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Abstract 

Previous studies have shown the effectiveness of engineered surfaces on reducing the 

boundary layer separation in airfoils. To continue that research effort, this study 

investigates the effect of varying the geometry of these engineered surfaces has on the 

performance of propeller blades. Custom symmetric propeller blades, with pitch angles of 

10, 20, 15 and 25 degrees, covered with micrometer scale pillar arrays were tested for 

thrust and torque at a range of rotational speeds. The results point to an overall 

degradation in performance which could be attributed to scaling issues between the ratio 

of pillar height and boundary layer thickness. By optimizing this ratio and maintaining a 

hydrodynamically smooth surface over the entire surface area of the propeller blade, is it 

theorized that the performance improvements will be in agreement to previous 

engineered surface studies.  
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Chapter 1: Introduction 

Introduction 

1.1 General Background 

Though it is believed that the first instance of what is today known as the 

propeller blade occurred almost 2400 years ago [1], the use of propellers is every bit apart 

of modern flight as it has ever been before. The unique ability of the propeller to translate 

rotational motion into thrust makes the propeller a go-to design component in sub-sonic 

aerial systems. One area of propeller design that has risen in importance this past decade 

has been small-scale aerial propulsion systems. In fact, the U.S. Department of Defense 

budget request for drone systems in FY2018 was up 21% as compared to FY2017 [2].  A 

major source of continued interest in propeller-based propulsion systems lies in their 

energy efficiency. From the propeller blade used on the Wright Brother’s 1903 ‘Wright 

Flier’ in 1903, with an efficiency of 80% [3], to the Rutan Voyager which was the first 

aircraft to complete the first nonstop, nonrefueling flight around the world [4], propellers 

have time and time again been the reliable source for effective aircraft propulsion. 

Especially now with this increase in use of unmanned aircraft systems (UASs) in military 

efforts as well as the ever-growing commercial drone market [5], small-scale aerial 

propulsion systems, specifically propeller-based systems, has been the focus of major 

scientific research. Significant funding efforts from the U.S. Air Force and other military 

institutions have focused on perfecting the propeller to fit their flight-time longevity, 

mission stealth, and operational requirements. Propellers have been studied in the realms 

of reduced noise creation [6], decreased vibrational effects [7], as well as improved 
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performance with multiple external wind loads [8]. With all these technological 

innovations, the modern small-scale drone propeller has been optimized to increase 

efficiency while maintaining a robust and effective design.  

 

1.2 Objectives and Scope of Study 

 While much work has previously gone into investigating possible sources of flow 

control, specifically in the realm of passive flow control via engineered surfaces, this 

work aims to explore the effect of varied pillar designs on drag and lift. By altering the 

geometric design of micro-scale pillars attached to the surface of propellers at different 

pitch angles, this study hopes to form a full characterization of these engineered surfaces 

as well as investigate their effectiveness in small scale propeller-propulsion and 

unmanned aircraft systems. In order to complete the objectives of this study, four 

distinctly different pillared engineering surfaces were made, and the resulting thrust and 

required torque measurements were compared to that of a smooth propeller. By doing so, 

the overall drag reduction capability of the passive flow control engineering surface will 

be explored.  

 

1.3 Thesis Outline 

  The organization of this thesis will be as follows, Chapter Two provides the 

necessary theory behind boundary layer separation and will examine the source of 

separation as well as its importance in the scheme of propeller design. Chapter Three 

consists of the literature survey of flow separation control testing, reviewing work 
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completed in both active and passive flow control that is applicable to the study in 

question. Chapter Four elaborates on the experimental methods used in this work 

including pillar fabrication and test setup. Chapter Five, results are presented and 

followed by a discussion of the results. To conclude this work, Chapter 6 summarizes the 

thesis as well as provide recommendations for future work.   
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Chapter 2: Theory 

Theory 

2.1 Boundary Layer Separation  

For a propeller to be effective, it must convert the rotary motion from the motor 

into a swirling slipstream that pushes the propeller forward while also overcoming the 

drag resulting from this rotation, with drag being the major restraining factor for overall 

propeller efficiency. It is this drag that directly contributes to motor power and has 

implications on propeller performance and design innovation. Within the realm of 

aerodynamic drag, there are two fundamental components: form drag, otherwise known 

as bluff body drag and surface friction, or frictional drag. While the shape of today’s 

propeller blade has been streamlined to minimize form drag [9] [10], not much progress 

has been made with the reduction of drag due to laminar boundary layer separation.  

As the flow from the ambient fluid passes over a surface, boundary layer 

separation is the abrupt departure of the normal boundary-layer flow into a detached 

flow. This phenomenon is best described in Figure 1 below. In this diagram, flow can be 

seen traveling from left to right with the velocity of the fluid designated by the arrows. 

Flow can be seen with the normal boundary layer in the left, as designated by flow that 

meets the no-slip condition at the boundary surface and transitions out into free-stream 

flow velocity following the following streamwise momentum equation. 

                                      𝑢 (
𝜕𝑢

𝜕𝑠
) = −

1

𝜌
(

𝑑𝑝

𝑑𝑠
) + 𝜈 (

𝜕2𝑢

𝜕𝑦2
)                         (1) 
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Figure 1: Boundary layer separation of a fluid over a smooth surface with backflow 

 

But fluid, like all physical matter, has momentum, and with any significant 

change in the wall-slope of the surface, such as seen in Figure 1, will result in a pressure 

gradient which decreases he velocity and momentum of flow to eventual boundary layer 

separation. 

In order to study the effects of low Reynolds number on airfoil operation, Serig 

and McGranahan [11] performed analysis on six airfoils and noticed that while Reynold’s 

number decreased, drag increased for the same lift values. When looking into possible 

reasons for this occurrence, Serig and associates attributed this adverse drag-lift 

relationship to a phenomenon called laminar separation bubble, which is otherwise 

known as boundary layer separation.  

By use of Oil Flow Visualization, Serig and associates were able to measure 

visualize this separation [12] as seen in Figure 2 below. It can be seen that there is a 
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distinct point of detachment within the flow (flow can be seen traveling from left to 

right). The area between separation and reattachment is where the separation bubble 

occurs. This bubble is a direct result of the reverse flow discussed above, and it can be 

seen that the reverse flow drastically increases the observed skin friction measured during 

experimentation. 

 

Figure 2: Oil Flow Visualization of laminar separation over an airfoil along with illustration 
representing the relationship between the skin friction and the surface of the flow; Cf being 
surface friction and s/c being the nondimensionalized distance along the surface [13] 

 

When boundary layer separation occurs attached flow over the blade is lost [13]. 

Given the fact that the aerodynamic properties of the propeller that cause lift are most 

effective when non-separated flow is occurring at its surface, any separation of the 

laminar regime into separation will result in loss of lift and therefore a decrease in 

efficiency of the blades themselves. In fact, complete separation of the flow across a 

blade results in total loss of lift and is called stall. Furthermore, any boundary layer 
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separation directly leads to the formation of vortices that are shed off the propeller 

surface, as seen in Figure 3 below. The formation of these vortices results in an area of 

low pressure that is continually acting on the trailing edge of the propeller which, 

consequently, produces pressure drag and reduces the overall effectiveness of the 

propeller.  

 

 

Figure 3: Boundary layer separation seen on airfoil with accompanied vortex shedding phenomenon [14] 
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Chapter 3 Literature Survey  

Literature Survey 

Given the previously presented information on separation, it is advantageous to 

find a solution to reduce the vortex shedding phenomenon and develop a propeller 

capable of controlling the flow of the air as it passes. One way of reducing this 

phenomenon is by forcing the fluid to remain attached to the surface. In effect, the idea is 

to reenergize the low-energy fluid particles near the surface in order to maintain the 

normal boundary layer. Various studies have identified that an effective way of 

increasing fluid energy near the surface, and therefore cause a reduction in separation, is 

by triggering the transition to turbulence along the surface of the blade [15]. In general, 

the action of reenergizing this near surface fluid layer is split up into two distinct two 

classifications, passive and active flow control.  

 

3.1 Active Flow Control 

Active flow control stipulates that external effort, by means of an operative 

interaction, is applied onto either the air or the surface of the propeller/airfoil in order to 

mitigate flow separation. Chaudhry et. al. were able to investigate how induced vortices 

were able to delay the flow separation [16]. By creating synthesized vortices from a 

synesthetic jet actuator, Chaudhey studied their effectiveness to reattach the separated 

flow coming off a smooth, flat surface. The actuators used periodic excitation of their 

diaphragm to produce the vortices that interacted with the boundary layer to exchange 

momentum with particles near the surface that are less energetic [16]. Based on the 
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particle image velocimetry (PIV) images taken by Chaudhey et. al. it was found that the 

induced vortices were able to produce relatively high momentum redistribution, and 

therefore were effective in flow separation delay. 

