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Abstract:  While several distinct vertical axis wind turbines with low power performance exist for integration in
buildings, implementing micro horizontal axis wind turbines in buildings poses challenges due to their visual
impacts, noise levels, and risks to flying birds. In this work, seven novel origami rotor designs featuring four
internal tubular nozzle shapes and varying inlet/outlet aspect ratios are manufactured using 3D printing and
tested in a subsonic wind tunnel under three scenarios: Without a micro-3-phase electric generator, with the
generator but no load, and with both generator and a load, across wind speeds ranging from 3.5 m/s to 25
m/s. Results indicate that the designs with an aspect ratio below 3 perform well. Cut-in speeds of 3.5 m/s
and 8 m/s are achieved with and without the electric generator, respectively. The rotation speeds range from
25 rpm to 3300 rpm. A maximum voltage of 27.6 V is recorded without load and the maximum power
coefficient of 0.0168 is achieved at the tip speed ratio of 0.44 for a micro turbine with a 10 cm diameter.
This research further elaborates on the characteristics of the different rotor designs, discusses their respective
advantages and shortcomings, and outlines plans for future modification.
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Nomenclature

Abbreviations | Descriptions
3D | Three Dimensional OD | Outer Diameter m | Mass flow rate (kg/m3)
AC | Alternating Current PC | Personnel Computer Pr | Rotor power (W)
AR | Aspect Ratio RPM | Revolutions per Minute Py, | Wind power (W)
BEM | Blade Element Momentum RSM | Reynolds Stress Model R | Rotor Radius (m)
CAWT | Cross Axis Wind Turbine TI | Turbulent Intensity Tr | Rotor torque (N.m)
CFD | Computational Fluid Dynamics TSR | Tip Speed Ratio vV | Velocity vector (m/s)
CS | Control Volume VSWT | Variable Speed Wind Turbine Vin Inlet velocity (m/s)
CV | Control Surface VAWT Vertical Axis Wind Turbine Vour | Outlet velocity (m/s)
DC | Direct Current W | Width V | Wind speed (m/s)
DIY | Do-lt-Yourself Latin symbols Greek symbols
EV | Electric Vehicle Agp | Inletarea (m?) B | The correcting factor (-)
L | Length Agye | Outlet area (m?) A | Tip speed ratio (-)
LCD | Liquid Crystal Display AR | Aspect Ratio (-) w | Rotor rotational speed (RPM)
LCWT | Linear Cascade Wind Turbine Ag | Rotor area (m?) p | Air density (kg/m®)
LED | Light-Emitting Diode Cp | Power coefficient (-)
GCC | Gulf Cooperation Council % Derivation with respect to time
H | Height dA | Differential area (m?)
HAWT | Horizontal Axis Wind Turbine du | Differential volume (m®)
NACA | National Advisory Committee for Aeronautics F | Force vector (N)
NIMBY | Not-In-My-Back-Yard F, | Axial force (N)
F, | Tangential force (N)
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1. INTRODUCTION
1.1. Literature on Small Wind Turbines

The design of large horizontal axis wind turbines (HAWTS) has not significantly changed over years
and issues remain challenging, such as lower efficiency at low wind speeds, less power generation in
turbulent and fast changing wind, and generation beyond cut-out wind speeds [1]. In contrast, vertical
axis wind turbines have operated at such unfavorable wind conditions, yet they possess very low power
coefficients. In offshore applications involving a 1 MW vertical axis wind turbine, surge, heave, and
pitch are identified as the dominant motions, highlighting the suitability of such platforms for offshore
wind energy generation [2].

In urban environments where small wind turbines are utilized, there are uncertainties in power
generation due to the complexity of wind profiles because of the morphology of urban buildings [3].
Turbulent intensity (T1) has been shown to be an important factor for its incorporation within a modified
Weibull distribution function of wind speeds [3] for better predictability of power generation from small
wind turbines.

The blade design of small HAWTs was considered from the perspectives of laboratory test to field
operation of market ready products with lesser structural complexity [4]. The new blade designs were
investigated under extreme static and dynamic wind loads. The importance of different rotational speeds
at a fixed wind speed on power generation was experimentally reported [4]. Integrating cascade wind
turbines within a building is challenging and new designs such as linear cascade wind turbine (LCWT)
offer solutions particularly at low blade tip speed ratio (TSR) [5]. The design however needs to be
installed in an open environment, such as the space between two separate buildings reporting efficiencies
of 8% and 12% performances without and with ducted design, respectively [5]. To improve small
HAWT performance, several diffuser flanges or lens augmented devices were developed and
experimentally assessed. There were attempts to enhance the performance of the diffuser type wind
turbines by improving the blade design, claiming theoretically better performance than the Betz limit
[6]. A recent study fully explored the literature of such augmented devices and tested a variety of
geometries including annular, cylindrical, and conical shapes. The study concluded that none of these
devices can improve the HAWT performance beyond the Betz limit [7]. However, the best performance
was obtained for smaller flanges with a total C, value of 0.576.

