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Abstract

Early stages of ground-effect flight transit vehicle (GEFT) development iden-
tify benchmark digital prototype performances with approaches to reduce en-
ergy consumption by 20% to 80%. 80% reductions are possible when aerody-
namic suspension mitigates rolling losses. Applications range from reducing
drag for automobiles to railcars operating in ground-effect flight at greater
speeds on existing track infrastructure. The technology utilizes a trailing-sec-
tion upper-surface ducted fan, a trailing tapered surface, and a lower cavity
comprising side fences and a trailing flap. These additional features both enable
higher levels of performance and increase the degrees of freedom for computa-
tional optimization. This paper uses a minimum in total Computational Fluid
Dynamics (CFD) mesh turbulence as a method to identify the local optimal
ducted fan power setting and to compare different designs. Three-dimensional
simulations identified a range of viable design applications for constant airfoil
cross sections. Applications are limited by the vehicles’ ratios of thickness to
length (thickness ratio) and the ratios of width to length (aspect ratio). Analysis
is limited to vehicles 2.6 m wide for compatibility with multimodal operation
on existing highway and railway corridors. The work creates the opportunity
to test the limits of modern computational methods to rapidly advance designs
through the application of extrapolating 2D CFD performances to 3D designs
and understanding how air flow transforms into lift pressures.

Keywords
Lift, Drag, Computational Fluid Dynamics, Energy Analysis, L/D Efficiency

1. Introduction

This Strategic placement of distributed propulsion on the trailing-section upper-
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surface of lifting-body ground-effect vehicles (LB-GEV) can simultaneously re-
duce drag and rolling losses for a range of wheeled vehicles. Twenty to 80% re-
ductions in energy consumption are attainable with transformative possibilities,
dependent on the velocity and application. 20% efficiencies begin at low velocities
for automobile applications, while near 80% efficiencies appear at high velocities
for trucking applications. However, the multivariable objective-driven optimiza-
tion includes the addition of ducted fan location, power, and shape as additional
degrees of freedom in the already challenging optimization space of the aircraft
design.

An efficient approach to this computer-based fluids problem includes use of 2D
simulations to screen wing sections for subsequent 3D digital prototype optimi-
zations. The working optimization hypothesis pursues a minimum in turbulence
as a metric of minimum lost work and optimal configurations for wing sections
coupled with ducted fans. A fundamental based explanation of how air flow gen-
erates aerodynamic lift was a valuable supplement to the studies for interpreting
2D simulation results and identifying how to approach 2D performance with 3D
digital prototypes. This paper simultaneously evolves the optimization methodol-
ogy and the vehicle design.

The technology enables open-ended evolution with far greater possibilities than
current transit options. The science and technology are enabled by computational

fluid dynamics (CFD) for rapid progress, optimization, and evolution.

2. Background

It is possible to both: a) reduce energy consumption by 20% to 80% for a gamut
of vehicles from automobiles to trucks and b) transform ground transportation
into a unified multimodal network with substantial reductions in transit times.
Initial proof-of-concept studies were based on the use of a recently clarified airfoil
science to accurately extrapolate designs [1]. Toward the goal of computer-based
results-driven optimization of the lifting-body ground-effect flight vehicles (LB-
GEV), 2D simulations can be used to screen designs and narrow the range of pa-
rameters to be tested by more computationally-intensive simulations of 3D digital

prototypes.

2.1. Source-Body Interference

The optimization problem is particularly complex and computationally intensive
due to the manner in which the aerodynamics of propulsor (e.g. a ducted fan) and
vehicle wing sections are coupled. A propulsor can be simulated as a velocity
“Source” which generates momentum in many computational fluid dynamics
packages. In practice, the Source may be a propeller, ducted fan, jet engine, or any
of a number of nacelles used in aviation.

For a propeller, the thrust force is collected by pressures on the surfaces of the
blades and transmitted to the vehicle through the rotating shaft. A duct can in-

crease fan blade efficiency by reducing the formation of vortex-type turbulence
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flowing radially around blade tips, however, the duct’s aerodynamic drag is only
beneficial when one duct prevents vortex-type turbulence for multiple blades [2]-
[7]. The inlets and exhaust nozzles of a ducted fan, including jet engine nacelle,
impact the overall effective efficiency of the propulsor [8]-[17].

Low pressures may form at the nacelle inlets and higher pressures may form at
the nacelle exhaust nozzles which generate thrust, but the induced and viscous
drags are typically greater in magnitude than the “induced thrust” produced by
inlet and exhaust nozzles.

When a lifting body surface merges with nacelle surfaces, the propulsor perfor-
mance and lifting body performance become increasingly coupled and indistin-
guishable. For example, phenomena such as boundary layer separation become
coupled to the interaction. Pressure drag on a wing section can nearly double with
the onset of boundary layer separation (BLS), with minor variations in aerody-
namic flow determining whether or not BLS occurs.

The current work avoids the topic of decoupling Source and wing section in-
terference by evaluating overall lost work. The hypothesis is that a minimum in

lost work translates to an overall optimal efficiency.

2.2.Lost Work in LB-GEV

Several forms of lost work through energy dissipation lead to decreased aircraft
efficiency, including:

1) Viscous losses, which include a skin friction component, dissipate to waste
heat in near proximity to the surfaces expressing the viscous flow,

2) Higher pressures expand to lower pressures through turbulent flow.

3) Higher pressures expand to lower pressures through diffusion or laminar
flow in a manner such that the dilution or flow is not recovered.

Ultimately, all unrecovered flow transforms from organized bulk flow (ie. air
velocity) to random increased molecular energy (e waste heat).

Since pressure expands at the speed of sound, energy stored as pressure will
transform into air flow. Surfaces, such as wing section skins, can block expansion
and preserve pressure differences over greater distances. In some instances, the
air flow can transform back into pressure such as when streamlines of different
velocity vectors merge at trailing-edge stagnation regions.

Ground-effect flight is able to achieve higher efficiency for converting air flow
into aerodynamic lift because the ground blocks the downward dissipation of
pressure [18]-[24]. Fences or rails traversing most of the vertical gap between the
LB-GEV’s lower surface and the ground can block most of the lateral dissipation
of pressure from a lower cavity.

A hypothesis of the present work is that a dominant indicator of minimum lost
work is the minimum in turbulent energy. The hypothesis identifies that: a) un-
recovered work in the form of pressure is substantially converted to flow with
turbulence and b) changes in viscous lost work are relatively small compared to

changes in turbulent lost work. The Results of this work will be evaluated in the
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Discussion with respect to this hypothesis.
Preliminary studies have identified that the kinematic turbulence (k) reported
by many computational software packages exhibits a minimum as a function of

Source power, setting the stage for this work [25].

2.3.2D versus 3D Performances

In aircraft design, 2D simulations are equivalent to simulating a wing or lifting
body of infinite lateral width. Practical designs characterize a vehicle’s aspect ratio
which is a representative ratio of lateral width to chord length.

3D designs allow for variations in airfoil shape along the lateral dimension. In-
vestigation of lateral variations, except fences, is beyond the scope of the present
work.

At a constant airfoil cross section, the fundamental difference between 2D and
3D simulations is accounting for the lateral dissipation of pressure energy. This
trend is useful for extrapolating 2D results to 3D performance. For LB-GEV,
fences of the lower cavity have been identified as effective to the extent that lift
pressures of a well-designed lower cavity of a 3D LB-GEV are able to approach
the lower-surface lift pressures of 2D simulations [26] [27].

Key additional design parameters of 3D LB-GEV are the vehicle’s aspect ratio,
the clearance of the fence with the ground, and the clearance of the trailing flap.
A good benchmark value for an average lower surface clearance is 10% of the fu-
selage thickness. The fences and flap clearances with the ground provide beneficial
aerodynamics while distancing the fuselage’s lower surface from incidental con-
tact with the ground.

Source power setting, size, and location are prominent operating parameters.
The discussion includes findings on the impact of Source location and size.

GEFT technology is in a phase of rapidly increasing evolution and understand-
ing based on the efficiency of CFD methods for evaluating new digital prototypes.
The purpose of this paper is to convey understanding and performance capabili-
ties, with some risk of error associated with the absence of direct experimental
validation, for the presentation and proof of concept of a hypothesis prior to ex-
perimental studies. Unlike past CFD works, this work relates results directly to
pressure and velocities forces, using these Three Principles for reference [1]:

Principle 1. Impacting air flows create higher surface pressures.

Principle 2. Diverging air flows create lower surface pressures.

Principle 3. Air flowing from higher to lower pressures at the speed of sound
extends lift pressures along streamlines, dissipates lift pressures across stream-
lines, and interacts with air flow to turn streamlines.