Eric Moreau also investigated a noteworthy concept in active flow-separation 

[17]. By use of dielectric barrier discharge (DBD), a homogeneous stream of plasma can 

be formed on the surface of an airfoil along the electrodes. It has been shown that this 

plasma has the ability to instigate wall jets and vortices which increase the available 

energy of the fluid particles near the surface, thus reducing flow separation. The benefit 

of DBD flow control is the lack of moving mechanical parts and simple electronic setup 

[18]. Further work by Dmitry Opaits specifies the effectiveness of DBD plasma actuators 

by studying the effect of difference DBD pulses configurations on thrust output as 

illustrated in the thrust-bias voltage plot in Figure 4 below [19]. It can be seen that there 

is a clear relationship between propeller thrust and the active flow control produced by 

DBD plasma actuators. 
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Figure 4: Thrust measurements in three-electrode DB plasma actuator as a function of bias voltage at 
difference pulse repetition rates [19] 

 

3.2 Passive Flow Control 

It has been shown that active flow control is beneficial in increasing the 

effectiveness of airfoils and propeller blades. In each instance, however, external energy 

must be supplied to the flow-control setup in order to combat the separation. 

Furthermore, the use of vortex generators and synthetic jets to delay flow separation can 

increase the production of turbulent kinetic energy (TKE) which increases viscous losses 

and therefore results in energy dissipation in the fluid near the wall [20]. It is with these 

two issues where passive flow control has its advantage. Passive flow control, in essence, 

relies on the suurface design of the blade to mitigate flow separation. The concept is to 

perturb the flow of the fluid by means of geometric disturbances in order to increase the 

energy of that fluid near the surface of the blade. In many cases, organisms in nature have 

developed materials and surface functionality fully capable of passive flow control. 
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By taking inspiration from the leading edge tubercles, or protrusions, found on the 

Humpback Whale fins, Moore and Ning performed experiments on modified small 

propellers, see Figure 5 below [21]. It can be seen in this figure that the protrusions were 

added to the prefabricated propeller. 

 

Figure 5: Graphical representation of protrusion size and spacing in Moore and Ning experimentation [21] 

  

The concept of this design is that leading edge protrusions have been found to produce 

chordwise vortices which would then maintain flow attachment to the blades as the 

vortices progress. In this experimentation, propeller efficiency data was retrieved from 

nine different protrusion designs and were compared to an unaltered propeller. In the end, 

it was found that the leading edge protrusions only degraded the performance of the 

propellers in each case, see graphical representation of results below in Figure 6. 
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Figure 6: Leading-edge protrusion results comparing efficiency (left) and thrust (right) to advance ratio at 
14000 RPM [21] 

 

This is interesting given another study completed by Howle followed a similar 

approach when studying leading-edge protrusions in wind turbines and found the annual 

energy production was increased by 20.6% [22], though in this case it can be seen Howle 

did not simply add leading-edge protrusions, but altered the overall design of the blade to 

increase efficiency with the protrusions involved.  

 Following the trend of biomimetics, Bhushan and Jung looked at the 

nanostructures found on the lotus leaf, which have been known to be superhydrophobic 

[23], to create synthetic microscale structures capable of reducing viscous drag [24]. The 

lotus leaf is coated with nanoscale pillars, seen in Figure 7 below which create a slip 

velocity with the trapped air between the wall and the fluid flow [24]. The surface, 

however, eventually wets, therefore losing its effectiveness. 
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Figure 7: Scanning electron images of the surface of the lotus leaf [23]. It can be seen that these 
micro-scale pillars effect flow over the surface of the lotus.  

 

  The denticles found on the skin of sharks, though not completely understood by the 

scientific community, also produces favorable drag reduction properties [25] [26]. These 

denticles, as seen in the excerpt from Li Wen and associates work below, form a large 

array of relatively semi-evenly spaced pillars on the surface of the skin.  
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Figure 8: Top, lateral and anterior views of the meshed surface are shown in (A), (B), and (C), 
respectively. The denticle, neck and base are indicated in the 45 deg angled view (D). For Scale, 
DH, denticle height is 113 μm [25] 

 

By taking a scan of a single denticle and replicating it into a large array of 

denticles via 3D printing technology, Li Wen investigated any drag reduction capabilities 

the unique skin geometry a shark may possess.  By use of a robotic flapping device, the 

group investigated the static and swimming speed of the device with and without the 

shark coating. Results indicate an increase in swimming speed with reduced energy 

consumption for certain motion programs [25].  

Looking to these denticles for inspiration, a team of researchers looked into 

whether a man-made surface coating could affect the flow of an underwater vehicle [27]. 

An array of synthetic pillars 85 µm tall, 40 µm wide with a 75 µm “spatula” tip were 

made to mimic the denticles, see Figure 9 below. It should be noted that the pillars within 

the array were arranged in a ‘square’ configuration with a center-to-center pillar 

separation of 120 µm.  
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Figure 9: Electron microscopy image of the micro- pillars used in the Watkins experiment 
consisting of synthetic pillars 85 µm tall, 40 µm wide with a 75 µm “spatula” tip [27] 

 

By use of PIV measurements, fluid velocity was measured near the surface of the 

underwater vehicle for both the smooth and the pillared surfaces. From their 

measurements, as best described by their normalized streamwise velocity graph seen in 

Figure 10 below, the micro-pillar coating caused the flow to follow the vehicles surface 

more closely and increases the fluid velocity near the wall [27]. It can be seen that the use 

of micro-pillar coatings is beneficial for passive flow control underwater and are able to 

significantly reduce flow separation across the surface of the bluff body.  
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Figure 10: Near wall comparison of normalized x-direction velocities for vessels with smooth and 
pillar coating. Note the Y direction is the distance away from the vessel [27] 

 

Bocanegra et. al. continued this promising concept by investigating the possibility 

of using synthetic denticles for passive flow control in air [20]. An identical pillar array 

used by the previous study above, as discussed above, was created and attached to a 

curved surface representing the profile of the S835 airfoil, see Figure 11 below, and 

conducted first by holographic microscopy [28]  and then by PIV measurements on the 

resulting flow.  

 

Figure 11: Schematic of test section with S835 airfoil profile in place. The micro-scale pillar array 
is located in the area immediately following the 45mm section (designated by the coordinate 
origin). [20] 
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Results of this testing showed that the coating of pillars led to a reduction of the 

reverse flow and higher streamwise and vertical velocities over most of the inner region 

and portion of the outer flow, directly leading to a reduction of the separation bubble 

[29].  It is hypothesized that this successful flow control is characterized by the near wall 

flow data seen in Figure 12 below [20].  

 

Figure 12: (A) designates the wall-normal velocity profile over smooth and coated airfoils. The 
coated airfoil shows a negative velocity near the wall, which is hypothesized to be a result of 
suction between the pillars. (B) designates the profile of wall-normal Reynolds stress. The velocity 
fluctuation shows a marked increase in the area adjacent to the pillar canopy edge, which 
suggests that oscillations are induced by the pillars in the flow in the interface of the pillar caps, 
which produce a canopy effect. The diagram in (C) illustrates the hypothesized mechanism 
through which the pillars effect the flow near the wall. Areas of low and high pressure created 
from the acceleration of the fluid between the pillars create areas of high and low velocity areas, 
respectively. These pressure gradients lead to an ejection and suction of energetic fluid (as 
designated by the thick, black arrows), which removes the typical no-slip condition. The diagram 
also shows three distinct regions that arise in the flow: an inertia-dominated region, a viscous-
dominated region, and an interface or transitionary region between the two layers. [20] 

 

Figure12C illustrates the hypothesized micropillar-airflow interaction. It can be 

seen from Figure12A that there is a negative fluid velocity near the wall which designates 

a flow field moving toward the wall. Figure12B shows that the pillars generate 

oscillations in the inner layer between the wall and the top of the pillars. These 

oscillations are reflected as a large peak in the wall-normal components of the Reynolds 

stresses near the edge of the pillar caps, which form a canopy along the top surface [20]. 
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The pillars reduce the cross-sectional area for the flow, thus accelerating the fluid as it 

passes between them. This acceleration decreases the pressure. These areas of low and 

high pressure result in the creation of high and low velocity areas which results in 

energetic fluid being injected into the free-stream flow. This injection removes the usual 

no-slip condition experienced with smooth surfaces in flow and allows for a reduction in 

boundary layer separation while remaining in the hydrodynamically smooth regime. 

While discussing the results from this substantial study, the group made a point to 

indicate that not only the height of the pillars, but the shape of pillar arrangement and the 

shape of the pillars and caps play a role in the flow modification [29]. To date, no study 

has yet been completed investigating how micro-pillar geometry variation affects flow 

separation across the surface of an object, making the current study relevant in the natural 

progression of this emerging technology.  
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Chapter 4: Experimental Methods 

Experimental Methods 

In order to investigate the effect of engineered surfaces on propeller drag, 

propellers at an array of attack angles must be made with varying surface geometries. 