Full scale wind tunnel testing of small VAWTSs is highly important for the true evaluation of these wind
turbines in terms of cut-in wind speed, power generation, and the measure of power coefficient. The
wind tunnel testing of a Darrius type wind turbine revealed that a standard Darrius wind turbine has a
cut-in wind speed of 10 m/s. However, with blade design improvements, this speed was reduced to 6
m/s [8]. But in the improved Darrius design the maximum power coefficient hardly reached 0.16 [8].
However, the recent review of the last decade research on CFD enhancements of Darrius type wind
turbines, with leading-edge protuberances, indicates that the power coefficient can be enhanced up to
25% [9]. A novel conical multiple bladed small HAWT design with different pitch angles and conical
angles was explored using experimental and computational methods [10]. The new concept started
generating power at a cut-in wind speed of 4 m/s and achieved a maximum power coefficient of 0.47
using 30 blades [10]. Although the design is more efficient compared to other small wind turbines, it is
not preferred in practical terms due to cost of production. A bio-inspired design based on a fish-tail
shape was investigated in a Savonius type VAWT wind turbine computationally and achieved the
maximum power coefficient of 0.267 [11]. Computational tools were also developed to investigate the
casing of the Savonius wind turbines. The wind turbines indicated a similar maximum power coefficient
below 0.27 can be achieved [12]. Based on experimental measurements, it appears that standard
Savonius type wind turbines can hardly achieve a maximum power coefficient of 0.17. Computational
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fluid dynamics (CFD) tools are widely used in analysis and simulation of wind turbines. The power
output of different wind turbines can be accurately determined using validated CFD analyses. In a study,
the effects of different parameters were investigated on power performance of two straight bladed
VAWTSs. To maximize the power production of each wind turbine, the optimal configuration was
obtained and an increase in power generation of nearly 10% was observed [13]. A miniature 4-bladed
HAWT was investigated experimentally with and without gear transmission to a generator [14]. The
effect of various resistor loads on the performance of the wind turbine generator at wind speeds from 2
m/s to 8 m/s was analyzed. The results indicated that with 20 Ohm resistors, the maximum powers of
106 mW and 126 mW were achieved at a speed of 8 m/s for the micro design without and with gear,
respectively [14]. The design of protuberant blades in a small HAWT was optimized both
experimentally and numerically to improve the performance of the wind turbine at both low and high
rotational speeds [15]. The optimal sinusoidal shape for the blades performed as expected, achieving
the maximum power coefficient of about 0.47 for the model without leading edge protuberant [15]. A
comprehensive review was conducted on wind power generation through articles from 2005 to 2020
[16]. In this review, the miniaturized HAWTSs were classified as those with power generation below 10
kW for individual energy needs in offices, houses, or schools. Various aspects of sustainability in wind
power generation were discussed [16]. A novel small impulse 20 bladed HAWT was experimentally
and computationally investigated. For the rotor diameter of 30 cm, the maximum power coefficient of
0.17 was obtained at a wind speed of 8.2 m/s generating 4.5 W [17]. The cut-in wind speed of 3.5 m/s
was obtained. Economical merits of small wind turbines in urban areas of Germany were evaluated, and
it was suggested that positioning of the wind turbines and storage systems are crucial for economic
feasibility [18]. The study considered three HAWTSs from 2.4 kW to 6.5 kW rated powers. The cut-in
wind speed of the selected wind turbines was 2 m/s and 3 m/s and rotor diameter varied from 3 to nearly
13 meters. The payback time of the selected small HAWTSs was reported 16 to be 18 years [18]. Long
term field testing is an important aspect of assessing small wind turbines that have not received a great
deal of attention in the literature. In research on a straight bladed VAWT, the laboratory and field testing
were conducted using a torque meter for obtaining the wind turbine torque and different wind measuring
devices but without measurements of rotational speeds [19]. The study used a 2 m diameter 2 bladed
NACAO0021VAWT with 1.2-meter blade length. The rotational speed was not measured nor reported
though was claimed as constant. The maximum power coefficient, in both field and wind tunnel testing,
was below 0.2 with a cut-in wind speed of 3.4 m/s observed [19].

Two novel counter-rotating 6-bladed VAWTS were integrated and observed to have more than two-fold
power generation compared with two single rotor designs. The maximum power of 70 W was obtained
at a wind speed of 11 m/s and rotational speed of 240 RPM compared to 30 W for two single rotor
designs [20]. The self-starting feature was also claimed to be improved using this H-type Savonius-
Darrieus wind turbine design, but the cut-in wind speed of 5 m/s was observed for both single and double
rotor designs. The VAWT design included a 0.8 m diameter, 0.5 m height, and NACAQ021 type blades.
The maximum power coefficient of 0.4 was obtained [20]. One of the deficiencies of small HAWTS is
low power performance. The effects of solidity by using three to six blades were investigated on the
power performance of small HAWTSs [21]. Experimental results indicated that the maximum power
coefficient slightly improved by reducing the number of blades from five in the original design to three
blades, but the cut-in wind speed increased, which affects the performance of the wind turbine at low
wind speeds. Impact of topography and roughness of wind locations on power generation were discussed
using various nano to large sizes wind turbines around the world [22]. Wind over buildings was
modelled using three inner, middle and outer layers, suggesting accelerated regions like near edges of
rooftop buildings are suited for wind power generation. Although highly vortex regions were not
recommended for wind power production. For any wind turbine development, a long-term wind
assessment from one to ten years with 10 min wind data intervals was recommended [22].

CFD simulation over urban buildings indicated that diffuser enhanced wind turbines performed better
at edges of rooftop buildings. The simulation indicated that HAWTSs should be located vertically for
better output power [23]. The shortcomings of various micro-bladed HAWTs were extensively
highlighted with and without various diffuser, shroud, and lens designs, along various blade design
strategies [24]. The main issue was observed, the very low power performance of micro power
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generation in real life fields. Several recommendations were made including using twisted and tapered
blades, paying careful attention to aerofoil shape and dimensions, integrating shrouded diffusers to
augment wind power generation up to four-fold, and integrating cost and performance in analyzing new
micro wind turbine concepts to achieve high strength to weight ratio [24].

Several curved bladed VAWTSs were experimentally investigated [25]. For speeds below 13 m/s the four
bladed VAWT performed better whilst for speeds above 13 m/s, the three bladed designs performed
better in power generation. The study was too brief to consider the power coefficient versus conventional
VAWTSs. The design of microgrids HAWTSs were re-evaluated using mixed aerofoils in blade design
using blade element momentum (BEM) theory and CFD simulations [26]. The results indicated that
blade’s twist was crucial and mixed aerofoil blade design improved power performance. To tackle the
cost of small HAWTS, a simplified manufacturing design of the blade and hub was introduced that
reduced the cost of timber blanks and the machining process by 33% and 58%, respectively, for a small
1 kW wind turbine [27]. Although the cost reduction is one of the prime aspects of small wind turbines,
the study lacked evaluating power performance and determining payback time. Current challenges on
utilizing small HAWTSs were investigated in terms of performance, cost, noise, and other factors [28].
One field of research devoted to developing small HAWTSs to operate at low wind speeds, which has
been facilitated by CFD simulation tools to improve the power coefficient.