Experimental validation is historically a common validation metric. Types of
experimental validations include: wind tunnel studies, studies at steady-state con-
ditions, studies designed to evaluate stability, studies designed to evaluate control
surfaces, scaled prototype studies, and studies toward receiving FAA (Federal Avi-

ation Administration) approval. In every phase of experimental validation, there
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is either an additional phase of experimental validation or improvement in a pro-
totype that can be performed.

A goal of advanced CFD studies is to proceed directly to scaled prototypes after
CFD studies have achieved diminishing returns and optimal designs based on re-
sults-driven objectives. Measurement of pressures and velocities at strategic loca-
tions on the prototypes would then provide feedback comparison to CFD results.

The Three Principles partially define a new paradigm in vehicle design. A sec-
ond paradigm of this work is the use of aerodynamic suspension to displace
wheeled suspension and its associated rolling/mechanical losses. The generation
of “free” aerodynamic lift enables the second paradigm and a key aspect of the
work and technology. The claims of 80% reduction in energy consumption are
founded in the elimination of substantial rolling losses in combination with fur-
ther reductions in aerodynamic resistance.

The objective of this work is to convey improved understanding along with dig-
ital prototype performances. The goal is rapid progress in transit technology with
substantial benefits, including: reduced transit costs, times, carbon emissions, and
environmental impacts. The expanded use of electric vehicles is a critical part of
realizing the benefits of transit revolution.

The objectives of this study are two-fold: a) use 2D simulations to screen wing
section designs for a lifting-body ground-effect vehicle (LB-GEV) design and b)
validate and evolve the method to efficiently screen 2D designs toward achieving
optimal digital prototype performance. Toward the second objective, the results
are presented in the chronological order of investigation in the following se-
quence:

1) Evaluate a matrix of four airfoil sections at various Source powers, thickness
ratios, and ground clearances,

2) Expand studies on a subset of designs to better understand anomalous be-
havior, and,

3) Evaluate 3D digital prototypes of the two best wing sections at two aspect

ratios.

3. Methods

OpenFOAM CFD software was used to simulate digital prototypes from prepared
STL files. Methods were matched to maintain fidelity and methods analogous to
those within the field [28]-[31]. The turbulence model is k-w SST. Two-dimen-
sional (2D) simulations were used to identify trends in performance while three-
dimensional (3D) simulations were performed on the final prototypes and key
designs. Unless otherwise reported, the scale chords of the STLs were 1 m, the
fluid was air at 1 atm pressure, and the free stream velocity was 40 m/s. Pressure
profiles are symmetrically presented with blue as low pressures, red as high pres-
sures, and passing through green at 0-gauge pressure. Pressure scales are —1000
to 1000 kinematic pressure, m*/s* Figure 1 uses —800 to 800 for enhanced visual-

ization.
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For ground effect simulations, the ground was simulated as a lower boundary
condition with a velocity equal to the free stream air. Propulsion sources are mod-
elled as rectangular prisms. Other boundary conditions are modelled as free
stream flow at a minimum of 10 chord lengths from the STL.

The Source in a CFD experiment is a selected zone of space where momentum
is injected into the flow stream, simulating the increased velocity provided to air
traveling through a fan. The source does not model the physical components and
direction of airflow through fan blades and housings, which are 3D components,
nor the energy inefficiencies of the fan for any related energy analysis related to
power requirements for functionality. The source, as much from modelling as
from differences between fans and sources, does not inherently provide limita-
tions to the magnitude of injected momentum in comparison to commercially
available fans. Therefore, sources with too high a setting are unrealistic, which
contributes to factors which exaggerate theoretical performances to 2D simula-
tions.

2D simulations are referred to as being performed on airfoils or wing sections.
3D simulations are referred to as being performed on digital prototypes.

3D digital prototypes have vertical fences which are downward extensions of
vertical sides. The heights of digital prototypes are reported based on the horizon-
tal part of the lower surface and do not include ducted fans, fences, or trailing
flaps. A trailing section of lower surfaces with increased pitch is considered a flap.
In the absence of further clarification, the ratio of fence extension to GEFT height
is approximately 0.125 and the ratio of flap extension to GEFT height is approxi-
mately 0.1.

OpenFOAM simulation reports lift and drag coefficients based on the same ref-
erence value for area which may be different than the scale of anticipated GEFT
vehicles. To the first approximation, within 1 - 2 orders of magnitude, the simu-
lation results are independent of scale and are typically performed at 40 m/s with
a chord near 1 m in length. Unless otherwise stated, source boxes are 0.02 m tall,
0.002 m deep, and have width equal to the vehicle’s width.

OpenFOAM provides values of pressure, velocity vectors, and turbulence at the
mesh points of the field. OpenFOAM also reports integrated quantities including
lift coefficient, drag coefficients, kinetic turbulence (k), and viscous turbulent en-
ergy. OpenFOAM simulation reports lift and drag coefficients based on the same
reference value for area, which is set as the planform area.

Figure 1 provides a representative pressure contour which illustrates the for-
mation of a robust pressure along the lower surface to provide lift. The trailing-
section upper-surface ducted fan is simulated as a velocity “Source.” The for-
mation of the robust lower-surface lift pressure is a result of the manner in which
that Source changes the pressure contour over the entire vehicle.

The focus of the CFD simulations is on 2D simulations to evaluate wing section
shape, Source power, and thickness ratio (TR). The sequence of analysis includes:
a) identifying the Source setting for minimal turbulence, b) comparing thickness

ratios at these optimal conditions to identify an optimal thickness ratio, and c)
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performing 3D digital prototype experiments to determine how 2D simulations

correlate with digital prototype performances.
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Figure 1. Illustration of pressure contour, m?/s%, of GEFT with robust pressure in lower
cavity.

Figure 2 identifies the wing sections evaluated in this paper. A research empha-
sis to identify a minimum in the volumetric averages of kinematic turbulence (k)
as a basis for identifying optimal configurations and operating conditions. Source
setting (m*/s?) is an operational parameter. The value of the Source setting is less
important than the optimal conditions, such as L/D efficiency, at the optimal

Source setting.

i

Figure 2. STL wing section models at 0.1 (top) and 0.2 (bottom) thickness ratios (TR) used
for simulation from top to bottom: a) flat taper, b) low (convex) camber taper, c) high
camber taper, and d) long camber taper. Graphs are color-coded to match the wing sections
and Sources (e.g., ducted fans) in rectangular configuration on the upper surfaces at the
onset of the trailing tapers.

4. Results

Data from an initial screening matrix of 2D simulations was processed to identify
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the values of Source power for minimums in kinematic turbulence (k), graphed
in Figure 3. Except for the long camber taper wing section, the minimum in k was
achieved at Source powers between 10 and 50. Turbulence initially decreases with
increasing Source powers due to mitigating boundary layer separation (BLS) at
the onset of the trailing taper. The 0.1 TR long camber taper wing section did not
exhibit BLS.

0.14

>

= (.2 TR Flat

0.12 —h— 0.2 TR Low Camber

0.10 —&#— 0.2 TR High Camber

—8— 0.2 TR Long Camber

k (Volumetric Average) [m?/s?]

0 10 20 30 40 50 60 70 80 90
Source [m%/s?]

== 0.1TRFlat

0.02 ~—#— 0.1 TR Low Camber

—4—0.1 TR High Camber

k (Volumetric Average) [m?/s?]

—o— 0.1 TR Long Camber

0 10 20 30 40 50 60 70 80 90
Source [m¥/s?]

Figure 3. Volumetric average kinetic turbulence (k) as a function of source setting for 0.2
(A) and 0.1 (B) Thickness Ratio airfoils. All data are at 40 m/s for the air.

The optimization path associated with minimums in k preferred performance
at a Source setting corresponding to 80% of the decrease in k (“80% k,” the differ-
ence taken between the initial, 0 Source, value and minima in k). The value at 80%
decrease in k magnitude provided more consistent source and L/D identification
than at the minimum in k since k often has a broad flat minimum with regards to
Source—80% k is referred to as the “optimal value” primarily as a convenience in

discussion rather than the rigorous accuracy of such characterization. Due to the
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flat minima in kinematic turbulence with respect to source, 80% k is a more con-
sistent value to obtain for comparison. Figure 4 compares the 80% k values di-
vided by TR as a function of TR.

Each data point of Figure 4 is based on about a dozen 2D simulations at differ-
ent Source settings to identify the “optimal” performance for each wing section.
The optimal source settings for each wing section are the conditions of interest

for comparison.

0.7
0.6
5 05
(%]
&
E 04
o
S
~ 0.3 /‘
X
o Flat
L 0.2
~—Low Camber
0.1 —&— High Camber
—@—Long Camber
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Thickness Ratio

Figure 4. Volumetric average kinetic turbulence (k) divided by Thickness Ratio (TR) as a
function of Thickness ratio (TR) for each airfoil. The airfoils are compared at the condition
determined as 80% of the value of k from the difference between the kinetic turbulence
without an active source and the minimum of kinetic turbulence.

