scale airfoil could control
actuation authority while subject to large aerodynamic loads. Research continued with
the theoretical examination of asymmetric full-scale airfoil sections. Initial simulations
indicated morphing of full-scale airfoils with piezocomposites alone proved insufficient;
however, morphing of individual sections of a slotted multi-element airfoil showed promis-
ing results [68]. Concurrently, the MDO framework was modified to include migration
methods that improved convergence time by up to 90% relative to the previous frame-
work. A prototype morphing aft element, was fabricated based on optimization results
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for maximizing C;. This first prototype was testing through benchtop and wind tunnel
configurations. Testing results were used to evaluate multi-element airfoils using the flow
solver MSES [69]. Optimization results showed the overall effect of aft element camber-
morphing on pressure distribution and critical polars [70]. The optimization framework
was improved to include multi-objective optimization. A 178 mm chord second prototype
airfoil was fabricated based on the optimization results for maximizing actuated coefficient
of lift and minimizing the unactuated aerodynamic-induced deformations. Benchtop test-
ing showed a strong agreement between the structural model and the experimental results
for deformation. The prototype was wind tunnel tested at 40 and 50 m/s over a range of «
and voltage values. Wind tunnel testing demonstrated lift modification by up to 10% of the
nominal value with a high resilience to aerodynamic-induced deformation.

5. Future Goals and Conclusions

The SNLEF airfoil provides reduced wing profile draft and optimized L/D and achieves
nearly 90% laminar flow across its surfaces. Its implementation on commercial aircraft has
the potential to contribute to NASA’s N + 3 goal to reduce fuel consumption by 70% during
cruise conditions. While a promising technology, research and development is still needed
to fully mature the SNLF airfoil for integration with a TTBW aircraft. The impedance caused
by the structural components required to maintain the slotted design must be minimized
through a coupled aerodynamics and structural analysis to optimize connector size, shape,
and placement. Furthermore, integrating flow control systems with slot connectors could
reduce overall complexity, streamline design, and improve ease of inspections. Recent
advances in deep learning networks have proven effective in improving aerodynamic
designs, including single-slotted airfoil flaps, morphing trailing edges, and rotor flaps, as
well as identifying issues such as icing and overall aerodynamic response [71-77]. Future
SNLEF research should investigate the use of deep learning networks to more efficiently
analyze how adjustments in slot dimensions, slot connectors, morphing leading edges, and
other potential components would affect its overall aerodynamic capabilities. An extensive
analysis on manufacturing tolerances and surface contamination and their reduction on
the total percentage of laminar flow is vital to establish inspections, coatings, and cleaning
schedules. Deep learning networks could substantially assist in these analyses. Moreover, a
global sensitivity analysis of design parameters would benefit airfoil design by identifying
those most influential on performance for detailed study and optimization.

There are some practical complications or drawbacks that could arise if the SNLF
airfoil were to be fully integrated with commercial aircraft such as the Boeing TTBW aircraft
or similar 150-passenger aircraft. The half-span of the SNLF airfoil is approximated to
be 81 feet and 2.8 inches, which is longer than current commercial aircraft. Therefore, an
aircraft with SNLF wings would have difficulty entering or exiting existing airport gates,
or potentially not fit at all, and constructing new gates at airports could prove to be a
massive logistical and financial undertaking. An alternative is to fold the wings at the strut
location, further complicating the mechanics already required to support the technology.
Furthermore, the increased complexity of the SNLF technology would require additional
inspections to prevent deterioration of the aft element where loads from the high-lift aft
element are transferred only through slot connectors. These complications are compounded
by the cost associated with large-scale implementation, including reducing manufacturing
tolerance, the necessary restructuring of existing manufacturing hubs, and the transition
from older aircraft fleets. However, these older aircraft could be phased out slowly and
sold to international airline companies to offset the overall transition cost.
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Appendix A

Table Al. Summary of advanced research topics and citations for additional information.

Topic Objective Results Citation
2D analysis of SNLF airfoil Transition occurred earlier than [42]
Computational Fluid integrated with TTBW predicted at 87% chord
Dynamics High-lift systems with Simple flap improves C; without [45]
deflected aft element or flaps  abrupt stall characteristics
High-lift systems with MLEs  Airfoil with MLE and Fowler flap [47]
and DLEs had the best performance
Overall behavior captured, but
2D and 3D analysis of 5207 to  convergence improvements needed 48]
predict transition behavior for better agreement with
experimental values
Drag Der1.velat1on of solfgt;gn? for Theoretical framework and equations 49
Decomposition partlal pressure fields for derived for partial pressures 491
minimizing drag
Experimental validation of Les?.drag Qvetall and hilgfh _%ﬂ 50
Wind Tunnel Testing $007 configuration increases li t, but [50]
abrupt stall still occurs
Experimental validation of Strong correlation between the
XS5207 simulated and measured streamwise [51]
vortices
Structural analysis and CFD to  Connectors perform best with
. investigate connector shapes,  streamlined shape located within the
Structural Analysis locatiois, and effect on P slot and reinforfed ribs underneath [53]
laminar flow in slot each of the nine slot connectors
Investigation into aero-elastic ~ Coupled torsion and bending
Acoustics stability of the strut-braced stability are more likely to occur at [57]
SNLF wing lower speeds
Propulsive airframe Most optimal location under given
Propulsion integration via selection of flight conditions is under the wing [58]
engine location on leading edge
Airfoil passively resists
Stability and Control Piezoelectric camber aerodynamically induced bending [59]

morphing to enhance lift

while maintaining lift-enhancing
morphing capabilities
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Table A1. Cont.
Topic Objective Results Citation
Blowing actuation enables a
Steady blowing actuation re-energized boundary layer and [60]
provides separation control
. . Traverse actuation performs better
Unsteady blowing actuation than both steady anl:()i pulsed blowing [61]
Recent studies on flow separation
. . e control have demonstrated the
Review of various excitation . . .
techniques effectl.venes.s Qf various actuation [62]
techniques in improving
aerodynamic performance
Apolvi " " A drag reduction ranging from 10.8%
APPIYING a vortex generator to 38% as well as a 53% increase in
Advanced Technologies Jettoa single-slotted, flapped the suction peak of the flap is [63]
airfoil
observed
Applying a vortex generator A 12.6% increase in lift coefficient
jet to a slotted, trailing-edge and a 19.8% decrease in drag [64]
flapped airfoil coefficient is observed
. . . Low frequencies (F+=0.2,1,and 1.2
Applying Pglsed Jet actuation enhanceqlift, whil(e high frequencies ) [65]
on supercritical airfoils _
(F+ =12) reduce drag
Designing a double-slotted CFD simulations show an 82.5% 66]
morphed flapped airfoil increase in maximum lift coefficient, [
Wind tunnel testing demonstrated
Optimizing a prototype lift increase of up to 10% with high [68]
morphing aft element airfoil resilience to aerodynamic-induced
deformation
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