This is accomplished by the creating the custom 3D printed propellers as well as the 

pillar coated adhesive-backed sheets that are to cover said propellers. This chapter first 

discusses fabrication techniques of the fibrous adhesive-backed sheets, and is followed by 

fabrication of the propellers. The chapter continues by defining the test apparatus and 

setup and concludes with the testing procedure. 

   

4.1 Pillar Sheet Fabrication 

Fabrication of the pillar arrays followed well established photolithography, 

micromolding and dip transfer methods from existing literature [30] [31] [32]. The end 

result are four distinct sets of fibrous adhesive-backed sheets. In order to make a 

comparison of pillar geometric alterations’ effect on flow separation control, four sets of 

pillar geometries were tested and will be referenced for the remainder of the paper as 

follows: short capped pillars (SC), short noncapped pillars (SNC), tall capped pillars 

(TC), and tall noncapped pillars (TNC). Each in a regular square array pattern with a 

center-to-center distance of 120 µm. The specific geometric dimensions of these four 

pillar sets can be seen in Table 1 below. The terms capped and noncapped refer to the 
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mushroom like caps used in the Evans and Watkins experiments discussed in Section 3.2 

above [27] [20].  

Table 1: Dimensions of Pillars being Tested 

Pillar Array Designation Height (µm) Diameter (µm) Cap Size (µm) 

Short Capped (SC) 80 54 76 

Short Noncapped (SNC) 56 38 NA 

Tall Capped (TC) 98 38 52 

Tall Noncapped (TNC) 96 40 NA 

 

The four distinct sets of pillars can be seen in SEM images found in Figure 13, 

Figure 14, Figure 15, and Figure 16 below. 

 

 

Figure 13: SEM images of Short Capped pillars; a. top view, b. 45 degree angled view 

 

a. b. 
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Figure 14: SEM images of Short Noncapped pillars; a. top view, b. 45 degree angled view 

 

 

Figure 15: SEM images of Tall Capped pillars; a. top view, b. 45 degree angled view 

 

 

Figure 16: SEM images of Tall Noncapped pillars; a. top view, b. 45 degree angled view 

a. b. 

a. b. 

a. b. 
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The creation of these pillar sheets were accomplished by first fabricating a master 

pillar template using photolithography from photoresist (SU-8 2100; MicroChem). From 

there, a negative mold of Polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning) 

was made from the master template. From the negative mold, a thinly backed 

complementary mold of polyurethane (TC-9445; BJB Enterprises) is cast to be the exact 

duplication of the master template. 

 Given the purpose of the study is to explore how caps found on the pillars affect 

flow separation, we created a set of capped pillars for comparison. In order to fabricate 

the caps onto the pillar, one set of thin-filmed pillars is set pillars-down in a thin layer of 

liquid polyurethane (TC-9445; BJB Enterprises) until each pillar is in even contact. This 

thin layer of polyurethane was made by placing the liquid on to a flat sheet of glass which 

is then placed in a spinner (WS-650 MS; Laurell Technologies) at 4000 RPM for 2 

minutes. This allows liquid polyurethane to evenly attach itself to the pillars. The film is 

then removed from the liquid polyurethane and placed onto a smooth surface of 

polypropylene (Polypropylene White Plate; Quadrant Engineering Plastic Products) for 

the liquid polyurethane to cure and form an even array of capped pillars. Polypropylene 

was chosen as the curing substrate due to its low surface energy which lets the 

polyurethane spread and form a large cap when it dries. With the caps cured to the 

polypropylene surface, the perimeter of the thin-filmed polyurethane is first sealed with 

tape (Scotch Tape, 3M), then a 0.25 inch thick acrylic tile is glued to the back with a rigid 

polyurethane resin (Crystal Clear 200; Smooth-On). Once cured, the capped pillars were 
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removed from the polypropylene, producing uniformly capped pillars on a rigid backing. 

This was completed with both Short Capped and Tall Capped pillar arrays. 

For noncapped pillars, the thin-filmed pillar arrays are placed pillar-down into a 

thin layer of silicone rubber (MoldMax 20, Smooth-On). The thin layer of silicone rubber 

was made by placing the liquid mixture onto a clean glass surface which is then spun 

(WS-650 MS; Laurell Technologies) at 4000 RPM for 2 minutes. The silicon rubber is 

necessary in order to ensure the pillars are all level with each other. With the silicone 

rubber cured, the perimeter of the thin-filmed polyurethane is first sealed with tape 

(Scotch Tape, 3M), then a 0.25 inch thick acrylic is glued to the back with a rigid 

polyurethane resin (Crystal Clear 200; Smooth-On). Once cured, the noncapped pillars 

were removed from the silicone rubber, producing an array of pillars on a rigid backing. 

This was completed with both Short Noncapped and Tall Noncapped arrays. 

Both capped and noncapped rigidly backed pillar arrays are placed pillars-down 

into silicon rubber (MoldMax 20, Smooth-On) to create negative molds. These negative 

molds were then filled with a rigid polyurethane resin (Crystal Clear 200; Smooth-On) 

with a 0.125 inch thick acrylic tile on top resulting in the formation of ‘pillared tiles.’ In 

order to make a mold large enough to cover the entirety of the propeller, the pillared tiles 

were patched, as seen in Figure 17 below. This was accomplished by coating the edges of 

the pillared tiles with super glue (Super Glue, Loctite), placing the tiles pillars-down onto 

a table, moving the tiles in contact with each other, and then letting the super glue cure. 

Reinforcement acrylic stanchions were also glued to the back of the tiles to maintain a 

resilient connection. Once a sufficient number of tiles were patched together, a large 
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negative mold of silicone rubber (MoldMax 20; Smooth-On) was created. In all there 

were four large negative molds made, one for each set of pillar dimensions. 

 

 

Figure 17: Tall Noncapped pillars tiled together in order to make larger mold 

 

Once the large silicone rubber molds were made, thin adhesive-backed sheets of 

pillars could be made from them. The large silicone rubber molds were then placed under 

a heated press (TransPro Mini Heat Press; Pro World Inc.) with a 127µm thick sheet of 

thermoplastic polyurethane (TPU) (EXF-487; Adhesive Films Inc.) on top of the mold 

with a layer of parchment paper between the heating element and the TPU for easy 

removal. The heat press and mold can be seen in Figure 18 below.  
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Figure 18: Heated press and mold setup used to make the adhesive backed pillar sheets 

 

The TPU sheet and mold are then heated to 300OF and pressed for 10 minutes 

until the TPU fills the pillar and cap vacancies, producing sheets of TPU pillars. At this 

point, the pillar sheet is just TPU, therefore an adhesive backing must be added in order 

to attach the pillars to the propeller blade. The press is released, and while the TPU has 

not yet fully solidified and is still in the silicone rubber mold, an 80 µm layer of 

adhesive-backed vinyl plastic film (Clear Cover: Self-Adhesive Covering; Magic Cover) 

is laid over the TPU. The mold is then put back into the heated press for 10 minutes in 
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order to attach the TPU layer with the adhesive-backed vinyl film. The newly pressed 

plastic film and mold are removed from the press and set to solidify for a period of 30 

minutes. The pillars are then removed from the mold, revealing the adhesive-backed 

pillar sheets which are now ready to be placed onto the propeller blades, see Figure 19 

below. The final pillared adhesive-backed sheet is approximately 160 µm thick.  

 

Figure 19: Exemplar pillared adhesive backed sheet which is to be wrapped around the propeller blades 

 

As a result of the imperfect pillared-tile patching procedure as described above, 

specifically from the possibility of applying unequal amounts of super glue across the tile 

edge, as well as possible tile misalignment, portions of the seams between tiles had a gap. 

This gap in the super glue seam became a ridge when the negative silicone rubber mold, 

see Figure 20 below, and a resulting valley in the final TPU sheets, see Figure 21 below. 

Based on SEM images, the valley in question is elliptical in shape with 398µm wide and 

109µm deep. These valleys are present on the Short Noncapped, Tall Capped and Tall 

Noncapped pillar molds while the Short Capped molds had minimal issues. 



Texas Tech University, Grant Gowdy, May 2019 
 

27 

 

 

Figure 20: Image showing the ridges formed from the super glue seam imperfections designated 
by the red arrows 

 

 

 

 

Figure 21: SEM images of the valley produced by imperfect super glue seams on a Tall Capped 
Adhesive-Backed Pillar Sheet: a. Top view b. Side view 

 

b. a. 
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4.2 Smooth-Underside Pillar Sheet Fabrication 

While not the original intent of the study, it was determined it would be beneficial to 

see if having the pillars only on the top of the propeller while having a smooth underside 

would alter the results. Reasoning for this additional study can be found in Section 5.2 of 

this thesis. As such, pillar sheets were made following the same fabrication methods 

discussed in Section 4.1 above and used the same silicone rubber molds. Only half the 

molds, however, are covered with the polyurethane sheets. The remaining half of the 

silicone rubber mold is covered in Kapton Tape (S-10518, Uline). The tape is necessary 

in order to ensure that the boundary between pillared and smooth areas is straight and 

regular. Kapton tape was specifically chosen due to its heat resistive properties. The 

mold, polyurethane, and Kapton tape are covered in a layer of parchment and placed into 

the heated press and set at 300O F for ten minutes. The assembly is then removed from 

the press, set to cool for ten minutes, and then covered in a layer of Magic Cover and 

placed back into the heated press set at 300O F for ten minutes. The mold and sheet are 

removed from the press and set to cool. The pillar sheet is then removed from the mold, 

revealing the half smooth, half pillared sheet, see Figure 22 below.  