200
180 —= Flat

160 =& Low Camber

140 —&— High Camber

120 —®— Long Camber
S 100
80
60
40
20
0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Thickness Ratio

Figure 5. Lift to drag ratio (L/D) as a function of Thickness ratio for each airfoil. The air-
foils are compared at the condition determined as 80% of the value of k from the difference
between the kinetic turbulence without and active source and the minimum of kinetic tur-
bulence.

The performance curves of Figure 4 nicely distinguish the better-performing
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wing sections. The L/D efficiencies corresponding to Figure 4 conditions are pro-
vided by Figure 5. The trend of increasing L/D with decreasing TR has limited
practical value in the limit of low TR and maximum L/D. Low cabin heights of
thin lifting bodies have limited practicality for passengers and freight.

Dividing 80% k values by TR converts the overall turbulence to turbulence per
wing section, corresponding to turbulence per volume in 3D. 80% k/TR is a vol-
ume-specific value with optimal volume-specific values between TR of 0.1 and 0.2.

The L/D values show consistency in trends. L/D decreases with increasing TR
and consistently maintains values above 20 up to 0.2 TR. The Source powers cor-

responding to Figure 4 conditions are summarized by Figure 6.

45

= Flat
40

A Low Camber
35

@ High Camber

w
o

® Long Camber

Source [m#/s?]
BooRr NN
o (6)] o (4]

[¢;]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Thickness Ratio

Figure 6. Source settings versus TR. Each data point is at its respective optimal Source
setting based on six to twelve wing section simulations for 80% k.

4.1. Additional Studies

A. Long Camber Taper Source Positions

1
Tall Source

[0.5x2cm]

B. Short Camber Taper

Short Source
[0.5x0.5¢cm]

\

Figure 7. Schematic of 0.2 TR airfoils designed to analyze the impact of source size and
location: the Long Camber taper, (A) is the same as the 4™ design in other experiments; B
is a modification for a Short Camber taper. There are 3 locations for each source at approx-
imately ¢ = 0.75 (1), ¢ = 0.8 (2), and ¢ = 0.85 (3). The Sources are 0.5cm wide and either 0.5
cm high (short) or 2 cm high (tall). Previous figures use tall sources in position 2.
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Earlier studies on GEFT identified the optimal Source location at the onset of
the taper [32]. The results of this study provide more nuance for this, with the best
performance associated with the Source located slightly beyond the taper’s onset.
Variation in both the location and the height of the source may have some poten-
tial. Additional 2D studies designed to investigate this anomalous behavior were
performed on the Source variations summarized by Figure 7. Figure 8 summa-

rizes the results of these additional 2D studies.

160 0.12
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Figure 8. Results for the different positions and sizes of sources on the airfoils of Figure 7. L/D is on the left and the volu-
metric average of k is on the right. The Long Camber Taper is graphed on A and B. The Short Camber Taper is graphed on
C and D. Short sources (0.5H) are warm colors (orange and purple); Tall source (2H) are cool colors (blue and green). The
different positions are shaded from lighter (1) to dark (3).

A summary of the additional findings of Figure 8 variations in Source height
and locations are:

1) The shorter (lower height) Source consistently produces lower turbulence
and higher L/D.

2) The minimum in turbulence, as associated with optimal performance, occurs
at lower Source settings for the shorter Source with diminished performance (ie.,
lower L/D and higher turbulence) after the minimum in turbulence.

3) An explanation for diminishing performance after a minimum in turbulence
for the shorter Source is that the higher velocities of discharge diverge from the
taper and create lower pressures.

4) The longer camber taper decreases turbulence and increases L/D versus the
shorter taper and is the primary reason the long camber wing section of Figure 2

exhibits superior performance.
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5) As the Source power increases, improved performance was realized by plac-
ing the Source higher up on the trailing taper; this is due to lower lift-induced drag
at the Source intake.

6) The long camber taper better utilizes the inherent ability of the air flow to
follow curvature without supplement from a Source; this is why a longer camber
along the chord with a slight taper performs better than shorter alternatives. It is
likely that a modest step-change increase in pitch between the Source intake and
discharge has an optimal performance, but this highlights the optimization
needed between shorter tapers and lower pitch tapers.

7) The sudden change in pitch on the shorter camber is likely associated with
low L/D performance (and higher turbulence) resulting from not overcoming
boundary layer separation until higher pressures are generated over the trailing
taper leading to an artificial increase in L/D exceeding 100.

8) As the Source power increases, k tends to converge on the same line; this is
likely due to jetwash-dominated turbulence. Increased L/D in this range is due to
induced thrust on the vehicle surface at the expense of momentum-based thrust
from the Source, which is not a practical option for operation.

9) The taller sources have better performance at low locations on the taper due
to reduced intake choking along the initial slope of the taper.

Lower turbulence with longer taper distances was an anticipated trend, but an
optimal chord length is a balance of higher efficiency versus a greater fraction of
the wing section at the maximum thickness/height. A recurring observation in
GEFT optimization is that higher, longer cabin volumes decrease higher L/D effi-
ciency.

Table 1 summarizes the key performance parameters for the 2D studies identi-
fied as optimal Source settings. The lift coefficients are consistently between 1.37
and 2.0 at the optimal setting. The higher L/D are a result of decreasing pressure
drag.

Table 1. 2D of ideal interpolated 80% k values (graphed data, Figures 4-6).

: 22 -

Th;:l;r:)ess (SI(I)lli/rsc; L/D a cd K (m' /Z ‘)’ :r:;:)lmetnc
Flat Taper 0.05 2.5 172.6 1.92 0.0111 0.024
Flat Taper 0.1 23.2 443 1.37 0.0310 0.044
Flat Taper 0.2 25.1 24.2 1.66 0.0687 0.093
Flat Taper 0.3 28.9 17.8 1.81 0.1015 0.209
Low Camber 0.05 2.7 164.9 1.92 0.0117 0.024
Low Camber 0.1 12.5 74.2 1.58 0.0213 0.036
Low Camber 0.2 27.2 48.9 1.77 0.0362 0.072
Low Camber 0.3 36.5 17.0 1.81 0.1062 0.180
High Camber 0.05 4.4 147.9 1.93 0.0131 0.025
High Camber 0.1 8.6 61.3 1.49 0.0243 0.034
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Continued
High Camber 0.2 17.9 29.8 1.68 0.0564 0.075
High Camber 0.3 39.0 17.4 1.81 0.1043 0.183
Long camber 0.05 2.6 166.7 1.90 0.0114 0.024
Long camber 0.1 4.6 98.4 1.54 0.0156 0.029
Long camber 0.2 7.9 41.1 1.78 0.0433 0.049
Long camber 0.3 10.0 29.1 2.01 0.0690 0.095
4.2. 3D Studies
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Figure 9. 3D performance: a) 0.2 AR, 0.1 TR; b) 0.7 AR 0.1 TR; and c) 0.7 AR 0.15 TR.
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Results include data for both low and long camber taper digital prototypes.
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The wing sections studied identified the long camber and low camber designs
of Figure 2 as optimal for further studies in 3D. The low camber design provided
a local optimum between the flat and high camber tapers, maintaining the larger
cabin. The long camber represents a surface ideal with less boundary layer sepa-
ration. The following are the additional parameters for 3D studies:

1) Fences are at a constant ground clearance ratio of 0.02 (Ze., clearance 2% of
the wing section thickness), a cavity height of 12.5% of the wing section thickness,
and a flap set to span 80% of the cavity height (10% of the wing section thickness)
as a continuation of the slope of the trailing taper.

2) Thickness ratios (TR) at 0.1, 0.15, and 0.2.

3) Aspect ratios (AR) of 0.2 and 0.7.

The 3D studies are summarized by Figure 9. The expectation of the long cam-
ber wing section to have higher L/D than the low camber is supported by the 0.7
AR results, but the 0.2 AR results for the two wing sections are similar both in L/D
and turbulence with the maximum L/D near 20.

The pressure contours of Figures 10-11, as well as the summary of C; in Table
2, provide the insight that at AR = 0.2 the higher pressures in the lower cavity are
not fully developed.

0 Source

2.5 Source

5 Source

10 Source

0 Source

2.5 Source
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P k
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Figure 10. 3D digital prototype midline pressure (left) and turbulence (right) contours for:
A) low camber 0.2 AR, 0.02 GR, 1.25x Fence, 0.1 TR; and B) long camber at .02 GR, 1.25x
Fence, 0.1 TR.