In a different work, the concept of a cross-axis wind turbine (CAWT) was integrated in a building and
experimentally investigated in a low-speed wind region in Malaysia [29]. The design incorporated three
horizontal and three vertical blades. The CAWT design and a straight-bladed VAWT were mounted on
a building for comparison. Although the improved design outperformed the conventional VAWT, the
maximum power coefficient of 0.1263 was obtained. The cut-in wind speed was not presented for the
studied CAWT and VAWT.

Pitch control of small wind turbines is uncommon. However, a cost-effective mechanism may improve
designs such as the giant 117-Norwegian offshore wind turbine platform [30]. An experimental work
with a pitch control 200 W micro wind turbine in a large wind tunnel with a cross section of 4.0 m x 2.6
m was performed in Taiwan [31]. A disk pulley mechanism was used to passively control the pitch angle
of the wind turbine blades using centrifugal force. At high wind speeds, the pitch control mechanism
reduced the rotational speed of the wind turbine, yet such mechanisms need to be optimized [31].

Performance curves of small HAWTS are one of the key factors for power-economy analyses. Power
coefficient (Cp) versus tip speed ratio (TSR) should be obtained in any wind turbine development. A
fast and reliable method was developed for obtaining performance curves of small HAWTSs using a
moving cart and measuring the generator voltage [32]. Physics-based mathematical models were used
to extract performance curves from the measured values and were validated. A similar technique was
developed by accelerating a small wind turbine to determine the wind turbines’ power and torque using
wind tunnel or field testing [33].

Analyzing new small HAWTSs requires a variety of tools from mathematical modelling to CFD
simulations and from laboratory testing to field testing. These analyses were performed for a micro 240
W wind turbine using mixed blade aerofoil profiles indicating that the SST k-w turbulence model in
CFD simulation agreed well with the experiment, and the maximum power coefficient value of 0.34 was
obtained [34]. A centimeter-scaled micro wind turbine was experimentally tested in a wind tunnel, and
power generation was evaluated, as shown by Kim et al. [35], who optimized the rotor diameter—RPM
relationship. The 2.6 cm rotor diameter used 8 swirl type blades and tested against various parameters
such as resistive loads and yaw angles. The optimal maximum power and the corresponding resistive
loads were also identified [35]. The optimal spacing of small HAWTs were experimentally and
computationally investigated considering the effects of wind turbines’ wakes and particularly the effects
of wind turbines’ towers [36]. It was found that the Reynolds stress model (RSM) CFD simulation
results agreed well with various experimental measurements including hot-wire anemometry, indicating
that three-rotor-diameter spacing was the optimal distance between each wind turbines [36].
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A review study suggested the Savonius VAWTSs as economical and aesthetic micro generation for
remote and urban environments and Darrieus rotor type VAWTS as the potential for large-scale wind
generation particularly in offshore applications [37].

The variable speed wind turbine (VSWT) is a concept for generating variable frequency electricity that
must be controlled to provide a constant frequency to the grid. Various VSWT control methods were
reviewed highlighting the limitations of these methods and the need for stabilized frequency [38]. A
recent patent review on VAWTS suggested that these wind turbines outperformed conventional HAWTs
in unfavourable conditions such as urban environments, trains, low wind speeds, and highly turbulent
winds [39]. The study showed a total of 506 patents in VAWT designs of which 64% were produced
during the past ten years. Since 2010, sixteen distinct patents were examined thoroughly in the article.
Recently, a comprehensive review of origami-inspired systems was presented [40]. The mechanical
modelling of foldability and low-energy processes of origami systems was discussed. Additionally,
kinematic formulations for reducing the order of models and the nonlinear dynamics of origami systems
were examined. Vast applications including architectural designs, robotics, energy harvesting, energy
absorbers, biomedical systems, acoustics, and more were explained. The study however did not point
out the common windmill origami designs. The design of curved origami theorems and methodology
were mathematically explored by Lang [41], whose geometric approach influenced several recent wind-
harvesting concepts. New curved origami designs and appealing patterns were created that could inspire
new wind turbine systems. Structural strength of origami designs, referred to as aerogami, were
computationally and experimentally investigated in wind tunnel testing [42]. Two composite aerogami
designs, namely “worm” and “dino” designs were evaluated for drag force generation. The validated
models indicated the usefulness of the designs for implementing in real-world aerodynamic control
surfaces [42].

1.2. Focus of the Present Study

The well-known origami paper windmill (or pinwheel) evokes everybody’s childhood memories of
enjoying the moments of playing with this wind rotating toy. It is so familiar to everyone to even think
about how it works. By closely observing the rotation direction and analyzing the wind interaction with
the paper windmill, the concept shown in Fig. 1 may be expressing how this toy works.

Counter-Clockwise Rotation Generated

Reaction Force

Axial Air Inlet

L —

angential Air outlet
Figure 1. The Origami paper pinwheel (windmill) motion concept.

As shown in Fig. 1, the horizontal wind approaches the face of the origami windmill axially and is
captured by its long, flat surfaces. The captured air travels through the tubular section and exits
tangentially, generating reaction force. This off-center reaction force produces torque, causing the paper
windmill to rotate in a counter-clockwise direction.

1.3. Aesthetics Features of the New Design

Inspired by the origami windmill and knowing most of wind turbines developed to date are either drag
or lift operating devices, a novel bladeless and hub less rotor design is introduced that uses neither lift
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nor drag. Instead, it uses a reaction force to drive a generator for application in micro wind turbine
generations (see in Fig. 2).

Reaction Force

G

G

Rotation

Tangential Wind Outlet

="

Axial Wind Inlet

Figure 2. The origami inspired rotor design example.