Texas Tech University, Grant Gowdy, May 2019 
 

29 

 

 

Figure 22: Short Capped pillar sheet with half of the surface being smooth 

 

4.3 Propeller Fabrication 

Smooth and pillared propellers were fabricated for testing. Both types of propeller 

blades were 3D printed using polylactic acid (PLA) and can be seen in Figure 23 below. 

The propellers were 3D with different constant pitch angles (zero twist distribution), but 

with the same cross-section profile. The blades were also with a constant chord along the 

length of the blade to simplify design as well as focus the study only on the effect of the 

pillars themselves.  

 

Smooth 

Pillared 

Boundary 
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Figure 23: Autodesk Inventor CAD model of propeller 3D printed for testing. Four sets of blades 
were printed covering angles of attack 10, 15, 20, and 25 degrees. In each case propeller length 
remained 11 inches with a chord line remained 1 inch. 

 

Propeller blades were 5.5 inches long and had pitch angles of 10, 15, 20, and 25 

degrees, respectively. The propeller blade length and chord line remained constant for 

every set at 11 inches and 1 inch, respectively. For the pillared propellers, the 3D printed 

propellers were coated in the adhesive-backed pillar sheets discussed in Section 4.1. This 

was done by first applying a treatment of adhesive promoter (P5200, DOW) to ensure 

that the pillar sheet does not detach from the propeller while the test is running. This is let 

to sit for 10 minutes for the adhesive promoter to dry. Once complete, the pillar sheet is 

placed onto the propeller to where the blade is entirely covered. The excess sheet is then 

removed with a sharp knife or blade, obtaining the pillared propeller, as seen in Figure 24 

below.  
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Figure 24: 25 degree propeller covered with Short Capped pillar sheet with (left) excess has not 
been removed yet and (right) excess pillar sheet material is removed 

 

The same pillar sheet application method is also used for the smooth-underside 

pillared propellers, whose fabrication is previously discussed in Section 4.2. In this 

instance, however, it was ensured that the pillar-smooth boundary is placed 0.5mm from 

the leading edge of the propeller for consistency, see Figure 25 below. 
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Figure 25: 25 degree propeller with short capped pillar sheet attached with (left) showing the 
underside of the propeller and (right) showing the 0.5mm distance from leading edge of propeller 
to pillared-smooth boundary on the bottom surface 

 

In order for the propeller thickness to remain comparable between the smooth and 

the pillared propellers, the smooth-propellers were covered with two layers of Magic 

Cover adhesive film in a similar fashion to the pillared propeller blades. This results in a 

120 µm thick vinyl sheet, making the thickness comparable to that of the pillared 

adhesive backed sheets.  
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4.4 Test Setup 

The experiments were completed using the test setup seen in Figure 26 below and 

consist of a brushless electric motor (Propdrive 50-60 Brushless Motor; 

HobbyKing.com), lithium battery (Turnigy High Capacity 6S LiPo Pack, Amazon.com), 

torque/thrust sensor (MBA500; Futek Advanced Sensor Technology, Inc.), 

microcontroller (Arduino Uno, Arduino), potentiometer (HATCO 02.13.329.00 

Potentiometer), electronic speed controller (Skywalker 80A-UBEC, HobbyKing.com), 

digital tachometer (Digital Tachometer; Professional Instrument Manufacturer), two 

TMO-2-1600 Signal Conditioners (Transducer Techniques Inc.), data acquisition board 

(DAQ-6002 Board, National Instruments Inc.), and custom written code using LabView’s 

visual programming language (LabView 17.0f2) which takes data from the Futek sensor 

at a rate of 500Hz.  

 

 

Figure 26: Experimental Test Setup  
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The LabVIEW interface can be seen in Figure 27 below and the actual code can 

be found in the supporting documents.  

 

 

Figure 27: Data acquisition interface of custom LabVIEW code 

 

 In order to minimize the ground effect [33] on thrust and torque results, a spacer 

was added in order to make the distance between the table and the propeller blade greater 

than the one propeller diameter of 11 inches, see Figure 28 below. 
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Figure 28: Portion of experimental test setup consisting of propeller blade, brushless electrical 
motor, spacer, and electronic speed controller 

 

During testing, the propellers were spun at rotational speed varying from 3000 to 

7250 RPM with 250 RPM intervals. The LabVIEW code collected both thrust and torque 

data for the specific speeds. Given the fact that a propeller under higher drag conditions 

would require more torque to maintain a set speed, as well as the possibility of a higher 

thrust output from the given propeller blades due to the addition of the pillars, this test 

setup is capable of measuring torque and thrust simultaneously the drag reduction 

capabilities of the engineered coatings.  
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4.5 Propeller Testing Procedure 

The experimentation begins by first attaching the subject propeller to the electric 

motor. It should be stated that both the thrust and torque sensors were calibrated by 

factory, however in order to ensure consistency across all tests calibration of both sensors 

was completed. A calibration of the thrust sensor using a series of known dead-weights. 

The resulting voltage readouts are plotted against the applied dead-weights within 

MATLAB, producing a calibration constant in units of newtons per millivolt. The dead 

weights used consist of a no-load set, 10g, 20g, 50g, 100g, and 500g metal weights 

statically resting on top of the propeller.  

In order to produce a calibration constant for the torsion sensor, the induced gain 

from the TMO-2-1600 Signal Conditioner must be determined. This is needed due to the 

fact that, though it is difficult to produce a dead-weight test for a torsion sensor, Futek 

has published information on the MBA500 sensor designating the resulting voltage 

output by the sensor for a specific loading, excitation voltage, and gain. For a set of 

specified loads ranging from 0 lb to 50 lb, and a specified excitation voltage, in our case 

is 10 volts, Futek has published the output sensor voltage, found in the Appendix. Given 

the 10 volt excitation voltage is constant over all sets, as well as the fact that there is a 

linear relationship between applied load and output voltage, a calibration constant can be 

determined by finding the slope of the load versus output voltage graph from the 

published data. In knowing the relationship between output voltage, gain, and applied 

load, the gain due to the signal conditioner can be calculated if the output voltage and 

applied load are known. By switching the signal and excitation wires for the thrust sensor 

onto the torque sensor’s signal conditioner, placing a known weight onto the thrust 
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sensor, then finding the output voltage from the signal conditioner for that weight, the 

gain, the resulting calibration constant can be determined. The calculation can be seen as 

follows: 

𝐿𝑜𝑎𝑑 =  20 𝑔 =  0.0440925 𝑙𝑏 

𝑃𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  0.386969
𝑚𝑉

𝑖𝑛 − 𝑙𝑏
  

=  3.42498
𝑚𝑉

𝑚 − 𝑁
 

𝑃𝑢𝑏𝑙𝑖𝑠ℎ𝑒𝑑 𝑇ℎ𝑟𝑢𝑠𝑡 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  0.404074
𝑚𝑉

𝑙𝑏
   

𝑆𝑖𝑔𝑛𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 𝑎𝑡 0 𝑔 =  6.921972 𝑉 

𝑆𝑖𝑔𝑛𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 𝑎𝑡 20 𝑔 =  6.915399 𝑉 

20𝑔 𝑠𝑖𝑔𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = 6.921972 𝑉 − 6.915399 𝑉 = 0.006573 𝑉 

6.573𝑚𝑉

(0.404074
𝑚𝑉
𝑙𝑏

) (. 0440925 𝑙𝑏)
= 368.92  

𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = (3.42498
𝑚𝑉

𝑚 − 𝑁
) (368.92) = 𝟏𝟐𝟔𝟑. 𝟓𝟔

𝒎𝑽

𝒎 − 𝑵
 

  

With the torsion and thrust calibration constants, the voltage readings acquired 

during testing can accurately be converted into thrust and torque values. The testing 

procedure is therefore described as follows:  

First, dead weight calibration sets, as described above in the beginning of this 

chapter, are completed in order to ensure consistency of the voltage readings and 
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recalculate the thrust and torsional calibration constants. An example of the thrust 

calibration data can be seen in Figure 29  below.  