Figure 10 identifies that in 3D, the pressure expands from the back forward
through the development of the pressure contours within the cavity. C; less than
approximately 1.1 (see Table 3) identify that the lower cavity pressure contour is

not fully developed. The primary cause for the lack of development is the lateral
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losses of pressure under the fences.

The likely cause for similar performances between the two wing section designs
at the 0.2 aspect ratio is that performance is dominated by the lateral losses of the
higher pressures in the lower cavity. As the aspect ratio increases, the perfor-
mances are impacted more by the features of the airfoil shape, as identified in the
2D studies.

For both models, as the Source setting increases turbulence matures from
boundary layer separation above the trailing taper, to a minimum in observed tur-
bulence, and finally to the development of jet wash turbulence behind the taper.
The jet wash turbulence is typically next to the ground at a height of about half
the vehicle height.

The lower curvature and taper pitch of the long camber model leads to less
boundary layer separation with correspondingly higher L/D efficiency and lower
Source settings at optimal conditions. At the highest Source settings, the higher
pitch at the Source intake leads to lift-induced drag and slight decreases in L/D
efficiency.

2.5 Source
5 Source
- ’ _
< B

20 Source 20 Source
—— s .
0 Source

<
»

Figure 11. 3D digital prototype midlines for 0.7 AR data. A: Low camber 0.02 GR, 1.25x
Fence, 0.1 TR; B: Low camber 0.02 GR, 1.25x Fence, 0.15 TR; C: Long camber 0.02 GR,
1.25x Fence, 0.1 TR; D: Long camber 0.02 GR, 1.25x Fence, 0.15 TR.

10 Source

\

,
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§

20 Source

The turbulence patterns of the AR = 0.7, TR = 0.1 wing section of Figure 11
qualitatively follow the same trends as Figure 10 wing section at AR = 0.2. How-
ever, at the higher AR of 0.7, higher pressures develop in the lower cavity with
correspondingly higher L/D efficiencies.

Differences between the low camber and the long camber models begin to
emerge as the thickness ratio increases from 0.1 to 0.15 as seen in the right portion
of Figure 11. The long camber model maintains reasonable L/D at the greater
thicknesses, however, trailing turbulence becomes significantly more noticeable.
The low camber model has worse L/D than the long camber model to the extent
that it exhibits an atypical, relatively constant L/D at Source settings from 0 to

10. However, higher Source settings eventually overcoming the boundary layer
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separation, but the L/D efficiency is less than anticipated relative to the long cam-
ber wing section, though it still exceeds the long camber model’s L/D at high

sources.

Table 2. Summary of performance parameters for the 3D CFD simulations.

Source K (m?/s?) (Volumetric
Taper (m 4 /Sz) L/D Cl Cd, Viscous Cd, Pressure Average)

TR=0.1, AR=0.2

Low Camber 0 11.5 0.42 0.0084 0.0282 0.0208
Low Camber 2.5 159 0.59 0.0096 0.0275 0.0208
Low Camber 5 19.8 0.92 0.0100 0.0365 0.0209
Low Camber 10 18.1 0.99 0.0117 0.0429 0.0212
Long camber 0 13.5 0.47 0.0088 0.0262 0.0207
Long camber 2.5 15.1 0.57 0.0099 0.0282 0.0208
Long camber 5 17.8 0.85 0.0106 0.0372 0.0209
Long camber 10 16.2 0.91 0.0126 0.0437 0.0212

TR =02, AR=0.2

Low Camber 0 3.6 0.47 0.0120 0.1183 0.0214
Low Camber 5 5.2 0.86 0.0135 0.1536 0.0215
Low Camber 10 4.9 0.95 0.0150 0.1765 0.0216
Low Camber 20 4.5 1.05 0.0172 0.2174 0.0221
Long camber 0 3.6 0.41 0.0122 0.0996 0.0214
Long camber 5 4.6 0.76 0.0139 0.1526 0.0216

TR=0.1, AR=0.7

Low Camber 0 24.7 0.87 0.0053 0.0301 0.0217
Low Camber 2.5 33.0 0.94 0.0057 0.0227 0.0212
Low Camber 5 42.4 1.00 0.0060 0.0175 0.0210
Low Camber 10 55.1 1.08 0.0064 0.0133 0.0211
Low Camber 20 54.1 1.45 0.0064 0.0205 0.0218
Long camber 0 38.2 0.97 0.0055 0.0199 0.0211
Long camber 2.5 45.8 1.03 0.0058 0.0167 0.0209
Long camber 5 49.0 1.07 0.0061 0.0156 0.0209
Long camber 10 51.4 1.15 0.0067 0.0157 0.0211
Long camber 20 47.3 1.42 0.0072 0.0229 0.0217
TR =0.15, AR = 0.7
Low Camber 0 15.1 0.91 0.0056 0.0549 0.0230
Low Camber 2.5 15.6 0.94 0.0057 0.0543 0.0224
Low Camber 5 14.7 1.00 0.0058 0.0622 0.0224
Low Camber 10 16.9 1.00 0.0063 0.0529 0.0220
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Continued

Low Camber
Long camber
Long camber
Long camber
Long camber

Long camber

Low Camber
Low Camber
Low Camber
Low Camber
Long camber
Long camber
Long camber

Long camber

20 30.6 1.55 0.0067 0.0439 0.0221
0 20.6 1.02 0.0054 0.0441 0.0220
2.5 21.6 1.07 0.0056 0.0441 0.0217
5 23.7 1.12 0.0058 0.0413 0.0216
10 27.2 1.22 0.0063 0.0387 0.0216
20 26.2 1.53 0.0069 0.0513 0.0222
1° pitch, TR = 0.1, AR = 0.2
0 18.4 0.83 0.0081 0.0374 0.0208
2.5 20.3 0.95 0.0092 0.0376 0.0208
5 20.4 1.03 0.0097 0.0410 0.0209
10 17.7 1.16 0.0108 0.0545 0.0212
0 19.6 0.88 0.0084 0.0364 0.0208
2.5 19.4 0.96 0.0097 0.0396 0.0208
5 18.8 1.12 0.0104 0.0491 0.0209
10 16.8 1.15 0.0125 0.0557 0.0212

Table 2 parameters identify the low camber digital prototype has similar vis-
cous drag coefficients as the long camber airfoil at TR = 0.15, but higher pressure
drag at the lower sources. The cause of the lower L/D is primarily due to lower lift
coefficients. Further studies to better isolate the slightly diminished performance

are outside the scope of present studies.

4.3. Additional 3D Studies

The good performance of GEFT consists primarily of two simultaneous develop-
ments in the pressure and turbulence contours around the wing section:

1) Firstly, the Source pushes more air above the taper resulting in mitigation of
the boundary layer separation, reducing pressure drag.

2) Secondly, the formation of the trailing-region stagnation region leads to
higher pressures expanding into and forward through the lower cavity—increas-
ing C; to values between 1.1 and 1.4.

The 0.2 AR wing sections of Table 2 failed to achieve C; > 1.0 due to the lateral
loss of lift pressures between the fences and the ground. Additional simulations
were performed at a 1°pitch on the lower cavity with the fences maintaining a
constant ground clearance. Figure 12 provides pressure contours for 3D digital
prototypes at 1°pitch.

The addition of a 1°pitch to the lower surface, at a constant fence clearance,
provides consistently robust higher pressures in the lower cavity. The beneficial
impact was greater at zero Source setting where L/D increased from 11.5 and 13.5

to 18.4 and 19.6 respectively for the Low Camber and Long camber designs.
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Figure 12. 3D digital prototype midline pressure (left) and turbulence (right) contours for:
A) TOP low camber 0.2 AR, 0.02 GR, 1.25x Fence, 0.1 TR at 1°pitch; and B) long camber
of .02 GR, 1.25x Fence, 0.1 TR at 1°pitch.

4.4. Lower Velocity Studies

Additional simulations were performed at 20 and 30 m/s to verify that perfor-
mance patterns at 40 m/s were also present for typical cruising velocities of high-
ways. Figure 13 provides pressure profiles and Figure 14 illustrates the minimum
in k as Source power increases. The minimum in k is verification that the Source
settings and GEFT designs follow similar trends at the lower velocities as the 40

m/s data of this paper.

0 Source 5 Source

Figure 13. Pressure contours for 0.2 Thickness Ratio airfoil simulations at 20 and 30 m/s. Sources: left
0 m*/s? right 5 m*/s%. The upper half is the long camber GEFT design while the lower half is the low
camber GEFT design.

DOI: 10.4236/aast.2025.104010

152 Advances in Aerospace Science and Technology


https://doi.org/10.4236/aast.2025.104010

A. B. Suppes, G. J. Suppes

0.20
0.18 L 0.1TR20m/s —e— 0.1 TR 30m/s

0.16 | o, — & -0.2TR20m/s — @ =0.2TR30m/s

e cechee 0.3TR20mM/s ..M. 0.3TR30mM/s

k (Volumetric Average) [m?/s?]