It features a single rotating disk or cylinder that intakes air axially through multiple holes and discharges
it tangentially at the outer circumferences. Instead of the drag or lift force, the inspired design uses the
reaction force from the mass flow rate leaving the rotor. Based on Newton’s second law of motion, the
change of momentum will result in a reaction force as illustrated in Fig. 2. The torque developed by the
reaction force then directly drives a generator. Eliminating the need for multiple blades and a hub
enhances efficiency, reduces noise, and ensures safety for flying wildlife. Additionally, protective nets
at the entry and exit of the rotor holes can protect wildlife from entering the disk rotor when it is
stationary. The turbine can also be integrated into modern rooftop-edge building designs such as
Aeromine [43] or Ventum VX175 [44] or enclosed structures like solar chimneys, providing a quiet and
efficient means for generating electricity. The design provides structural stability, reduced noise, and
enhanced safety for wildlife. The design can compete with solar power generation in harsh environments
that photovoltaic panels may fail due to dust accumulations and soiling issues like in the Gulf
Cooperation Council (GCC) countries.

Wind turbine social acceptance has been a persistent subject of controversy. According to Guo and
coworkers, “previous research also indicates that wind power projects are unappealing to the local
populace if they are built in their neighborhoods because they produce noise and represent unattractive
alterations to the landscape” [45]. Petrova [46] highlighted those visual concerns, such as aesthetics and
physical characteristics, are among the main reasons for resistance wind turbine installations near
residential areas. That has essentially led to the “Not-In-My-Back-Yard” (NIMBY) acronym, which
describes opposition to projects within residents' sight and vicinity [46]. In Nordic countries like
Denmark and Sweden, several projects have been postponed due to these perceived disadvantages [45].

This paper proposes several design ideas to address these concerns. First, the rotors can be installed as
small, compact turbines on rooftop parapets. This configuration minimizes interference with the overall
architectural design of the building, as illustrated in Fig. 3.

n Em j

Figure 3. A rooftop wind turbine and solar energy integration for a buirding.

276



JOURNAL OF ENERGY SYSTEMS

Additional design concepts are presented in Fig. 4. Instead of traditional wind turbine towers installed
on roof parapets, aesthetically pleasing designs can be implemented on roof terraces. The rotors can be
housed within rectangular walls or circular frames, either aligned uniformly or with alternating
orientations, providing comprehensive exposure to wind from multiple directions.

Figure 4. Rotors within a rectangular or circular frames.

Fig. 5 illustrates how a sustainable building might appear with the integration of both solar panels and
these novel wind turbines, along with electric vehicle (EV) charging points showcasing a holistic
approach to renewable energy generation and use in urban environments.

B

Figure 5.-6\}erall view of a building with renewable energy generation for EV charging.

These design proposals aim to address the aesthetic concerns often associated with wind turbines while
maintaining their functionality and efficiency in utilizing wind energy within urban settings.

1.5. Limitations of the Current Design

Scaling up to small HAWTSs of kW-powered sizes requires larger diameters that proportionally increase
the width of rotor and add to its weight. Another potential issue is the thrust force on the mast of wind
turbine that needs to be structurally assessed; although the dynamic load will be different on the mast
compared with blade-type HAWTS. The cut-in wind speed needs to be improved so that the rotor design
can operate effectively at low wind speed regions. Further research is needed to optimize the design of
the proposed single rotor for larger applications.

1.6. Outline of the Paper

The paper presents a novel wind rotor design inspired by the origami paper windmill. The section
presents a recent literature on developments of micro wind turbine concepts from various distinct
VAWTS designs to limited HAWTS research and introduces the origami designs to inspire micro scale
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HAWTSs developments. Also, this section presents the aesthetic features of the new rotor design for
integration in buildings. Section 2 deals with materials and presents 3D print models, mechanical
components, the generator used, wind tunnel, and measurement equipment. The mathematical modelling
and experimental approach are also discussed. Section 3 provides 3D printed models, experimental
results with/without generator and load. Section 4 summarizes the findings of this research and draws
conclusions.

2. MATERIALS AND METHODS
2.1. 3D Prints

The FlashForge with dual extruder 3D Printer was used to produce 3D prints of the rotor models
investigated here [47]. The highest temperature of the extruder is 300 °C. The maximum printable
dimension is 300 mm x 250 mm x 200 mm. The print speeds vary from 10 to 150 mm/s with an extruder
diameter of 0.4 mm. 3D prints can be produced under three categories: Fast, standard, and fine. For
successful printing, the following settings were used: The standard option with, an extruder temperature
of 190 °C, and a platform temperature of 50 °C. The printer’s cooling fan was set to zero speed for the
initial 5 layers and to 25% cooling speed from layer 6 onwards. The supporting layer option was also
enabled. Each model took between 5 and 30 hours to print. Fig. 6 shows one of the rotor designs, which
was 3D printed in 12 hours.

Figure 6. The origami inspired rotor design 3D print example.
2.2. Mechanical Components

Figs. 7(a,b) show the standard mechanical holder for testing the free rotation of the rotor in two views.
A 3/8-inch (9.525mm) steel tube with an outer diameter (OD) of 9.525 mm was inserted in the central
hole (size of 10 mm) of the rotor design allowing it to rotate freely under the effects of wind. Two small
ball bearings were located before and after the rotor to guard the rotor against axial movement. The
bearings were held in place by two cotter pins.

Stainless Steel 3m

(@) (b)

Figure 7. The rotor mechanical holder for wind tunnel testing: (a) Side view, (b) axial view
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Figs. 8(a,b) show the fabricated mechanical holder for testing the generator connected with the rotor. A
stainless-steel bar of 4 mm diameter with a standard length of 210 mm was fixed vertically and a tube
with a cross pin of 1mm diameter at 25 mm lower part for insertion in the wind tunnel strain gauge
balance system.

Fabricﬁgd 4m Rod]

(@) (b)
Figure 8. The fabricated components: (a) Mechanical holder, (b) 3-phase micro generator components.

2.3. Three-Phase Micro Generator

A three-phase generator was used with the aid of a bridge rectifier (see Figs. 8(a,b)), to efficiently and
reliably generate and convert power from AC to DC. A three-phase system is more efficient for
producing power with less fluctuation than a single-phase system, making the output smooth and even.
The three-phase systems produce less harmonic distortion, which means smooth DC output, and they
can handle higher power levels with balanced load distribution.

This is a very important feature to maximize energy harvesting particularly at micro scales. The basic
rectification is crucial for converting the three-phase AC into stable DC. As shown in Fig. 9, a bridge
rectifier, composed of six diodes connected in series and parallel within the circuit, is used to convert
AC into DC for charging batteries or powering common DC applications in off-grid or hybrid setups.

