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Abstract

Recent development on the new generation of STOL/VTOL aircraft utilizing the active circulation flow control
channel-wing design is presented. By redesign the wing into a half-circular shape and repositioning the
propeller-blade at the trailing-edge, one could arrive in obtaining a suction effect that could enhance the
generation of lift. The suction effect from the high speed rotating propeller mounted at the wing trailing-edge
generates a high velocity slipstream, inducing the flow adjacent to the upper surface, reducing the pressure
than the lower surface, generating lift. The characteristic of lift as a by product of its own thrust is something
needs further attention. The amount of lift generated is quite impressive, increases with the amount of thrust
produces. Results have shown that the amount of lift that could possibly be extracted reaching over one-third
of its thrust. However, although gaining some lift, there will be some losses in the thrust; due to the viscous
effect on the adjacent layer of fluid-wall.
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1. Introduction

Over the years, air transportation has increasingly become an important driver in the movement of
resources and wealth [1]. Despite having received such high demand, according to data from both
the United States [2] and the European Union [3] airlines experience glitch, i.e. flight delays; with the
majority of short-haul flights experiencing delays of up to 20%. For example, in the United States [4]-
[6], airline flight delays have a staggering direct operating cost of approximately $8 billion USD per
year. This must be addressed because it will result in additional delay compensation costs, especially
for those who took the connecting flight.

Many brilliant ideas and solutions to this problem have been proposed. Some are proposing models
to aid in simulating the problem of airline flight delay management, with the goal of optimising runway
capacity by focusing on taxiway capacity and runway separation time [7], [8]. In addition, some
research has been conducted to investigate the effect of aircraft wake vortex during arrival and
departure in order to achieve efficient runway usage at any given time [9]-[13]. Aside from that, the
incorporation of new elements in future aircraft design [14]-[18] is being researched in order to
improve the aircraft's performance and make it more efficient and effective.
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Figure 1 — From Willard Custer’s patent: US3123321 A, published on 3™ March 1964 [19].

Modifying the conventional wing is critical for future aircraft; it opens up additional choices for
addressing current challenges, such as short-haul flight issues. Incorporating active flow control
technology to increase the aerodynamic efficiency of the wing is one of the finest solutions to examine
[19-22]. This channel-wing aircraft utilized airflow entrainment to boost lift generation. As shown in
Figure 1, one of the earliest examples is the patent filled in 1952 by Willard Custer, known as Custer
Channel-wing Aircratft.

Unlike traditional fixed-wing aircraft, which rely on the aircraft's speed to generate lift, the channel-
wing relied on the velocity of the airflow flowing over the wing. The pusher-type rotating propeller
mounted at the trailing-edge of the wing entrained a high-velocity of airflow. This will induced a low
pressure region on the wing-upper-surface. A net pressure difference between the lower and upper
part of the wing will be created, hence, some amount of lift will be generated.
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Figure 2 — Predictions on the aerodynamic lift performance of channel-wing as compared to
circulation control wing and conventional wing.

An experimental study was previously conducted to evaluate the effect of wing sizing on the
aerodynamic lift and propulsive thrust performances of channel-wing aircraft at rest [20]. The wing
has been shown to be capable of extracting approximately 30% of the lift from the thrust. According
to a study conducted at Georgia Tech Research Institute [21], the channel wing can produce nearly
double the lift of a conventional aircraft equipped with a slotted flap. Developments and patents
utilizing the active circulation control design have been presented through several research programs
[22].

The channel-wing has the ability to produce lift even at zero forward velocity (stand-still). Also, able
to work in a much broader range of the angle of attack before stall (as illustrated in Figure 2).
Furthermore, under certain conditions it could also perform vertical take-off [21], [23], [24]. This paper
will examine the aerodynamic performance of channel-wing aircraft at various flight speeds and
angles of attack. The goal is to improve understanding (take-off ability) of channel-wing lift
performance characteristics for future short-haul flight applications.

2. Methodology

2.1. Test bench setup

The channel-wing test bench setup consists of a channel-wing and a set of propeller-motor setup.
The assembly and mounting positions of the main components of the channel-wing test bench setup
are illustrates in Figure 3.
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Figure 3 — Channel-wing test bench setup (left); Actual assembly of the channel-wing test bench
setup (right).
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The channel-wing profile is based on the NACA4412 airfoil [25]. For the wing chord length, it is
measured as the ratio of the wing chord length (C,,,4) to the propeller diameter (D,,,,); measuring
at 20%, 35%, and 55%, for the small, medium and large wing size, respectively.
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Figure 4 — The workflow of the experimental test setup for the channel-wing analysis.

The test model is created with CAD software and consists of numerous sections, all of which are
constructed of Polylactic acid or polylactide (PLA) material and printed with a FDM 3D printer. For
such a complicated design, the fabrication method is simple, rapid, and cost effective. The workflow
of the experimental test setup (Figure 4) is similar to the one described previously; that is, a scaled-
down model of the actual aircraft is utilised, with the propulsion unit placed to the rear side of the
wing (similarly as illustrated in Figure 5).
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Figure 5 — Conceptual Pneumatic Channel-wing STOL aircraft [26] (left); Velocity field on the wing
surface (right), adapted from Ref. [27].

For the thrust force generations, a 2-bladed propeller with a diameter of 250 mm (4.5 pitch) is used.
It is aligned perpendicular to the trailing-edge section of the channel-wing. The clearance between

the propeller-tip and the channel-wing surface is 1 to 2 mm.
The electrical components of the propeller-motor setup consist of 820 kv motor, 30 Amp ESC, DC
watt meter, and Li-Po battery (14.8V). The schematic of the experimental setup is shown in Figure 6.
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Figure 6 — (a) The schematic of the propeller-motor setup; (b) The schematic for the force/load
measurement (lift and thrust).