Source [m*/s?]

Figure 14. Graphical illustration of minimum in k as Source power increases. Data pro-
vided for the long camber and low camber GEFT airfoil designs for 20 and 30 m/s at 0.1,
0.2,and 0.3 TR.

The development and expression of turbulence remains the same at the lower
velocities. Two differences appear within the dynamics of lift generation, turbu-
lence development, and boundary layer separation mitigation. The lower velocity
has less dynamic pressure, therefore producing less total lift when converted into
static pressure within the cavity. Conversely, the lower Reynold’s numbers of the
20 and 30 m/s velocities produce less turbulence [33]-[38]. Therefore, lower
source settings are able to overcome and mitigate the boundary layer separation
that develops, leading to better efficiency from the upper-surface trailing propul-

SOr.
5. Discussion

5.1. Identifying Optimal Performance

The strategic location of propulsion at upper-surface trailing-section locations in
GEFT configurations provides unique and valuable performance aerodynamics.
The addition of thrust to the propulsor-wing section configuration reduces lost
work. In optimal designs, initial power to the propulsors both provides thrust and
reduces turbulence, as can be measured by the CFD turbulence parameter k. Con-
tinued increases in propulsor power ultimately lead to more propulsion energy
manifesting as jet wash rather than favorable changes in pressure on the vehicle
surface. Initially, the jet wash may be seen in the form of higher-flow laminar
streamlines with the peak velocities approximately 10% of the vehicle’s height
above the ground. This laminar flow is lost work which can be better detected
through k measurements as it transforms into turbulent flow over time.
Volume-specific k for the entire mesh consistently yields a minimum in k as
power increases to GEFT’s upper-surface trailing-section propulsor in 2D simu-

lations. This behavior leads to the following computational sequence to compare
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vehicle wing section shapes and thickness ratios to identify optimal shapes and
thickness:

Step 1. Simulate 2D wings section aerodynamics while recording data on k
versus Source power.

Step 2. Identify the minimum k as a function of Source power (e.g., Figure 9)
alongside collection of k, L/D, TR, and additional data for Step 3 at a specified
value of k (Z.e. 80% k).

Step 3. Compare the performances of different wing section shapes using k/TR
as the y-axis metric and TR as the independent variable (e.g., Figure 4).

The wing section exhibiting the minimum of k/TR metric is a preliminary esti-
mate for the wing section with the best performance balanced with TR function-
ality.

Key aspects of the analysis include:

1) To divide k by TR to get vehicle volume-specific performance to avoid skew-
ing optimal L/D efficiency to the lowest thickness ratio which is too thin to be of
practical value for most payloads.

2) The most energy efficient designs have performance curves exhibiting lower
k/TR.

Three of the four wing sections of Figure 2 have trailing tapers starting at 0.8
chord lengths from the leading edge of the vehicle. The fourth wing section, the
long camber taper, has a trailing taper starting at about 0.7 chord lengths from the
leading edge of the vehicle.

The best performers of the initial experimental matrix (Figure 4) had low con-
vex-upward cambers. The wing section with the taper starting at the more-for-
ward position of 0.7 chords has the lowest overall turbulence with the unexpected
result that this performance was achieved with a source at the 0.8 chord position.
Further studies were performed to confirm the validity and identify a basis for
better performance with a Source located partially down the trailing taper. How-
ever, optimal Source location is a function of Source setting with higher Source
locations generally corresponding better performance.

The local L/D efficiency at the vehicle’s surface immediately forward the intake
is 57°/a’. Therefore, in theory if the target L/D efficiency is > 22, the intake surface
immediately before the intake should have a pitch of less than 2.5° so as not to
lead to an adverse contribution to overall L/D efficiency.

Additional studies located the source extending further vertically from the up-
per surface at 0.7, 0.75, and 0.8 chord lengths. Performance was similar for all
these source positions at lower source powers, indicating the reason for improved
performance was the lower average pitch of the trailing taper. The use of a lower
average pitch taper has advantages for reduced lost work. Disadvantages of a
higher-pitch camber include reduced cabin length of maximum height, and, po-
tentially, a less-robust trailing edge stagnation region.

A broadly applicable conclusion from these studies is that a low camber (around

4%) on the trailing taper surface leads to improved performance. A low camber
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on the trailing taper reduced the propensity for boundary layer separation, which
can improve efficiency and reduce reliance on Source power to overcome the

boundary layer separation.

5.2. Visual Verification

The reliability of determining operating and comparison conditions for GEFT
based on patterns in k development as source increases is dependent upon regis-
tering both: a) turbulence from boundary layer separation around the airfoil and
b) turbulence from jetwash behind the taper. Figure 15 provides pressure contours
and k contours for airfoils at different source powers to provide visual confirmation
that k registers both forms of lost work. At low source values, large quantities of
turbulence may be seen, which tapers off as the optimal identified source is ap-
proached. After increases in source power beyond optimal conditions, the jetwash
development becomes visible in the far field as the initially laminar streamlines
begin to mix with the surrounding air to produce turbulence, confirming that k
identifies jetwash as lost energy as well as the boundary layer separation with large
Eddy turbulence. Jetwash development can be observed in the plots of volumetric

averages of k as the positive slope which appears after the minimum in k.

Low Camber, 5 Source

Low Camber, 10 Source

Long-Chord Camber, 5 Source

Long-Chord Camber, 10 Source

Long-Chord Camber, 80 Source

3]
-1.0e+03 e 1.0e+03 00e+00 5 21 3 35 4.0e+01
| |

Figure 15. Visual verification of boundary layer separation and jetwash. For both the Low
Camber and Long Camber airfoils, pressure contours and k contours are provided around
the airfoil as well as an extended k profile to express boundary layer separation. The Ex-
tended profiles have a scale of 0 - 20 for k.
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While k is able to indicate the presence of jetwash in the simulation, the
jetwash’s dependence on mixing with lower velocity air to express as turbulence
indicates that k is less sensitive to jetwash than other sources of turbulence. There-
fore, because jetwash has a lesser impact on the total value of k, it is reasonable to
provide the assumption that the ideal operating and comparison condition is at
source powers less than the reported minimum of k. The earlier analysis of this
paper uses the value of “k 80%” between the initial value (No active source) and

the minimum for comparison for this reason.

5.3. Computational Times

The benefits of computational analysis lie in the ability to perform experiments
and test variations in designs without the significant cost and effort of modifying
physical prototypes. Computational experiments therefore become a balance be-
tween complexity and computational power/time. A primary method to maintain
validity without excessive computational needs is to have increased mesh nodes
at locations close to locations of high fluxes and variations. In particular, there is
increased mesh density near the airfoil and walls with a uniform less dense grid
farther away. This provides local and global refinement as two separate variables.
We can determine both effective local and global refinements to maintain reason-
able validity while minimizing computational cost. For example, while maintain-
ing the same overall refinement adjacent to the airfoil, providing similar results
for the experiment, reducing the overall mesh grid density can decrease compu-
tation time by nearly 90% as seen by Table 3. Figure 16 shows examples of meshes
with the same absolute local refinement around the airfoil, but different global
mesh densities; these conditions are 250 x-Direction with 5 additional refinement,
500 x-Direction with 4 additional refinement, and 1000 x-Direction with 3 addi-
tional refinement. The computational costs can be directly associated with time.
There are two notable stages to computational cost for these experiments: devel-
opment of the background mesh based on an STL with a specific ground ratio and

the run time for reaching steady state for the experimental flow.

Table 3. Mesh and Run times for different refinement conditions.

Mesh Refinement Additional Meshing Average Run
x-Direction y-direction Refinement Time (min) Time (min)

250 125 3 Fail Fail

250 125 4 Fail Fail

250 125 5 1 4

500 250 3 Fail Fail

500 250 4 1 18

500 250 5 3 20
1000 500 3 7 93

1000 500 4 5 70
1000 500 5 8 71
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Figure 16. Wing section meshes at different global densities and the same local refinement.
A: 250 by 125 global mesh grid with an additional 5 levels of refinement, B: 500 by 250
global mesh grid with an additional 4 levels of refinement, and C: 1000 by 500 global mesh
grid with an additional 3 levels of refinement. All meshes have 5 layers of additional bound-
ary layer around the airfoil itself.