1

A Generator
]Luad 8 I )
C
D4 D5¥ D6 ¥

Figure 9. Three phase bridge rectifier circuit.

The miniature brushless 3-phase generator was used to measure the output power of the rotor designs.
This variable speed generator can produce an AC voltage range of 3-24V for the studied wind turbine
rotors. The three-phase generator design provides smooth and efficient operation for a variety of DIY
project models and useful for educational purposes. The tiny size and very light structure of the
miniature generator make it a convenient tool for wind tunnel testing. The maximum output power is 12
W with a current rating of 1 A and a frequency of 50 Hz. Its dimension is 29.97 mm (L) x 28.45 mm
(W) x 29.97 mm and 79.93 grams weight (see Fig. 9). This generator is made of durable metal material.

2.4. The Tachometer
AGPtek® professional digital laser photo tachometer was used to measure the rotational speed of the

wind turbine rotor (see in Fig. 10). The device can measure rotational speed in a range from 2.5 rpm to
99999 rpm with a resolution of 1 rpm.
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Figure 10. The wind tunnel tests the wind turbine rotor using a tachometer and a multimeter.

The tachometer can measure rotational speeds of any rotating object within a detecting distance range
of 50 mm to 500 mm using a 9V battery. The operating temperature is 0 ~ 50 °C, the dimensions are
131 (L) x 70 (W) x 29 (D) mm, and the weight is 160 g. By applying a reflective mark on a rotating
object and aiming at the mark by the laser beam, the rotational speed is displayed with five digits on the
18 mm LCD display. The sampling time is 0.8 seconds.

2.5. The Multimeter

As shown in Fig. 10, the GW Instek GDM-397 multimeter was used in this experiment to measure the
output voltage of the 3-phase generator. It is a handheld digital multi-meter with the following
specifications: 3 3/4 digits, 3999 counts, DC/AC voltage (up to 1000 V/750 V), DC/AC current (up to
10 A), resistance (up to 40 MQ), capacitance (up to 4000 pF), frequency (up to 10 MHz), diode test,
continuity, temperature measurement, duty cycle. DC voltage accuracy is + (0.5% + 1 digit), and AC
voltage accuracy is £ (1.0% + 3 digits).

The rotor was directly coupled to a small three-phase micro generator, and output voltage and current
were measured using a digital multimeter (UNI-T UT61E) at the generator terminals. Power was
calculated as the product of measured voltage and current under resistive load conditions. For constant-
load tests, a 1.5 Q resistor was used as the load, and values were logged manually at each wind speed
increment. Measurements were repeated three times to ensure repeatability, and average values were
used for reporting.

2.6. The Wind Tunnel

The wind tunnel in this work is the HM 170 GUNT model [48] (see in Fig. 10), which is an “Eiffel”
type open wind tunnel for testing small model sizes within its square test section size of 292 mm (W) x
292 mm (H) and the length of 420 mm (L). The air is drawn in from the inlet nozzle accelerated through
a honeycomb mesh inlet passes through a transparent test section and then decelerated in a diffuser
section and pump out by the fan and its 3.4 kW motor (with typical 230 V, 50 Hz, single phase) of the
wind tunnel at the back. The full dimensions of the wind tunnel are 2870 mm (L) x 890 mm (W) x1540
mm (H) with total weight of 250 kg.

The carefully designed nozzle profile and the flow straightener honeycomb ensure a uniform velocity
with little turbulence in the test section. Air speeds from 1.3 m/s and up to 25 m/s can be reached in this
open wind tunnel. The wind tunnel is equipped with a balance system to measure and display lift and
drag forces of up to 4 N and within £180°. The air speed in the test section is measured using the
inclined tube manometer. All measured values of air speed, lift and drag forces, moment, displacements
and angles and the differential pressures are processed by a data acquisition system and displayed on a
personnel computer (PC) using the designated software [48].

280



3. THEORETICAL APPROACH

The linear momentum equation obtained by Newton’s second law of motion is expressed for a fixed
control volume as follows [49]:

SE= o I pvas) + ( | pP(V.i0)da) M

In Eq. (1), X F is the sum of all external forces, the first integral in the right is the time rate of change
of linear momentum of the contents of the control volume (CV), and the second integral is the net flow
rate of the linear momentum out of the control surface (CS) by the mass flow rate. In the integrals in Eq.

(1), p isdensity of air, Visthe velocity vector, dU is the differential volume, dA is the differential area,
and 7 is the normal unit vector perpendicular to the CS. Considering a fixed control volume (CV) around
the wind turbine and assuming wind is normal to the control surface at the inlet (in axial direction) and
at the outlet (in tangential direction) and the entire control surface (CS) is at atmospheric pressure, then
the Eq. (1) for the steady two-dimensional flow is obtained as follows [49]:

Fy =mVy  [N]
Fp = mVyye [N] @)

In Eq. (2), E, is the axial force or the unfavourable thrust or drag force that must be minimized, however,
F; is the favourable reaction force. A torque is generated by tangential force multiplied by the rotor
radius and the wind turbine power is generated by the torque multiplied by the rotational speed of the
rotor. Hence, the tangential force must be maximized to obtain maximum output power. The mass flow
rate is defined by m = pA,,:Vour, €Xpressing the amount of air that get into the rotor and leaves through
the outlet.

An experimental study on external flows around nozzles, tubular section, and diffusers indicated that
the free stream velocity is retarded at the inlet of nozzles (V;, is smaller than V,,;) and regain its
magnitude at the outlet (V,,,; = V), which is equals to the freestream wind velocity (V) [50].

For diffuser designs, it was opposite, wind speed was accelerated at the inlet and reduced to the wind
speed, I/, at the outlet. For tubular section, the measurement indicated that the inlet and outlet velocities
remained equal to the freestream wind speed.

For the new rotor design with internal elbow shape 3D nozzles, a correcting factor, 3, is introduced to
account for energy loss and turbulence on entry and exit of the 3D nozzle conduits. Hence, the outlet
velocity is corrected by the g factor (i.e., V,,: = BV).