 

 

Figure 29: Example thrust calibration for a 'smooth' propeller with a 20-degree angle of attack; 
weight values are negative to designate compressive forces 

 

The weights are then removed, and the electric motor is turned on. Using a 

tachometer, and by adjusting the potentiometer accordingly, the propeller speed is 

incrementally set to speeds ranging from 3000 to 7250 RPM with steps of 250 RPM. The 

speed is measured three separate times from the tachometer and recorded in an Excel 

spreadsheet. In some cases with propellers at higher pitch angles, the 7250 RPM mark 

was not reached due to the power limitations of the battery. As such, the propellers were 

tested with highest RPM possible while still maintaining the 250 RPM step. At each 
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static speed increment, torque and thrust voltage data are recorded through the custom 

LabVIEW code for 5 seconds per interval. Following the successful data acquisition at 

the specified rotational speed, the propeller is brought to 0 RPM’s and the datum is 

recorded again for 5 seconds. This step is necessary to eliminate the effect of sensor drift. 

This voltage data is then uploaded into a MATLAB file where the voltage 

readings are converted into thrust and torque values. This is repeated for each propeller 

blade attack angle, 10, 15, 20, and 25 degrees, and for each pillar geometry, smooth, tall 

capped, tall uncapped, short capped, short uncapped, respectively. As stated before, the 

propeller blade itself remains the same for each respective pillar geometry test. The pillar 

sheets or smooth Magic Cover films are removed after the test and replaced by the next 

set to be tested. 

 

4.6 Repeatability of Test Results 

In order to ensure the repeatability of the results using the testing procedure described 

in Section 4.5 above, a repeatability study was completed. This study consisted of taking 

five repeated measurements of each propeller at each pillar sheet geometry at low speeds, 

4000 RPM, and high speeds 6000 RPM. The standard deviation for thrust, torque and 

rotational speed was determined in order to quantify repeatability. These standard 

deviations can be seen in Table 2 below. From these results it can be seen that the tests 

are repeatable to within 1%. 
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Table 2: Average standard deviation values for rotational speed, thrust, and torque measured values over 
each propeller angle of attack and surface geometry as well as the maximum percentage difference from 
the average measured value 

 4000 RPM 6000 RPM Max % Difference 

from Average Value 

Rotational Speed (RPM) 3.4144 4.0512 0.085% 

Thrust (N) 0.0256 0.0435 0.646% 

Torque (N-m) 0.0014 0.0020 0.757% 
  



Texas Tech University, Grant Gowdy, May 2019 
 

41 

 

Chapter 5: Results & Discussion 

Results & Discussion 

Once the setup and pillar sheet fabrication were complete, the focus then shifts to 

the experimentation and subsequent results. As such, this chapter begins by presenting 

the results found by following the testing procedure discussed in Section 4.5 above. This 

is accompanied by a discussion of the testing results and any implications they may have 

on the functionality of the pillared surfaces. 

 

5.1 Pillared Propeller Results 

The results from the testing of the pillared propellers is expressed in the following 

plots. Specifically, the thrust data for the 10O propeller can be seen in Figure 30. The 

torque data for the 10O propeller can be seen in Figure 31, while the thrust/torque ratio 

data can be seen in Figure 32 below. The specific torsion and thrust data for each 

rotational speed can be found in the supporting documents. 
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Figure 30: 10 degree thrust data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 

 

Figure 31: 10 degree torque data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 32: 10 degree thrust-torque ratio data for the smooth, Short and Tall Capped, and Short 
and Tall Noncapped pillared propellers 

 

The thrust data for the 15O propeller can be seen in Figure 33. The torque data for the 

15O propeller can be seen in Figure 34, while the thrust/torque ratio data can be seen in 

Figure 35 below. The specific torsion and thrust data for each rotational speed can be 

found in the supporting documents. 

 



Texas Tech University, Grant Gowdy, May 2019 
 

44 

 

 

Figure 33: 15 degree thrust data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 34: 15 degree torque data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 35: 15 degree thrust-torque ratio data for the smooth, Short and Tall Capped, and Short 
and Tall Noncapped pillared propellers 

 

The thrust data for the 20O propeller can be seen in Figure 36. The torque data for the 

20O propeller can be seen in Figure 37, while the thrust/torque ratio data can be seen in 

Figure 38. The specific torsion and thrust data for each rotational speed can be found in 

the supporting documents. 
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Figure 36: 20 degree thrust data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 37: 20 degree torque data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 38: 20 degree thrust-torque ratio data for the smooth, Short and Tall Capped, and Short and 
Tall Noncapped pillared propellers 

 

The thrust data for the 25O propeller can be seen in Figure 39. The torque data for the 

25O propeller can be seen in Figure 40, while the thrust/torque ratio data can be seen in 

Figure 41. The specific torsion and thrust data for each rotational speed can be found in 

the supporting documents. 
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Figure 39: 25 degree thrust data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 
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Figure 40: 25 degree torque data for the smooth, Short and Tall Capped, and Short and Tall 
Noncapped pillared propellers 

 

Figure 41: 25 degree thrust-torque ratio data for the smooth, Short and Tall Capped, and Short 
and Tall Noncapped pillared propellers 
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As seen by the previously presented test results, there is no distinct thrust or 

torsional benefit in adding pillars to the surface of the propellers. In each case, it can be 

seen that the smooth propeller surface produces higher thrust and lower torque for each 

RPM speed. This can most clearly be seen in the thrust-torque ratio plots in Figure 32, 

Figure 35, Figure 38, and Figure 41 above. The thrust-torque ratio plots are analogous to 

lift-to-drag ratio plots shown in other studies and represent the efficiency of the propeller. 

For each angle of attack and for each rotational speed, the thrust-torque ratio for the 

smooth propeller is always higher than the other surface geometries. It can be noted that 

for each angle of attack greater than 10O, the short-noncapped pillar sheets consistently 

performed the second-best, in terms of highest thrust-torque ratio, followed by the other 

pillar geometries. In the 10O propeller, however, the short-capped pillar sheets had the 

highest thrust-torque ratio behind the smooth surface. In general, it can be seen that the 

taller the pillars are, the more detrimental the lift and drag results appear. Regardless, the 

results pillared propeller blades point to detrimental lift and drag properties.  

As stated in Section 2.1, drag force acts opposed to the motion of the blade, is 

made up of both form drag and frictional drag. In the cases discussed in this study, the 

form drag is unaffected by surface geometry and remains constant for each propeller 

angle of attack test, therefore and detrimental lift or drag must be the result of an increase 

in frictional drag. The concept behind the use of the pillar sheets, based on previous 

studies discussed in Section 3.2 above, is to reduce boundary layer separation, and 

therefore increase lift and decrease drag within the flow regime where separation occurs. 

Since we are only looking at the thrust and lift data, and no micro-scale fluid physics 
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studies were completed through use of PIV analysis, it is impossible to tell if full 

separation, or even partial separation of the flow occurred. It is logically inferred that the 

propellers with the larger angle of attack will more likely see flow separation. In each 

case presented above, however, the results point to an increase in frictional drag across 

the board.  

 

5.2 Smooth-Underside Pillared Propeller Results  

Given the fact that the underside of the propeller blade is continuously being pushed 

against the flow of the air, flow separation from that surface does not occur. Since flow 

separation does not occur, the addition of pillars to that surface would provide no 

beneficial properties and possibly lead to the increase in frictional drag discussed in 

Section 5.2 above. In order to explore this theory, pillar sheets were made to allow a 

smooth-underside to the propeller blades following the methods described in Section 4.2 

above. The testing procedure remained the same, following the procedure described in 

Section 4.5. Since this was an exploratory study only the 25 degree propeller was tested 

with Short Capped and Short Noncapped pillars. This was to just give an idea as to the 

effect of the smooth-underside compared to an underside covered in it pillar array. The 

results from this study can be seen in  Figure 42, Figure 43, and Figure 44 below. 
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Figure 42: Thrust data results for 25 degree smooth-underside testing 
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Figure 43: Torque data results for 25 degree smooth-underside testing 

 

 

Figure 44: Thrust-torque ratio data results for 25 degree smooth-underside testing 
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By looking at the figures above from the smooth-underside propeller testing it can be 

seen that the results are similar to, if not slightly better than, those of the completely 

covered propellers. Even so, the incorporation of pillars onto the surface of the propeller 

remained detrimental to the resulting lift and drag.  

 

5.3 Discussion  

From previously presented results it can be seen that both the completely covered and 

smooth-underside pillared surfaces resulted in a negative propeller performance. While 

the erroneous method of tile expansion, which lead to the valleys between tiles discussed 

in Section 4.1 above, may have played a role in undermining the performance, it can be 

noted that the Short Capped pillar sheets had minimal imperfections along the tile 

boundaries yet it still under performed the smooth surface. 