The data in this experiment was collected at conditions that had less than 5%
deviation from significantly higher mesh conditions when compared at selected
reference positions. The method by which values are calculated for field averages
within experiments is important and can be affected by the meshing parameters.
Particularly for the calculation of kinetic turbulence energy (k), OpenFOAM has
functions to calculate the values through either a volumetric average value or the
field average value. The volumetric average normalizes the field values of k by the
volume of the cells by their respective nodes, which prevents deviations based on
differences in the balance between airfoil local mesh refinements and the global
mesh as highlighted in Figure 10. However, the field value average of k does not
normalize by the volume and therefore is strongly influenced by the balance be-
tween global mesh density and localized refinement, providing greater weighting
to the field area directly around and in the proximity of the airfoil as seen in Figure
11. For multiple factors, volumetric averages of k are preferred. Volumetric aver-
age provides an absolute value independent of these chosen experimental refine-
ments and it is more susceptible to picking up non-reversible lost work, such as

jet streams, which appear further out within the field.

5.4. Repeatability versus Accuracy

The results of this paper are based on a volumetrically averaged kinematic turbu-
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lence calculation. Figure 17 illustrates the volume average values which can be
compared to the field average values of Figure 18. An important difference be-
tween the two approaches is that the Source value at the minimum turbulence
varies with refinement conditions, ultimately reaching values well beyond 20. The
volume average k is more consistent with the turbulence contours, has consistency
for identifying the same values at different mesh resolutions with respect to source
power, and a more notable minimum.

The volume average turbulence at the minimum value and at 80% k, both have
merit based on repeatability. Merit based on absolute accuracy for highest effi-
ciency is a more elusive objective; however, the results of this paper identify that
the selected path of consistence has sufficient accuracy so as to be a good starting
point for final optimization based on other algorithms, providing an acceptable

balance between turbulence and jet wash lost energy.
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Figure 17. The Volumetric Average of k as a function of source for a long camber taper 0.2
Thickness Ratio airfoil with the same localized refinement, but different global mesh sizes.
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Figure 18. The Field Average of k as a function of source for along camber taper 0.2 Thick-
ness Ratio airfoil with the same localized refinement, but different global mesh sizes.
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Table 4. Simulation times for 3D simulations.

Aspect Ratio Thickness Ratio A;zzg:ml?;)sh aver a%fnli' 2;‘ time
0.2 0.1 52 499
0.2 0.2 51 542
0.7 0.1 60 551
0.7 0.15 63 623

Table 4 provides the meshing times and average run times for the different dig-
ital prototypes examined. Depending on the chosen condition, the wing sections
are 80-99% faster than the digital prototype experiments. Therefore, the choice of
a lower refinement, but still reasonably accurate wing section model may provide
a wide range of analysis for the identification of ideal digital prototypes to inves-
tigate significantly faster than a few samplings of digital prototypes for initial

screenings.

5.5. Digital Prototype Visualization Verification

10 Source

0 Surce

0.2AR0.1TR
low Camber

0.7AR0.1TR
low Camber

0.7AR0.15TR
low Camber

0.2AR0.1TR
low Camber
1 degree

|HN.

Figure 19. Lower surface pressure contours for sample digital prototypes.

The pressure contour of the lower cavity is especially effective for identifying
the problem of lateral dissipation of lift pressures under the fences and methods
to mitigate those losses with lower surface pitch and higher aspect ratios as illus-
trated by Figure 19. At AR = 0.2 with a flat horizontal lower surface, pressure
expands from the rear forward with a substantial loss of lift pressures at the for-

ward section of the cavity. An increase in aspect ratio to 0.7 reduces the perimeter
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of lift pressure dissipation relative to the area of higher pressure and leads to sub-
stantial preservation of lift pressures throughout the lower cavity. Increasing the
thickness ratio from 0.1 to 0.15 reduces the robustness of the trailing stagnation
region and slightly lowers pressures in the cavity. The use of a 1° pitch on the
lower surface generates higher pressures throughout the lower cavity to offset the

lateral dissipation throughout the lower cavity.

5.6. Source Power Discussions

Another result of the additional wing section studies resulted from changing the
source height to 25% of the values used in the initial studies. The data identify that
a shorter Source height is more efficient; however, there is uncertainty about how
to interpret higher Source settings in OpenFOAM software. The importance is
operation at the optimal condition. Interpretation of the Source setting requires
conversions related to Source size, and potentially other currently unquantified
values.

Discussion of the direct meaning of the Source setting is avoided through a fo-
cus on k, L/D, and drag coefficients with power and energy discussed indirectly in
terms of lost work as related to the kinematic turbulence (k). The important find-
ings related to Source power are that the Source power is at an optimal value or at
a value resulting in other phenomena such as: a) a failure to overcome boundary
layer separation, b) generation or absence of lift-induced drag at the Source intake,
and c) generation or absence of jetwash turbulence. All sources outside of the ex-
periments comparing the height of the Source use the same height and chord
length dimensions for their sources and span the entire width of the model to
avoid differences resulting directly from Source dimensions and implementa-

tion.

5.7. Interpretations of Reduced Lost Work

The results identify how a trailing-section upper-surface ducted fan results in
lower turbulence and lower lost work associated with the turbulence. This is con-
sistent in 3D simulations, following trends in 2D studies.

The increasing L/D efficiency with onset of sources is consistent from 2D to 3D
studies. High L/D leads to significant decreases in energy consumption since roll-
ing losses from wheel suspension may be displaced by aerodynamic suspension.
Furthermore, the drag associated with providing aerodynamic lift decreases as
L/D efficiency increases.

The 2D simulations identify the pressure drag consistently decreases with the
onset of sources, corresponding to the elimination of boundary layer separation.
The 3D simulations only show decreasing pressure drag with increasing Source
settings for the combinations which achieve the highest L/D efficiency. These
trends identify that the ultimate improved performance of GEFT designs reside
in the use of more-complex Source configurations and variations of airfoil cross

sections to better-mitigate boundary layer separation.
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Complementary studies identify that the substantial reductions in energy con-
sumption of already-streamlined vehicles are from the elimination of rolling
losses, which provides up to a 50% reduction in energy consumption [39]. About
a 50% additional reduction, 75% total, is readily possible by reducing drag.

The following is a suggested ranking of lost work from highest to lowest for
GEFT:

1) Turbulence formation (prominent in 2D).

2) Viscous losses (2" most prominent in 2D).

3) Lateral dissipation from upper surface (3D, prominent).

4) Lateral pressure dissipation losses under fences (3D, key optimization varia-
ble).

For free flight aircraft, additional mechanisms of lost work include the in-
creased lateral dissipation of lift pressures from lower surfaces and the downward
dissipation of lift pressure forces.

This work benefited from two approaches: a) 3D studies following the under-
standing gained from 2D studies and b) an accurate fundamental explanation of
how air flow generates lift and drag forces. The results are GEFT digital prototype
performances with substantial reductions in energy consumption at cruising con-

ditions.

5.8. Excessively High L/D Efficiencies

While decoupling the thrust from the Source from L/D efficiencies is beyond the
scope of this work; enough information has been collected to make informed
judgements on the meaning of the high L/D, including:

1) L/D increases from boundary layer separation mitigation are achievable and
represent a significant leverage of the air flow and pressures generated by the
Source; that leverage starts at more than 10:1 energy improvement as the Source
setting increase from zero [40].

2) L/D increases up to 80% of the minimum in k represent continued synergy
of the trailing-section upper-surface Source on the pressure and velocity contours
around the vehicle; the L/D increases are achievable when the leverage of the
Source thrust converges from >10:1 at low Source setting to 1:1 in the limit of high
Source settings.

3) The pressure buildup from the trailing stagnation region at the lower section
of the taper is Source thrust that has undergone the transition from kinetic energy
over the mid-section of the taper to pressure at the trailing stagnation region. At
source settings greater than the setting corresponding to a minimum in k, the
manifestation of higher pressure at the stagnation region unrealistically decreases
pressure drag and increases L/D.

4) The generation of jet wash from the trailing taper surface is evidence of in-
flated L/D values due to pressure acting on rear surfaces. However, before the
generation of jetwash, substantial reductions in drag can occur due to mitigation

of boundary layer separation and improved streamlining. While the L/D values
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may be mildly inflated in this realm of operation, the increased L/D values are
indicative of realizable increases in flight efficiency.

Based on these judgments, the representative L/D efficiency is the L/D corre-
sponding to the minimum in k. For purposes of higher consistence, the L/D at an
80% decrease in k toward k-minimum may be used for wing sections. Due to dif-
ferences in turbulence resulting from lateral dissipation of forces in digital proto-
types, L/D at source powers within the order of magnitude of k-min may poten-
tially be considered for digital prototypes.

Substantially inflated values of L/D occur at Source settings greater than that
corresponding to a minimum in k. For the results of this paper values of L/D most
meaningfully indicate increases in flight efficiency at Source values below approx-
imately 15 for 2D simulations.