To decrease the magnitude of the axial force, F,, the inlet velocity, V;,,, must be reduced by incorporating
a nozzle within the new rotor design. Hence, the aspect ratio of the nozzle is defined by [49]:

Ain

AR =
Aout

®)

Higher values of the aspect ratio AR, has advantageous of smaller V;,, and consequently smaller F,, and
smaller width of the rotor. But it is at the cost of decreasing outlet area A,,,; and consequently reducing
the mass flow rate m. The torque and power of rotor with the radius R is calculated as follows [49]:

Tp = F, R [Nm]
Pa=Tpw [W] @
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In Eq. (4), Tg is the torque, Py the output power of rotor, and w is the angular velocity in rad/s. The
power coefficient can be calculated using the wind power for the rotor with the radius R and the rotor
area A = mR?, as follows [50]:

Py = %PARV3 (w]

Pg ®)
CF = ﬁ
In Eq. (5), Py is the wind power, p the air density, V is the wind speed, and Cp is the power coefficient.
The tip speed ratio (TSR) is determined by [50]:

Rw
= — e— 6
A =TSR % (6)

The performance of wind turbines is usually expressed by Cp — A performance curves.
3.1. Model Limitations and Future Refinement

The present theoretical analysis adopts idealized assumptions such as purely tangential airflow and a
constant correction factor [ across different aspect ratios. While these approximations simplify the
mathematical formulation and allow for initial performance estimation, they may not fully represent
real-world flow behavior - especially in complex urban wind environments where turbulence, angular
inflow, and recirculation effects are common. Future improvements to the model may incorporate
experimentally derived or CFD- calibrated B values that account for changes in Reynolds number (Re),
flow angle, and rotor geometry. Additionally, extending the analysis to include partial radial inflow
components and dynamic stall phenomena could enhance the predictive accuracy of the model,
particularly at low wind speeds or during gusty conditions.

4, RESULTS
4.1. Theoretical Results

Based on the mathematical modelling discussed in Section 3, it is assumed that the air outlet from the
rotor is completely in the tangential direction. Using the aspect ratio values of AR = 1,2, 3, and the
correcting factor values of § = 0.1,0.2,0.3, it is assumed that for every 1 m/s wind speed, the rotor
rotates at 100 rpm increment. The theoretical results for the expected output power and normal force of
the rotor design are shown in Figs. 11(a,b). Experimental values for Models 5 and 6 are also compared
with the theoretical values.
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Figure 11. Theoretical performance of the new rotor wind turbine: (a) The output power performance, and (b) the
normal force values, at different nozzle aspect ratios and correcting factors.
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4.2. Benchmarking against Conventional Small Wind Turbines

To contextualize the performance of the origami rotor, it is valuable to benchmark its output against
conventional small HAWTs and VAWTs commonly deployed in low-speed urban applications.
Reported power coefficients (Cp) for traditional micro-HAWTS typically range between 0.25 and 0.35
under ideal conditions, while VAWTS often achieve C, values between 0.15 and 0.25, depending on
geometry and wind profile. In comparison, the origami-inspired rotor in this study demonstrates a peak
Cp of approximately 0.14 in the best-performing AR configuration. While this is modest relative to
conventional systems, the origami rotor offers several compensating advantages. Most notably, the
design achieves a significantly lower cut-in wind speed (~2.2 m/s), making it suitable for low-wind
urban environments where conventional turbines remain inactive. Additionally, the compact, bladeless,
and hubless architecture improves safety, reduces acoustic noise, and enhances visual integration- key
factors in urban social acceptance. The ability to 3D print the rotor using low-cost materials also
contributes to its scalability and manufacturability, offering a compelling alternative in distributed
energy scenarios where aesthetics, noise, and modularity are prioritized over peak aerodynamic
efficiency.

4.3. Economic Considerations

Although the current design is at the proof-of-concept stage, a preliminary economic assessment was
conducted to compare its feasibility relative to conventional micro-turbines. The origami-inspired rotor
benefits from simplified geometry and the potential for rapid, low-cost manufacturing using 3D printing
or moulded thermoplastics. Estimated material costs for a full-scale unit remain under 20 Kuwaiti Dinars
(= 65 USD), significantly lower than commercial micro-HAWTS with comparable dimensions.

Maintenance requirements are also expected to be minimal due to the bladeless, hubless nature of the
design, which reduces wear-prone moving parts. This structural simplicity may result in extended
operational lifespans and lower servicing costs. While the current power output remains modest, the
design’s ability to operate at lower wind speeds improves its overall energy harvesting potential in urban
environments. Future iterations integrated with low-friction generators may yield higher capacity
factors, leading to improved return on investment (ROI), especially in areas with limited solar access or
where rooftop space is shared. A detailed life-cycle cost analysis will be pursued following field testing
and scale-up validation.

4.4, The Studied Rotor Models

Several models of the single wind turbine rotor were 3D printed with a variety of aspect ratio values to
investigate at what AR the rotor these performs efficiently. These models were tested in the wind tunnel.
Summary of specification of these rotors are provided in Table 1.

Table 1. Specification of the studied origami inspired rotor designs.
Model no. Model shape Specification Comments
Length: 20 cm
Diameter: 10 cm
Model 1 Inlet nozzle diameter: 3.5 cm
Outlet nozzle diameter: 0.5 cm
Aspect Ratio (AR): 49
Length: 3 cm
Diameter: 10 cm
Model 2 Inlet nozzle diameter: 3.5 cm
Outlet nozzle diameter: 0.5 cm
Aspect Ratio (AR): 49
Length: 3 cm
Diameter: 10 cm
Inlet nozzle diameter: 3.5 cm
Outlet nozzle diameter: 1.0 cm
Aspect Ratio (AR): 12.25

The rotor failed to rotate at maximum
wind tunnel speed of 25 m/s.

The rotor failed to rotate below the wind
tunnel speed of 20 m/s.