From each case presented in the results, the drag appeared to increase with the 

incorporation of the pillared surfaces. Since the cross section of the propeller did not 

change with the incorporation of the engineered surfaces, form drag did not change; 

leaving the possible reduction in performance to be the resultant from an increase in 

surface friction drag. This result directly counters that of studies done by Bocanegra et. 

al. [20] [28] which saw a delay in the boundary layer separation, resulting in a decrease in 

surface friction drag. One important note from previous successful studies is that the 

airfoil surface was considered hydrodynamically smooth, as defined by Equation (2) 

below [34]. 
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 𝑘

𝛿
< 0.25  

(2) 

 

𝑤ℎ𝑒𝑟𝑒:  

𝛿 = 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  

𝑘 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑝𝑖𝑙𝑙𝑎𝑟 ℎ𝑒𝑖𝑔ℎ𝑡)  

 

Boundary layer thickness is defined for a flat plate by using the Blasius Solution in 

Equation (3) below.  

 

𝛿 = 4.91√
𝜐𝑥

𝑈∞
 

(3) 

𝑤ℎ𝑒𝑟𝑒:  

𝑥 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑙𝑒𝑎𝑑𝑖𝑛𝑔 𝑒𝑑𝑔𝑒  

𝜐 = 𝐾𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟 = 14.88𝑥10−6 𝑚2/𝑠  

𝑈∞ = 𝐹𝑟𝑒𝑒 𝑆𝑡𝑟𝑒𝑎𝑚 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦   

 

Under the assumption of flat plate geometry, the hydraulically smooth relationship 

over the length of the propeller blade can be seen in Figure 45 below. For Figure 45, the 

boundary layer thickness was calculated at the mid-chord distance from the leading edge, 

0.5 inches from the leading edge of the propeller. The hydrodynamically smooth 

relationship over the chord length of the blade can be seen in Figure 46 below. For Figure 

46, the free stream velocity over the propeller was calculated at the nominal radius of the 

propeller, .67r or 3.685 inches from the center of rotation.  In these figures the pillar 

height used is 98 µm.  
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Figure 45: Hydraulically Smooth Relationship over the length of the propeller blade with 98 micron 
pillars for a flat plate propeller at 6000 RPM. Boundary layer thickness calculated at the center of the 
chord length (0.5 inches from leading edge of propeller) 

 

 

Figure 46: Hydraulically Smooth Relationship over the chord length of the propeller blade with 98 
micron pillars for a flat plate propeller at 6000 RPM. Free-stream velocity calculated the nominal 
radius of the propeller (0.67r, 3.685 inches from center of rotation) 
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It can be seen that the application of the pillared surface structure pushes the vast 

majority of the surface of the propeller into the hydrodynamically rough regime. The 

thickness of the boundary layer therefore has a great effect on the hydrodynamic 

interference of the surface. With this being said, it makes sense that even with a smooth-

underside the performance of the coated-propeller blades are inferior to that of the 

smooth propeller.  

It can also be seen that the thickness of the boundary layer varies greatly between 

sections of the surface of the propeller blades. This can be visualized by Figure 47 and 

Figure 48 below which represent the flat plate boundary layer thickness for a propeller at 

6000 RPM along the length of the blade and at the nominal blade radius, respectively.  

 

Figure 47: Boundary layer thickness along the center of the chord of the propeller along the 
length of the blade. Propeller is rotating at 6000 RPM. Assuming flat-plate blade cross-section 
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Figure 48: Boundary layer thickness along the length of the chord of the propeller at the nominal 
propeller radius (3.685 inches from the point of rotation). Propeller is rotating at 6000 RPM. 
Assuming flat-plate blade cross-section. 

 

The boundary layer thickness increases away from the leading edge and decreases 

away from the point of rotation. It may be advantageous, then, to not uniformly place the 

pillar arrays over the top surface of the propeller, but to have them placed only in specific 

areas where they may cause beneficial flow perturbation. These locations may be on the 

inboard sections of the propeller, and near the trailing edge. Due to the fact that the height 

of fibers being tested in this study contributed to the hydrodynamically rough surface, 

due to the scaling roll these fibers may have on performance, it may also be advantageous 

to have shorter fibers over the surface. With these shorter perturbation heights, the overall 

hydrologic surface roughness would decrease, possibly leading to an overall decrease in 

flow separation without any of the penalties of surface friction. Furthermore, a pillar 
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height gradient may optimize the performance of the propeller by having the pillars at the 

correct scale in the correct location along the entire length of the blade. This solution can 

be tested using the same pillar sheet fabrication process described above in Section 4.1 

but with the appropriate silicone rubber mold for the gradient pillars and smooth 

underside.
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Chapter 6: Conclusion  

Conclusion 

The goal of this study was to determine the effect of microstructure surface geometry 

on overall propeller performance. The results from the completely coated and smooth 

underside propeller experiments point to a degradation in propeller performance, though 

it can be noted that the smooth underside propeller showed improvement as compared to 

that of the completely covered. From each case, it appeared that since the form drag was 

unaffected, the surface friction drag is the component negatively affecting the results. 

From this acknowledgement, it was theorized that there is a scaling law between the 

height of the pillars and performance of the propeller. This is based on the concept of 

hydrodynamically smooth and rough surfaces which is determined by the ratio of average 

surface perturbation height to boundary layer thickness.  

Due to the significance of the possible outcomes from surface-enhanced propeller 

blades, it is suggested that further study be done on optimizing the engineered surfaces by 

selectively placing the pillar arrays where there could possibly be beneficial and not 

detrimental. Furthermore, a pillar geometry gradient over the top surface of the propeller 

would possibly further enhance its performance by continuously maintaining a 

hydrodynamically smooth surface over the entire area of the propeller blade. 
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Thrust_Torque_contdatumremoval.m 

 

clear 
clc 

  
%% Matlab code to convert the voltage readings from labview into force 
f = strcat('0g.txt'); 
g = strcat('10g.txt'); 
h = strcat('20g.txt'); 
i = strcat('50g.txt'); 
j = strcat('100g.txt'); 
k = strcat('500g.txt'); 

  
[t v_t v_f] =textread(f,'%f %f %f','headerlines',26); 
v_f_filt=filtfilt(a,b,v_f); 
v_f_avg=mean(v_f); 
[t gv_t gv_f] =textread(g,'%f %f %f','headerlines',26); 
gv_f_filt=filtfilt(a,b,gv_f); 
gv_f_avg=mean(gv_f); 
[ht hv_t hv_f] =textread(h,'%f %f %f','headerlines',26); 
hv_f_filt=filtfilt(a,b,hv_f); 
hv_f_avg=mean(hv_f); 
[it iv_t iv_f] =textread(i,'%f %f %f','headerlines',26); 
iv_f_filt=filtfilt(a,b,iv_f); 
iv_f_avg=mean(iv_f); 
[jt jv_t jv_f] =textread(j,'%f %f %f','headerlines',26); 
iv_f_filt=filtfilt(a,b,iv_f); 
jv_f_avg=mean(jv_f); 
[kt kv_t kv_f] =textread(k,'%f %f %f','headerlines',26); 
iv_f_filt=filtfilt(a,b,iv_f); 
kv_f_avg=mean(kv_f); 

  
figure(1) 
plot(v_f,'-') 
xlabel('data points') 
ylabel('thrust voltage') 
title('Thrust Voltage') 
hold on 
plot(gv_f,'-') 
hold on 
plot(hv_f,'-') 
hold on 
plot(iv_f,'-') 
hold on 
plot(jv_f,'-') 
hold on 
plot(kv_f,'-') 
legend('0g','10g','20g','50g','100g','500g') 

  
figure(2) 
plot([0 -10 -20 -50 -100 -500],[v_f_avg gv_f_avg hv_f_avg iv_f_avg 

jv_f_avg kv_f_avg],'*') 
xlabel('applied weight (g)') 
ylabel('thrust voltage (V)') 
title('Thrust Calibration') 
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lincof=polyfit([0 -10 -20 -50 -100 -500],[v_f_avg gv_f_avg hv_f_avg 

iv_f_avg jv_f_avg kv_f_avg],1); 
fittedX = linspace(0, -500, 200); 
fittedY = polyval(lincof,fittedX); 
hold on 
plot(fittedX, fittedY, 'r-', 'LineWidth', 1); 
C_f=lincof(1)/(9.81)*1000 %UNITS: V/N; calibration from output voltage 

to newtons of thrust 
%On 1.31.19 C_f = 2.3976  
%C_t=.13946;  
C_t= 1.26356; %UNITS: V/N-m; torque calibration, given published 

calibration values  
%% Getting the Datum 
v_f_avg0=mean(v_f) 
v_t_avg0=mean(v_t) 

  
%plot(va,'-') 
%% Taking Load Data from Runs  
clear f t v_f v_t 
for r=1:17 
f = strcat('run',num2str(r),'.txt'); 
d = strcat('run',num2str(r),'d.txt'); 
[t v_t v_f] =textread(f,'%f %f %f','headerlines',26);% v_f = thrust 

voltage; v_t = torque voltage 
[dt dv_t dv_f] =textread(d,'%f %f %f','headerlines',26);% dv_f = datum 

thrust voltage; dv_t = datum torque voltage 
v_f_avg(r)=mean(v_f); 
v_t_avg(r)=mean(v_t); 
v_f_dat(r)=mean(dv_f); 
v_t_dat(r)=mean(dv_t); 
% F(r)=v_f_avg(r)/cc_f; 
% T(r)=v_t_avg(r)/cc_t; 

  
end 
thrust_v=v_f_avg-v_f_dat; 
torque_v=v_t_avg-v_t_dat; 
v_f_dat 
v_t_dat 
f_N=thrust_v/C_f 
t_N_m=-torque_v/C_t 