Previous results have shown that L/D efficiencies for the GEFT digital prototype
design in excess of 50 are possible without power to the Source, with thickness
ratios near 0.05 [41]. In this optimal configuration, the pressures at the frontal and
rear profiles substantially cancel.

Concurrent work has identified four unique sources of resistance reduction
from GEFT: a) mitigation of boundary layer separation with decrease in pressure
drag, b) mitigation of rolling resistance by displacing wheel suspension with aer-
odynamic suspension, ¢) reduction of the impact of the lead stagnation region,
and d) contiguous streamlining of the vehicle’s lower surface [39].

The leading edge-stagnation region is an important singularity that initiates the
transformation of flow into lift pressures. When boundary layer separation (BLS)
occurs over the trailing taper, higher pressures on the front section and lower
pressures on the rear section lead to substantial pressure drag. As BLS is mitigated,
the frontal and rear pressures become substantially equal and opposite, such that
pressures acting on the taper are equal and opposite pressure acting on the front.
In the most favorable designs, the leading stagnation region is approximately cen-
tered in front of the leading edge where at least part of the pressure countering the
trailing taper by the leading stagnation region originates from the cavity.

Some of the counter pressure from the cavity originates from the viscous flow
next to the lower surface. Since the viscous resistance is inevitable, it is an ideal
source of counter pressure against the leading stagnation region. At optimal con-
ditions, pressure drag approaches viscous drag such that the viscous drag in the
cavity approaches half the total drag resistance since pressure drag can be majorly
reduced through induced thrust. Consequently, use of the cavity viscous drag to
counter the leading stagnation region can lead to a 25% reduction in drag. As the
thickness ratio increases, pressure drag increases disproportionately more than
viscous drag. As pressure drag decreases below viscous drag there are diminishing
returns for L/D efficiency which is inversely proportional to total drag of which
viscous drag becomes most prominent.

The interpretation and optimization of GEFT designs is complicated by the

manner in which the dynamics of the ducted fan are coupled with the vehicle aer-
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odynamics. Anomalies emerge such as L/D > 50, which can persist for 3D digital
prototypes. A hypothesis emerges consisting of the following sequence of devel-
opment as the power of the ducted fan is increased:

1. At zero Source setting, and for the designs of primary interest, boundary layer
separation occurs over GEFT’s trailing taper.

2. As the Source initializes, the Source exhibits increased effectiveness in miti-
gating boundary layer separation. Increases in L/D efficiency are mostly funda-
mental, based on changes in the pressure contour around the vehicle. During this
phase of Source power initialization turbulence decreases.

3. Eventually, the boundary layer is substantially displaced with laminar flow
over the trailing taper associated with the formation of the trailing-edge stagna-
tion region. This condition corresponds with a minimum in turbulence.

4. As the trailing-edge stagnation region increases, it effectively displaces
Source thrust forces from the Source to the lower section of the trailing taper
which leads to artificially decreased drag and artificially higher L/D efficiencies.
Further increased Source settings lead to increasing turbulence from additional
jetwash.

The hypothesis components 1 - 4 identify phenomenon primarily associated
with decreasing the pressure drag, correspondingly increasing L/D. Additional
components of the hypothesis include interactions from the cavity:

5. A robust lower cavity lift pressure has contributions from multiple phenom-
ena, including:

a) A trailing-edge stagnation region extending from the trailing flap edge to the
ground, which can expand forward into the cavity with implicit mitigation of
higher pressures in from the cavity under the flap.

b) A minimum fence-ground clearance, based on terrain and the ability to pre-
vent the fence from impacting the ground minimizes dissipation of higher-pres-
sure cavity lift forces under the fences. At very low fence clearances, viscous drag
between the bottom of the fence and the ground increases and causes inefficien-
cies.

¢) A slightly positive lower surface pitch which can generate higher pressures at
the same rate pressure is dissipated; this inherently minimizes lost work by
providing an overall minimum average driving force for dissipation under the
fence.

6. When the higher pressures reach the leading edge within these constraints,
at least part of the higher-pressure leading-edge stagnation point is countered by
viscous force generated pressures in the cavity leading to a lower pressure drag
from the leading-edge stagnation region than is possible without this approach.

Hypothesis components 5a-5b lead to high cavity-based lift forces which ap-

proach a contribution of 1.0 to the vehicle’s overall lift coefficient.

5.9. A Working Hypothesis Overview

The Hypothesis components 4 and 6 provide further clarification in a parallel
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work that includes data on pressure contours at trailing-edge and trailing-edge
stagnation regions [39]. Pressure contours from low Source settings are consistent
with non-optimal aerodynamics; both boundary-layer separation and loss of
higher cavity pressures under the trailing flap are present. Pressure profiles where
a trailing stagnation region begins to appear are consistent with hypothesis com-
ponent 4 where thrust forces are transferred to the back side of the flap and L/D
values are distorted on the high side. The 2D L/D values in Table 2 are considered
as at optimal Source settings where the L/D are representative albeit high due to
the 2D CFD assumptions. Table 2 data have not been evaluated to identify optimal
Source values; a decision that was made in part to further optimization on the 3D
prototypes to better reduce lost work.

The current work includes using a minimum in turbulence from the CFD mesh
to identify an optimal Source setting based on the design and free stream velocity.
The assumption of these studies is that minimum kinematic turbulence approxi-
mates a minimum in lost work and further corresponds to a near-optimum Source
setting. The value in these studies is that a single optimal L/D can be assigned to

a given wing section design for comparison to other wing sections.

5.10. Performance Objectives

The A performance objective is to achieve an L/D efficiency of greater than 20
near a minimum in turbulence which is typically associated with a lift coefficient
greater than 1.0, an absence of boundary layer separation, and minimal jetwash.
To avoid jetwash, additional thrust can be provided by wheels. Braking can be
provided by a controlled release of lower cavity pressure alongside regenerative
braking.

Table 5 converts example vehicle dimensions to AR and TR for comparison to
the 3D digital protypes. Problematic parameters such as cabin heights that are too
low and high aspect ratios may be compared. Table 6 provides additional degrees
of freedom to achieve higher L/D and more-effectively mitigate boundary layer

separation.

Table 5. Example relation of vehicle dimensions to AR and TR. Key functionality parame-
ters for relation to GEFT designs are in italics.

Widt Height Length Compatibility
Vehicl AR TR
enice h(m) (m)  (m) with GEFT
Semi-Trailer Truck 2.6 2 20 0.13 0.1 AR is too low
Efficient, but
Short Box Truck 2.6 13 13 02 o0l et O
low height
TR on the high
Box Truck 2.6 2 13 02 015 on melis
side
Autonomous Truck Great GEFT
. 2.6 1.3 13 0.2 0.1 K
(Theoretical) potential
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Continued
Trailer 2
Automobile 2

Ship (Catamaran) 20

Great GEFT
6 0.33 0.10 .
potential
6 033 0.33 TRistoo large
Restricted to
20 1.0 0.15

wide waterways

Viable vehicle options based on the data of this paper include the autonomous

truck and trailer. The autonomous truck does not need a cabin nor trailer at walk-

ing height for use with autonomous loading and unloading; it remains compatible

with manual operation, allowing loading and unloading at the 1.3 m in height.

The trailer is a particularly favorable option when operated as a tow-assist

trailer using solar power and batteries. The lower tow resistance allows smaller

vehicles and common automobiles to pull these trailers. Powering the trailer with

solar panels, batteries, and regenerative braking both reduces fuel consumption
and the load on the lead vehicle [39].

Table 6. Example parameters to further optimize GEFT.

Parameter

Source Shape

Source Location on Trailing Taper

Source Thrust Vector
Trailing Taper Shape

Step-Change in Pitch at Source

Fence Shapes

Fence Height

Number of Fence Pairs

Fence Clearance

Flap Shape
Flap Clearance

Average Pitch of Lower Surface

Camber of Lower Surface

Front Deflector

Lateral Surface Extensions

Example Conditions
Height impacts performance
Within upper 10% of vertical expanse
From 0 to 15 °, horizontal and downward vector
Slight convex-upward camber

From 0° to 15°

Create induce thrust on some of frontal surface
and as well as multiple control surfaces along
camber length

From 5% to 25% of cabin height

One or two pairs with middle pair consisting of
a lateral span at least 50% of the vehicle width

From 1% to 5% of cabin height, constant
throughout

Contiguous upper surface with taper
2X to 4X fence clearances
From 0° to 2° nose up

0% to 5% concave downward, 0% at front 10%
of chord

Convex upward with a pitch of —45° to —15° at
leading edge

From wings to thin camber extension of lifting
body
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Continued

Slats

Blowers to Cavity

Contiguous with front deflector surface and as
control surface

Blowers with discharge to supplement cavity
pressure

Transition from Leading Vehicle Frontal Ducted Fan

Mid-Cavity Flaps

To mediate lift forces and control stability
through dividing the cavity into sections

Trailing taper as Chord Fraction 50% to 20% of chord.