The rotor failed to rotate below the wind

Model 3 tunnel speed of 18 m/s.
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Length: 3cm
Diameter: 10 cm . The rotor failed to rotate below the wind
Model 4 Inlet nozzle diameter: 3.5 cm tunnel speed of 15 m/s
Outlet nozzle diameter: 1.5 cm ’
Aspect Ratio (AR): 5.4
I L Lgngth: 3cm
M ‘ Diameter: 10 _cm . The rotor starts rotating at wind tunnel
odel 5 Inlet nozzle diameter: 3.5 cm speed of 3 mfs
Outlet nozzle diameter: 2.0 cm '
Aspect Ratio (AR): 3.0
Length: 3cm
. Diameter: 11 cm . .
Model 6 Inlet nozzle diameter: 3.5 cm The rotor starts rotating at wind tunnel
Outlet nozzle diameter: 2.5 cm speed of 3.4 m/s.
Aspect Ratio (AR): 1.96
Length: 6 cm
Diameter: 20 cm The rotor was printed 90% incomplete
Model 7 Inlet nozzle diameter: 7 cm but starts rotating at wind tunnel speed of
Outlet nozzle diameter: 5 cm 2mifs.

Aspect Ratio (AR): 1.96

4.5. Experimental Results for Scenario 1: Without Generator

The models described in Table 1 were tested in wind tunnel. Only models 5, 6, and 7 were performed
to acceptable level. For the larger 20 cm model 7, the wind tunnel test was carried out below 10 m/s due
to limitation of model size in the wind tunnel to avoid any damage to the balance system. Fig. 12
compares these three models without a generator.
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Figure 12. Experimental performance of rotor models without the 3-phase generator.

4.6. Experimental Results for Scenario 2: With Generator

In testing with the 3-phase generator, a fresh 3D print of model 5 and model 6 were tested in wind tunnel
and rotor speed and voltage of the generator were recorded as illustrated in Figs. 13 and 14.
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Figure 13. Experimental performance of the rotor speed for models 5 and 6 with the 3-phase generator.
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Figure 14. Experimental performance of the rotor voltage for models 5 and 6 with the 3-phase generator.

4.7. Experimental Results for Scenario 3: With both Generator and Load

Models 5 and 6 were tested in the wind tunnel. Model 6 exhibit unbalances lead to vibrations above 11
m/s but the smaller model 6 performed well up to wind speed of 19 m/s. The output of the 3-phase
generator was connected to a low current LED bulb and output power was measured using two
multimeters to measure voltage and current. Each model was tested three times from wind speeds from
7 m/sto 19 m/s. The output power for the two models is compared in Fig. 15.
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Figure 15. Experimental power performance of the rotor models 5 and 6 with the 3-phase generator and load.
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Figure 16. Experimental power coefficient as the function of tip speed ratio for rotor model 5.

5. DISCUSSION
5.1. Discussion on Theoretical Results

For the theoretical results, the dimensions of the rotor design and nozzle holes are assumed as follows:
the rotor diameter is 10 cm and each of inlet diameters is of 3.5 cm. As observed in Fig. 11, for the

286



AR = 1, the maximum output power and normal force are obtained as 3.78 W and 2.9 N, respectively.
These values are reduced to 1.89 W and 0.72 N for the AR = 2, and 1.26 W and 0.32 N for the AR =
3. Based on the above theoretical assumptions, the constant power coefficients values of 0.0513, 0.0257,
and 0.0171 are obtained for AR = 1, 2, 3, respectively, at all tip speed ratio values of A = 0.0524 --- 1.31.

5.2. Discussion on Experimental 3D Print Models

The wind tunnel testing was conducted under three scenarios. In the first scenario, the rotor was mounted
on the shaft design described in Fig. 3 to ascertain load free rotation of the models. Some of these models
failed to rotate or only started rotating at very high wind speeds. In the second scenario, the well
performed models were selected and connected to the 3-phase generator without a load as illustrated in
Fig. 8. The performance of these models to create output voltage then were assessed. In scenario three,
the selected models were connected to the 3-phase generator and a low current electric LED bulb load.

As illustrated in Table 1, the models with the nozzle AR above 3 failed to rotate effectively. Decreasing
the nozzle AR to 3 and 1.96 improved the rotor design operation. With lower AR of 1.96, the rotor run
faster than AR of 3 but no noticeable improvements in the cut-in wind speeds. Increasing the rotor size
from 10 cm diameter to 20 cm diameter improved the cut-in speed from 3 m/s to 2 m/s. The findings in
Table 1 indicate that the rotor design can be improved by optimizing the shape and size to an effective
and highly efficient rotor in micro wind turbine applications.

5.3. Discussion of Results for Scenario 1

As observed in Fig. 12, the behavior of the studied rotor speeds is nearly linearly dependent to the wind
speeds. Model 6 has the highest rotor speeds and Model 7 has the lowest cut-in wind speed although
this model is not fully 3D printed. The results for Model 7 are illustrated here to show that even open
origami rotor designs such as those shown in Fig.1 are viable options for exploring new HAWT rotor
designs.

5.4. Discussion of Results for Scenario 2

As observed in Fig. 13, the model 6 performed better at lower wind speeds below 15 m/s and rotor speed
are higher than the model 5. As illustrated in Figs. 13 and 14, the repeatability of the results is confirmed
for the model 5 using three test runs, and two test runs for model 6. In the first test run for model 5, we
noticed the generator produced lower voltage because of stator had slightly misplaced due to wind speed.
By fixing this issue, the second and third runs showed consistent results for voltage as illustrated in Fig.
13. As observed in Figs. 13 and 14, the cut-in wind speed for model 6 was slightly better with the value
of 7 m/s in comparison with the model 5 with the value of 8 m/s. The cut-in wind speed feature of these
rotors needs to be improved.

Fig. 14 compares voltage of the 3-phase generator at different wind speeds using the rotor models 5 and
6. The model 6 has performed better than model 5 at wind speeds below 15 m/s generating higher
voltage. This suggest that the rotor with lower aspect ratio (AR) of 1.96 can perform better at lower
wind speeds.