  
%% FFT of any data run 
%  f = strcat('run5.txt'); 
%  [t v_t v_f] =textread(f,'%f %f %f','headerlines',26);% v_f = thrust 

voltage; v_t = torque voltage 
% % figure(3) 
% % plot(v_f) 
% ssfft_iso_max([t v_f]) 
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Boundary_Layer_thickness_graph.m 

 

%% Boundary Layer Thickness Graph 
clear 
clc 
rpm=6000; 
v=14.88e-6; %kinematic viscosity (m^2/s) 
l=.0254; %chord length (m) 
u=@(x)rpm*2*pi/60.*(x.*.0254); %x is distance from center of rotation 

(in inches) UNITS: m/s 
Re=@(x)u(x).*0.0254/v; 
del=@(x)4.91*(0.0254/2)/sqrt(Re(x))*10^6; 
BL=@(x) 4.91*sqrt(v*(.0254/2)/u(x))*10^6; %blasius solution to boundary 

layer thickness along center chord length 
BL_2=@(y) 4.91*sqrt(v*(y*.0254)/u(.67*5.5))*10^6; 

  
figure 
fplot(BL_2,[0 1]) 
title('Boundary Layer Thickness Development at Nominal Radius at 6000 

RPM') 
xlabel('Distance leading edge (inch)') 
ylabel('Boundary Layer Thickness (\mum)') 

  
figure 
fplot(BL,[0.5 5.5]) 
title('Boundary Layer Thickness along Center Chord over Length of Blade 

at 6000 RPM') 
xlabel('Distance from Center of Propeller (inch)') 
ylabel('Boundary Layer Thickness (\mum)') 

  
k=98;% height of pillar (in microns) 
HDS=@(x)k./BL(x); 
HDS_2=@(x)k./BL_2(x); 

  
figure 
fplot(HDS,[0.5 5.5]) 
title('k/\delta with 98\mum Pillars at 6000 RPM') 
xlabel('Distance from Center of Propeller (inch)') 
ylabel('k/\delta') 

  
figure 
fplot(HDS_2,[0.1 1]) 
title('k/\delta with 98\mum Pillars at 6000 RPM') 
xlabel('Distance leading edge (inch)') 
ylabel('k/\delta') 
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graphs.m 

 

clear 
clc 

  
%% Importing Data 
% RPM - Column 1 
% Thrust - Column 2 
% Torque - Column 3 
% Thrust/Torque - Column 4 
smooth_10=xlsread('Test Data_2.14 -2.22.xlsx','10deg', 'C4:F20'); 
SNC_10=xlsread('Test Data_2.14 -2.22.xlsx','10deg', 'C24:F40'); 
SC_10=xlsread('Test Data_2.14 -2.22.xlsx','10deg', 'C44:F60'); 
TNC_10=xlsread('Test Data_2.14 -2.22.xlsx','10deg', 'C64:F80'); 
TC_10=xlsread('Test Data_2.14 -2.22.xlsx','10deg', 'C84:F100'); 

  
smooth_15=xlsread('Test Data_2.14 -2.22.xlsx','15deg', 'C4:F19'); 
SNC_15=xlsread('Test Data_2.14 -2.22.xlsx','15deg', 'C24:F39'); 
SC_15=xlsread('Test Data_2.14 -2.22.xlsx','15deg', 'C44:F59'); 
TNC_15=xlsread('Test Data_2.14 -2.22.xlsx','15deg', 'C63:F78'); 
TC_15=xlsread('Test Data_2.14 -2.22.xlsx','15deg', 'C82:F95'); 

  
smooth_20=xlsread('Test Data_2.14 -2.22.xlsx','20deg', 'C4:F18'); 
SNC_20=xlsread('Test Data_2.14 -2.22.xlsx','20deg', 'C22:F36'); 
SC_20=xlsread('Test Data_2.14 -2.22.xlsx','20deg', 'C40:F54'); 
TNC_20=xlsread('Test Data_2.14 -2.22.xlsx','20deg', 'C58:F72'); 
TC_20=xlsread('Test Data_2.14 -2.22.xlsx','20deg', 'C76:F89'); 

  
smooth_25=xlsread('Test Data_2.14 -2.22.xlsx','25deg', 'C4:F16'); 
SNC_25=xlsread('Test Data_2.14 -2.22.xlsx','25deg', 'C20:F32'); 
SC_25=xlsread('Test Data_2.14 -2.22.xlsx','25deg', 'C36:F48'); 
TNC_25=xlsread('Test Data_2.14 -2.22.xlsx','25deg', 'C51:F63'); 
TC_25=xlsread('Test Data_2.14 -2.22.xlsx','25deg', 'C66:F78'); 

  
SNC_wSB_25=xlsread('Smooth Bottom Test.xlsx','25deg', 'C20:F32'); 
SC_wSB_25=xlsread('Smooth Bottom Test.xlsx','25deg', 'C35:F47'); 

  
%% 10deg Thrust 
    figure; 
    plot(smooth_10(:,1),smooth_10(:,2),'k*') 
    hold on 
    plot(SNC_10(:,1),SNC_10(:,2),'gv') 
    hold on 
    plot(SC_10(:,1),SC_10(:,2),'r.') 
    hold on 
    plot(TNC_10(:,1),TNC_10(:,2),'m<')  
    hold on 
    plot(TC_10(:,1),TC_10(:,2),'bd') 
    title('10^{o} Thrust Results') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7250]) 
    legend('Smooth','SNC','SC','TNC','TC') 
    legend('location','southeast') 
%10deg Thrust Smooth, SNC and SC 
    figure 
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    plot(smooth_10(:,1),smooth_10(:,2),'k*') 
    hold on 
    plot(SNC_10(:,1),SNC_10(:,2),'gv') 
    hold on 
    plot(SC_10(:,1),SC_10(:,2),'r.')  
    title('10^{o} Thrust Results - Short Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7250]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast') 
%10deg Thrust Smooth TNC and TC 
    figure 
    plot(smooth_10(:,1),smooth_10(:,2),'k*') 
    hold on 
    plot(TNC_10(:,1),TNC_10(:,2),'m<')  
    hold on 
    plot(TC_10(:,1),TC_10(:,2),'bd') 
    title('10^{o} Thrust Results - Tall Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7250]) 
    legend('Smooth','TNC','TC')  
    legend('location','southeast') 
%10deg Torque 
    figure 
    plot(smooth_10(:,1),smooth_10(:,3),'k*')  
    hold on 
    plot(SNC_10(:,1),SNC_10(:,3),'gv') 
    hold on 
    plot(SC_10(:,1),SC_10(:,3),'r.') 
    hold on 
    plot(TNC_10(:,1),TNC_10(:,3),'m<') 
    hold on 
    plot(TC_10(:,1),TC_10(:,3),'bd') 
    title('10^{o} Torque Results') 
    xlabel('RPM') 
    ylabel('Torque (N-m)') 
    xlim([2750 7250]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast') 
%10deg Thrust/Torque 
    figure 
    plot(smooth_10(:,1),smooth_10(:,4),'k*')  
    hold on 
    plot(SNC_10(:,1),SNC_10(:,4),'gv') 
    hold on 
    plot(SC_10(:,1),SC_10(:,4),'r.') 
    hold on 
    plot(TNC_10(:,1),TNC_10(:,4),'m<') 
    hold on 
    plot(TC_10(:,1),TC_10(:,4),'bd') 
    title('10^{o} Thrust/Torque Results') 
    xlabel('RPM') 
    ylabel('Thrust/Torque (1/m)') 
    xlim([2750 7250]) 
    legend('Smooth','SNC','SC','TNC','TC')  
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    legend('location','southeast')    

     