2.2. Measurement process

Two load-cells are used for the force sensors measurement setup. Both are connected to the
microcontroller that link to a compute. One measuring the lift force for the channel-wing and the other
measure thrust force generate by the high-speed rotating propeller. The mounting position of the load
cells:

1) Thrustforce — it is mounted vertically, positioned in between load cell casing (thrust) and thrust
stand support.

2) Lift force — it is mounted horizontally underneath channel-wing, connected to load cell casing

(Iift).

A microcontroller capable of processing data at the rate of 1000/s is used. It received input from load
cells and transmits output data to the computer via micro USB cable.

2.3. Calibration & Error Analysis

Calibration for each of the load cell is done prior to each of the test with a set of dead weight
(calibration up to 600 grams or ~6 N, with 50 grams increments). The indicated error for each of the
load cell is measured £0.5 grams. The measured data from the microcontroller is displayed and
stored on the computer (data logger), and each data point (power, lift, thrust) is taken by taking the

average of 50 readings. Table 1 provide a sample of data (i.e. power) for the uncertainty analysis of
the experiment.

Table 1: Data for the uncertainty analyses
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Both of the measured thrust and lift forces as well as the indicated power supplied to the motor are
recorded during the measurement process. The test is carried out in a control environment; the
ambient temperature at 20° Celsius, air density of 1.225 kg/m® and humidity of 50%. Noted that
average error (for all measured data) is below 5%, thus, the data taken are consider precise and

accurate.

3. Results & Discussions

The test employs three distinct wing sizes: small, medium, and large. All tests are performed at zero
forward speed and zero angle of attack. The amount of thrust force is shown to decrease when the
channel-wing is fitted (as illustrated in Figure 7). The average reduction in thrust force when
compared to the isolated propeller (or without channel-wing) is 11%, 13%, and 15% for small,

medium, and large wing sizes, respectively.
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Figure 8 — Resultant force with and without channel-wing installed.

As shown in Figure 8, for the resultant force (i.e. lift and thrust components), with a channel-wing
fitted, the resultant forces are dropped by 9%, 10%, and 11% for small, medium, and large wing
sizes, respectively. The amount of thrust and the resulting force reductions are proportional to the
length of the wing chord. With a greater wing chord, the air travels considerably further and picks up
extra viscous forces, reducing the momentum of the airflow and hence the generated forces. The
smaller wing (with shorter wing chord length) may have a little lower impact than the large one.
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Figure 9 — Changes in the lift force when the thrust force is increased

Figure 9 depicts the changes in lift as the thrust is increased. Increasing thrust has a favourable effect
on lift generation. When comparing these three channel-wing sizes, the greater the wing chord length,
the better the lift performance. This linear growth, on the other hand, will eventually plateau after
reaching certain limits (i.e., when the value of thrust force exceeds 3.0 N).
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Figure 10 — The ratio between lift and thrust (L/T) for three different wing sizes (gwﬂ).
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The plotted lines for the lift to thrust ratio (L/T) versus power, as shown in Figure 10, can be classified
into three stages: steep increase in the beginning, progressively flattens, and diminishes towards the
end. The correlations and trends of change for all channel-wing sizes are proven to be consistent.
The peak value of L/T increases from 25% to 30% and up to 35% for small, medium, and large wing
sizes, respectively.
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Figure 11 — Comparison of L/T for all three wings with the data presented by Ref. [25].

As shown in Figure 11, the L/T increase with the wing size. Large wing produce the highest L/T,
compared to the medium and small wings. Thus, this shows that if one would like to obtain higher
L/T (or to extract more lift force), the wing area should be relatively bigger. This finding is in agreement
with the results obtained by Blick & Homer [25], the percentage of L/T could reach more than 40%
for (Cwing/mep)~1. In Ref. [25], the motor (which drives the propeller) is placed on the inside of the
channel-wing, however, for the present setup, the motor is positioned on the outside. With this setup,
it undisturbed the oncoming and entrainment of airflow on the inside of the channel-wing.

4. Conclusions

The aerodynamic lift force and propulsive thrust of the channel-wing design are evaluated at zero
forward speed and zero angle of attack. The correlations/relationships between channel-wing lift and
thrust, as well as the performance parameters derived from aerodynamic lift and propulsive thrust
forces, are shown for three different sizes of wing chord length. Throughout the test, the input power
supplied by the battery is increased in 5 watt increments from 5 to 45 watts. The motor is unable to
run smoothly at less than 5 watts, and at more than 40 watts, the lift-thrust ratio is shown to decrease.

The high-velocity slipstream is created by a high-speed rotating propeller. A pressure difference
between the upper and lower surfaces is created by the high velocity airflow adjacent to the upper
surface, resulting in suction effects and lift. It demonstrates that a longer wing chord can extract
significantly more lift. The amount of lift that could be extracted is over one-third of the thrust. Despite
achieving some lift, there will be some thrust losses due to viscous effects on the adjacent layer of
fluid-wall. Because the air encounters resistance as it flows and makes contact with the wing surface.
For small wings, the losses are minimal, but for larger wings, the losses are much larger.

With more lift than conventional wing, the plane could take-off at a much slower speed and for a
much shorter distance. Having extra lift means being able to carry more payloads. The aircraft will
also save some fuel and maybe extend engine life (moving components are working at low
revolutions/flight cycle) due to the shorter duration of high engine speed/blast at take-off. On a bigger
picture, this study could provide an insight to overcome runway design constraints (conventional
aircraft). The proposed channel-wing design could improve the aircraft's overall performance by
allowing for engine capacity reductions, reduced fuel consumption and the amount of fuel carried,
increased low-speed stability, lighter construction, and optimization of other subsystems.
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