5.5. Discussion of Results for Scenario 3

Fig. 15 shows the output power results for both models in three tests run and their linear and second-
order polynomial fit functions have adequately fitted the data with R-squared above 0.98. Model 6
started producing electricity at the wind speed of 7 m/s and Model 5 at the wind speed of 8 m/s. Model
6 has better output power and Model 5 has produced consistently at all wind speeds to the maximum
output power of 0.542 W at the wind speed of 19 m/s.
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Fig. 16 presents the power coefficient of the micro rotor model 5 against tip speed ratios. The maximum
power coefficient (Cp) of 0.0168 was obtained at the tip speed ratio (TSR) of 0.4434. Small wind
turbines should operate at their optimal TSR of 6 to 8 while the larger wind turbine will operate
effectively at TSR values between 8 to 10. More improvements are required on the design of the new
rotor before enlarging it to small wind turbine sizes.

5.6. Scaling and Durability Considerations

While the current study focused on small-scale 3D-printed rotor prototypes, scaling the origami-inspired
design to practical sizes for rooftop or commercial deployment raises important structural and material
considerations. The durability of fold lines, resistance to fatigue under cyclic loading, and material
degradation due to UV exposure or moisture must be addressed in future studies. Suitable materials for
long-term outdoor exposure, such as UV-stabilized thermoplastics, aluminum composites, or fiber-
reinforced polymers, should be evaluated. Additionally, structural simulations incorporating gust
response and vibrational behavior will be essential for predicting long-term mechanical performance.
Fatigue testing under simulated urban wind turbulence can further help validate the reliability of the
system for continuous operation in real-world conditions.

5.7. Planned Field Testing in Urban Environments

While the present study is limited to controlled wind tunnel experiments, we recognize the importance
of validating the rotor’s performance under real-world urban conditions. Field testing is planned as a
critical next step to assess operation in naturally turbulent, low-speed, and multidirectional wind
environments commonly encountered in cities. Such testing will enable evaluation of startup behaviour,
directional responsiveness, and power stability over extended periods, and will inform necessary design
adaptations for rooftop or facade-mounted deployment.

In addition to the performance and structural benefits of the proposed bladeless rotor design,
environmental sustainability has been a core consideration in its development. The design's slow-
rotating and bladeless architecture minimizes risks to birds and bats, unlike conventional bladed turbines
known to cause significant wildlife fatalities. Protective mesh screens at air entry and exit points further
enhance wildlife safety during both operation and idle conditions.

From a sustainability perspective, the rotor structure is designed for recyclability, with potential to be
fabricated using thermoplastics, bio composites, or other low-impact materials. Moreover, due to its
geometrical simplicity and absence of complex blade aerodynamics, the manufacturing process can be
optimized to reduce material waste and embedded carbon, making it more compatible with low-carbon
production methods such as additive manufacturing. These attributes position the design as both
functionally effective and environmentally responsible, particularly for urban and rooftop deployment
where ecological sensitivity and public acceptance are critical.

6. CONCLUSION

An inspired origami bladeless and hub less new wind turbine designs were devised with a single rotating
disk or cylinder. Being a single rotor micro wind energy generator has many advantageous in
comparison with the typical bladed micro designs including better power performance, decreasing noise
levels, eliminating hub and blades, integrating capabilities with buildings, being aesthetics for building
integration, and being safe to wildlife birds. The rotor intake receives axially air flow and discharges
tangentially through several tubular conducts to create a reaction force. The concept of using reaction
force by changing the direction of mass flow rate and momentum of air flow is new in wind turbine
designs. Various nozzle aspect ratios for the tubular conducts were manufactured using 3D prints. Seven
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models of the rotor designs were investigated in a subsonic wind tunnel at Australian University (AU),
Kuwait.

Three scenarios were investigated. In the first scenario, the rotor designs were allowed to rotate freely
under the effect of wind speed in the wind tunnel. In the second scenario, the rotor designs were
connected to the three-phase micro generator and electricity generation were evaluated. In the third
scenario, the power generation was evaluated using a constant load in wind tunnel tests. The following
conclusions are drawn:

- Out of seven models, only three models were successfully performed under the effects of wind speed
in the wind tunnel testing.
- With the nozzle AR lower than 3, the four tubular sections within the origami design has facilitated
air flow under testing in the wind tunnel.
In the first scenario, the Model 6 with the AR of 1.96 was performed better and started at the cut-in
wind speed of 3.4 m/s and attained the rotor speed of 1740 rpm at the wind speed of 25 m/s. Both
Model 5 and Model 6 started at the cut-in speed of 3.4 m/s at idle rotation. However, by increasing
the rotor diameter from 10cm to 20cm in Model 7, the cut-in wind speed had been improved from
3.4 m/sto 2 m/s in idle rotation.
In the second scenario, by directly connecting the rotors to the three-phase micro generator, Model
6 reached to a maximum 2900 rpm and 23.2 volt at the wind tunnel air speed of 18 m/s. Model 5
reached to an average maximum speed of 3268 rpm and 27.3 volt at an air speed of 20 m/s. The cut-
in wind speed was increased to the values of 7 m/s and 8m/s for Model 6 and Model 5, respectively,
when these were connected to the three-phase generator.
In the third scenario, Model 6 outperformed Model 5 up to the air speed of 11 m/s, achieving a
maximum power of 0.097 W at this speed. Model 5 obtained the maximum power of 0.365 W at the
air speed of 17 m/s. This model obtained a maximum average power coefficient of 0.0158 at an
average tip speed ratio of 0.355 at the air speed of 17 m/s. Comparable studies on micro-scale
Darrieus turbines reported Cp values in the range of 0.02-0.04 under similar Reynolds number
conditions [47,48], positioning the current design within the expected micro-scale performance
envelope.

This work serves as a proof of concept, focusing on enhancing the design of origami rotors for improved
start-up capability at lower cut-in wind speeds and increasing the efficiency. Future work will involve
long-term field testing of optimized rotors, benchmarking against conventional micro HAWTSs and
VAWTSs of comparable size, and further refinement of geometry to enhance power output and reduce
material usage. Similar efficiency studies with alternative horizontal and vertical small wind turbine
designs have been added in the literature review for comparison. Moreover, enlarged rotor
configurations will be tested in real-world conditions to compare an optimized origami wind turbine
versus a conventional bladed micro wind turbine.
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