     
%%  15deg Plot 
    figure 
    plot(smooth_15(:,1),smooth_15(:,2),'k*') 
    hold on 
    plot(SNC_15(:,1),SNC_15(:,2),'gv') 
    hold on 
    plot(SC_15(:,1),SC_15(:,2),'r.') 
    hold on 
    plot(TNC_15(:,1),TNC_15(:,2),'m<')  
    hold on 
    plot(TC_15(:,1),TC_15(:,2),'bd') 
    title('15^{o} Thrust Results') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7000]) 
    legend('Smooth','SNC','SC','TNC','TC') 
    legend('location','southeast') 
%15deg Thrust Smooth, SNC and SC 
    figure 
    plot(smooth_15(:,1),smooth_15(:,2),'k*') 
    hold on 
    plot(SNC_15(:,1),SNC_15(:,2),'gv') 
    hold on 
    plot(SC_15(:,1),SC_15(:,2),'r.')  
    title('15^{o} Thrust Results - Short Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7000]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast') 
%15deg Thrust Smooth TNC and TC 
    figure 
    plot(smooth_15(:,1),smooth_15(:,2),'k*') 
    hold on 
    plot(TNC_15(:,1),TNC_15(:,2),'m<')  
    hold on 
    plot(TC_15(:,1),TC_15(:,2),'bd') 
    title('15^{o} Thrust Results - Tall Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 7000]) 
    legend('Smooth','TNC','TC')  
    legend('location','southeast') 
%15deg Torque 
    figure 
    plot(smooth_15(:,1),smooth_15(:,3),'k*')  
    hold on 
    plot(SNC_15(:,1),SNC_15(:,3),'gv') 
    hold on 
    plot(SC_15(:,1),SC_15(:,3),'r.') 
    hold on 
    plot(TNC_15(:,1),TNC_15(:,3),'m<') 
    hold on 
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    plot(TC_15(:,1),TC_15(:,3),'bd') 
    title('15^{o} Torque Results') 
    xlabel('RPM') 
    ylabel('Torque (N-m)') 
    xlim([2750 7000]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast') 
%15deg Thrust/Torque 
    figure 
    plot(smooth_15(:,1),smooth_15(:,4),'k*')  
    hold on 
    plot(SNC_15(:,1),SNC_15(:,4),'gv') 
    hold on 
    plot(SC_15(:,1),SC_15(:,4),'r.') 
    hold on 
    plot(TNC_15(:,1),TNC_15(:,4),'m<') 
    hold on 
    plot(TC_15(:,1),TC_15(:,4),'bd') 
    title('15^{o} Thrust/Torque Results') 
    xlabel('RPM') 
    ylabel('Thrust/Torque (1/m)') 
    xlim([2750 7000]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast')    

  
%%  20deg Plot 
    figure 
    plot(smooth_20(:,1),smooth_20(:,2),'k*') 
    hold on 
    plot(SNC_20(:,1),SNC_20(:,2),'gv') 
    hold on 
    plot(SC_20(:,1),SC_20(:,2),'r.') 
    hold on 
    plot(TNC_20(:,1),TNC_20(:,2),'m<')  
    hold on 
    plot(TC_20(:,1),TC_20(:,2),'bd') 
    title('20^{o} Thrust Results') 
    xlabel('RPM')  
    ylabel('Thrust (N) Results') 
    xlim([2750 6750]) 
    legend('Smooth','SNC','SC','TNC','TC') 
    legend('location','southeast') 
%20deg Thrust Smooth, SNC and SC 
    figure 
    plot(smooth_20(:,1),smooth_20(:,2),'k*') 
    hold on 
    plot(SNC_20(:,1),SNC_20(:,2),'gv') 
    hold on 
    plot(SC_20(:,1),SC_20(:,2),'r.')  
    title('20^{o} Thrust Results - Short Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6750]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast') 
%20deg Thrust Smooth TNC and TC 
    figure 
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    plot(smooth_20(:,1),smooth_20(:,2),'k*') 
    hold on 
    plot(TNC_20(:,1),TNC_20(:,2),'m<')  
    hold on 
    plot(TC_20(:,1),TC_20(:,2),'bd') 
    title('20^{o} Thrust Results - Tall Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6750]) 
    legend('Smooth','TNC','TC')  
    legend('location','southeast') 
%20deg Torque 
    figure 
    plot(smooth_20(:,1),smooth_20(:,3),'k*')  
    hold on 
    plot(SNC_20(:,1),SNC_20(:,3),'gv') 
    hold on 
    plot(SC_20(:,1),SC_20(:,3),'r.') 
    hold on 
    plot(TNC_20(:,1),TNC_20(:,3),'m<') 
    hold on 
    plot(TC_20(:,1),TC_20(:,3),'bd') 
    title('20^{o} Torque Results') 
    xlabel('RPM') 
    ylabel('Torque (N-m)') 
    xlim([2750 6750]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast') 
%20deg Thrust/Torque 
    figure 
    plot(smooth_20(:,1),smooth_20(:,4),'k*')  
    hold on 
    plot(SNC_20(:,1),SNC_20(:,4),'gv') 
    hold on 
    plot(SC_20(:,1),SC_20(:,4),'r.') 
    hold on 
    plot(TNC_20(:,1),TNC_20(:,4),'m<') 
    hold on 
    plot(TC_20(:,1),TC_20(:,4),'bd') 
    title('20^{o} Thrust/Torque Results') 
    xlabel('RPM') 
    ylabel('Thrust/Torque (1/m)') 
    xlim([2750 6750]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast')    

     
%%  25deg Plot 
    figure 
    plot(smooth_25(:,1),smooth_25(:,2),'k*') 
    hold on 
    plot(SNC_25(:,1),SNC_25(:,2),'gv') 
    hold on 
    plot(SC_25(:,1),SC_25(:,2),'r.') 
    hold on 
    plot(TNC_25(:,1),TNC_25(:,2),'m<')  
    hold on 
    plot(TC_25(:,1),TC_25(:,2),'bd') 
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    title('25^{o} Thrust Results') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC','TNC','TC') 
    legend('location','southeast') 
%25deg Thrust Smooth, SNC and SC 
    figure 
    plot(smooth_25(:,1),smooth_25(:,2),'k*') 
    hold on 
    plot(SNC_25(:,1),SNC_25(:,2),'gv') 
    hold on 
    plot(SC_25(:,1),SC_25(:,2),'r.')  
    title('25^{o} Thrust Results - Short Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast') 
%25deg Thrust Smooth TNC and TC 
    figure 
    plot(smooth_25(:,1),smooth_25(:,2),'k*') 
    hold on 
    plot(TNC_25(:,1),TNC_25(:,2),'m<')  
    hold on 
    plot(TC_25(:,1),TC_25(:,2),'bd') 
    title('25^{o} Thrust Results - Tall Fibers') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6250]) 
    legend('Smooth','TNC','TC')  
    legend('location','southeast') 
%25deg Torque 
    figure 
    plot(smooth_25(:,1),smooth_25(:,3),'k*')  
    hold on 
    plot(SNC_25(:,1),SNC_25(:,3),'gv') 
    hold on 
    plot(SC_25(:,1),SC_25(:,3),'r.') 
    hold on 
    plot(TNC_25(:,1),TNC_25(:,3),'m<') 
    hold on 
    plot(TC_25(:,1),TC_25(:,3),'bd') 
    title('25^{o} Torque Results') 
    xlabel('RPM') 
    ylabel('Torque (N-m)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast') 
%25deg Thrust/Torque 
    figure 
    plot(smooth_25(:,1),smooth_25(:,4),'k*')  
    hold on 
    plot(SNC_25(:,1),SNC_25(:,4),'gv') 
    hold on 
    plot(SC_25(:,1),SC_25(:,4),'r.') 
    hold on 
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    plot(TNC_25(:,1),TNC_25(:,4),'m<') 
    hold on 
    plot(TC_25(:,1),TC_25(:,4),'bd') 
    title('25^{o} Thrust/Torque Results') 
    xlabel('RPM') 
    ylabel('Thrust/Torque (1/m)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC','TNC','TC')  
    legend('location','southeast')  

     
    %%  25deg Smooth-Underside Plot 
    figure 
    plot(smooth_25(:,1),smooth_25(:,2),'k*') 
    hold on 
    plot(SNC_wSB_25(:,1),SNC_wSB_25(:,2),'gv') 
    hold on 
    plot(SC_wSB_25(:,1),SC_wSB_25(:,2),'r.') 
    title('25^{o} with Smooth-Underside Thrust Results') 
    xlabel('RPM')  
    ylabel('Thrust (N)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC') 
    legend('location','southeast') 

  
%25deg Torque 
    figure 
    plot(smooth_25(:,1),smooth_25(:,3),'k*')  
    hold on 
    plot(SNC_wSB_25(:,1),SNC_wSB_25(:,3),'gv') 
    hold on 
    plot(SC_wSB_25(:,1),SC_wSB_25(:,3),'r.') 
    title('25^{o} with Smooth-Underside Torque Results') 
    xlabel('RPM') 
    ylabel('Torque (N-m)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast') 
%25deg Thrust/Torque 
    figure 
    plot(smooth_25(:,1),smooth_25(:,4),'k*')  
    hold on 
    plot(SNC_wSB_25(:,1),SNC_wSB_25(:,4),'gv') 
    hold on 
    plot(SC_wSB_25(:,1),SC_wSB_25(:,4),'r.') 
    title('25^{o} with Smooth-Underside Thrust/Torque Results') 
    xlabel('RPM') 
    ylabel('Thrust/Torque (1/m)') 
    xlim([2750 6250]) 
    legend('Smooth','SNC','SC')  
    legend('location','southeast')  

 