Headroom canopy size, shape, and A canopy for headroom of drivers and passen-
location (midsection variation). gers in an automobile.

Headroom canopy ducted fan size, Canopies of shape similar to the GEFT airfoil
location, and setting (midsection but with the objective of streamlining flow to

variation).

Lateral Variation of Airfoil Cross-

Section

Additional/Distributed Propulsion

Sources

the trailing taper of the base case GEFT body.

Lower height toward sides
Includes driver and passenger canopy higher
than rest of upper surface

Near or on sides in combination with trailing
taper shape to further mitigate boundary layer
separation

Several of the parameters and ranges of Table 6 are known to improve L/D but
were outside the scope of the current study [26]. Past results indicate that a TR =
0.15 at AR = 0.2 can achieve an L/D greater than 20. Table 7 summarizes viable

and potential applications of GEFT technology.

Table 7. Viable and likely markets based on digital prototype performance and degrees of

freedom.

Market

Viability Comments

Viable Per Digital Prototypes

Autonomous Truck

Tow-Assist Trailers

Other Trucks, Railcars, and
multimodal vehicles

Catamaran Ship (open seas,
marine transit, ferries)

Viable due to payload height of 1.3 meter or less for ro-
bot loading and unloading of payload.

Viable at low cabin heights consistent with much cargo.

Viable with optimization of performance parameters to
attain TR > 0.15 with anticipated further optimization.

Viable based on AR > 0.5 as highly compatible with
open waters.

Automobile

Likely Viable

Anticipated viability with driver canopy extending
above the rest of the vehicle surface and with lower

surface at average pitch up to 2.5°.
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Continued

Viable based on AR > 0.5 possible with passenger
Water Sports
canopy.

In tunnels, the upper surface of the vehicle in
combination of with upper surface of the tunnel are
. able to form a nacelle for the Source which can enable
Tunnel Transit . . .
even higher L/D efficiencies with other advantages such
as engineered tailwinds and passively reduced

pressures [42].
Partial Benefit

Mitigation of boundary layer separation reduces drag.
Partial aerodynamic lift reduces wheel suspension.
Broadly Applicable Lower leading-stagnation region reduces pressure drag
through use of lower-surface viscous drag to displace
part of forward pressure drag.

Viable applications include trucks and trailers that operate at heights less than
1.5 m as which are compatible with robot loading and unloading from the rear of
the payload compartment. Loading from sides at TR < 0.15 is broadly applicable.
Catamaran ships and ferries are broadly viable due to AR > 0.5 as ideal for open
waters, allowing large vehicle sizes with corresponding increases in cabin heights
with highly efficient vehicles possible at AR > 1.

Preliminary studies have verified that a headspace canopy is able to increase the
thickness ratio while achieving a range of automobile and bus designs viable at
L/D > 20. This is a subject of concurrent studies.

The technology is broadly applicable once substantial reductions in resistance
are achieved. The corresponding increases in energy efficiency are possible with a
focus on mitigating losses from trailing-section boundary layer separation and re-
duced pressure drag from the leading stagnation region. Reasonable and effective
partial displacement of rolling losses occurs at 10 < L/D < 20 for a broad range of
applications. Up to 50% reductions in energy consumption are possible; this com-
piles to reductions up to 80% when the vast majority of wheel suspension is dis-
placed with aerodynamic suspension.

GEFT have the propensity to provide many operational advantages such as: a)
transit speeds on highways and tracks greater than the traction and stress limits
of wheel-based vehicles, b) greater efficiency than other wheel-based or free-flight
alternatives, c) an evolutionary path of greater potential as seamless multimodal
vehicles, and d) applications capable of operation using only direct solar power
[39]. Tables 5-7 provides a summary of applications based on category.

The ability to achieve L/D efficiencies exceeding 20 at widths compatible with
highways and reasonable heights provide major advances over current vehicle al-
ternatives. This paper identifies that all but the lowest TR applications are possible
through the trailing-section upper-surface ducted fan used in combination with
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the trailing taper and lower cavity; the innovation is further defined in a 2024 pa-
tent application [43]. The combination of a broad range of more-efficient higher-
speed applications enabled by a new aerodynamic explanation approach sup-
ported by both molecular and continuum mechanics could meet the definition
scientific revolution [44].

GEFT is a premium application to demonstrate the capabilities of CFD, ad-

vantages of improved understanding, and optimization algorithms.

5.11. Concerns of 2D Simulations

Two-dimensional simulations fail to account for how optimal lower surface
pitches can increase L/D efficiency in 3D and actual vehicles, as illustrated in Fig-
ure 12. In 2D, the pressure effectively expands from the leading edge rearward
while in 3D rearward expansion from the leading stagnation region does not
emerge. In 3D, a robust trailing stagnation region expands forward; therefore,
lower surface pitch and concavity are able to progressively generate lift from the
lower surface. In 2D, a lower-surface pitch primarily manifests as lift-induced
drag which diminishes L/D.

The degrees of freedom for especially high impact unique to 3D simulations
are:

1) Lower surface pitch, including slight concavity.

2) Spanwise variation of airfoil including use of a canopy.

3) Spanwise variation of ducted fan shape and location.

Variations in fences, flaps, and extendable wings.

5.12. Alternative Results-Oriented Objective Function

The objective function for this study was vehicle volume-specific turbulence using
the k/TR metric. For loads of minimum volume, such as video and electronics,
vehicle height does not necessarily correlate with vehicle and payload perfor-
mance. Two alternative objective functions would have common utility:

Minimum Height based upon application since L/D tends to increase with de-
creasing wing section thickness. Typical minimum heights might be 1 m for an
automobile and 2 m for a railcar or bus. Vehicle length can be varied depending
on these constraints.

Toward Autonomous Vehicles and Payload Handling. As androids and au-
tonomous vehicles displace trucking based on semi-truck trailers, lower height
trucks and higher aspect ratio trucks become viable; the freight cabins do not need
to accommodate walking or tow motors. In these applications further reductions
in energy consumption are available. L/D values near 40 are attainable.

Minimum Ground Clearance correlates with surface deviation tolerances. For
example, operation over choppy waters, as with ships and boats, flight would be
limited to a maximum expected wave height. Ground clearance can be increased
by increasing the height and size of the vehicle. Railroads may provide the nar-

rowest clearances.
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6. Conclusions

A rigorous energy efficiency analysis of a new ground-effect flight transit vehicle
(GEFT) is complicated by the manner in which the aerodynamics of the ducted
fan are coupled with GEFT’s lifting-body surfaces. An analysis of lost work based
on kinematic turbulent energy was able to overcome these complications by cor-
relating turbulence with ducted fan power setting to identify a kinematic turbu-
lence minimum. The minima correspond to the end of boundary layer separation
and onset of jetwash. This approach allows different vehicle designs to be com-
pared at optimal operating conditions to identify better vehicle designs.

An objective function of reducing turbulence per volume of payload leads to
optimal TR between 0.1 and 0.2. If the objective is a greater emphasis on weight
rather than volume, lower TR designs emerge as optimal. Vehicles designed under
the constraint of a maximum width of 2.6 m have insufficient headroom at typical
lengths, requiring function specific optimization to extend the applications to
most wheeled vehicle transit applications.

Over twenty design degrees of freedom and computationally intensive CFD
simulations mandate efficient approaches to design optimization. The approach
of this paper uses initial 2D studies with interpretations of data to reduce design
options prior to more intensive 3D CFD studies. Additional parameters needed
for 3D versus 2D CFD include fence clearance and vehicle aspect ratio, both of
which have a high impact on performance.

GEFT technology is in a phase of rapid evolution. Concurrent efforts on phys-
ical prototype fabrication and evaluation would lead to prototypes that are obso-
lete before completion of the physical prototype analysis. Consequently, the R&D
path implicitly tests the capabilities of digital prototypes and CFD simulations.
Relating digital prototype performances to a new airfoil science based on Three
Principles, grounded in physics, is a level of validation for these studies, in lieu of
immediate experimental validation. Benefits of this approach are the rapidly ad-
vancing designs and understanding.

GEFT science and technology have potentially profound impacts on transpor-
tation and society. GEFT’s unique design generates aerodynamic lift, reduces as-
sociated wheel/mechanical resistances, and concurrently reduces aerodynamic
drag from: a) boundary layer separation, b) the leading stagnation region pressure,
and c) the vehicle’s lower surface. While high-speed applications where wheeled
suspension is displaced with aerodynamic lift realize the greatest reductions in
energy consumption, the novel approaches to reducing drag are widely applicable

to many wheeled vehicles and trailers.
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