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Abstract  

 

Title: Experimental and Numerical Analysis of the Drag Force on Surfboards with 

Different Shapes. 

Author: Omar Lahlou 

Committee chair: Robert J. Weaver 

 

 

The aim of the present study is to define the hydrodynamic resistance of surfboards 

with different designs. Decreasing the drag acting on a board helps the surfer to attain 

higher surfing performances. It helps to attain higher speeds and maneuvering for the 

surfer. In this thesis, theoretical, experimental and computational approaches are used 

to explain how the drag changes with different surfboard shapes.   

Four surfboards with varying shapes were towed at different speeds and the resulting 

force was recorded. Two computational models were developed using Star CCM and 

Flowsquare to confirm the experimental results.  

The drag force on the boards increases with increasing area. The increased wetted 

surface area resulted in increased buoyancy but decreased mobility. The drag force 

could be broken down into frictional and form drag. Form drag is a function of the 

shape of the object and decreases with improved surfboard design, like pinned tail 

instead of squared.  

Longer surfboards attain planing mode at higher speeds. Displacement mode is 

dominated by form drag whereas planing mode is dominated by frictional drag. Drag 

coefficients for the various boards ranged from 0.1 at low speeds to 0.05 at high 

speeds. Shorter surfboards had higher drag coefficients because of higher shear stress. 
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Chapter I: Introduction and Motivations 
 

1.1. Introduction and Hypothesis 

 

The drag force is the force acting on a surfboard in the direction of motion while 

riding a wave. Improving the design of surfboards requires a clear comprehension of 

the acting hydrodynamic resistance in order to offer the greatest compromise between 

speed, buoyancy and maneuverability. The aim of this thesis is to investigate the 

effects of surfboard design on performance using metrics like drag and analysis of the 

displacement and planing regime.   

 

A good surfer understands how the ocean behaves and how the shape of the surfboard 

needs to be tailored to the surf conditions. The shape influences how easily the board 

can turn, how much drag the board has, and how the board tracks through the water. 

Being able to design the right surfboard is the key to an enjoyable surf experience as 

well and being able to achieve high performance in varying surf conditions.  

 

Previous studies on surfboard design ranged from simple scientific observation to 

complex fluid dynamics computations. Earlier researches lead to a continuous 

evolution of the surfboard’s architecture. Despite this evolution, there are still 

numerous opportunities for further design enhancements. Accordingly, the present 

thesis incorporated visual, theoretical, experimental and computational approaches to 

find a reasonable value of the drag force acting on a surfboard. 

 

Although they are less stable, shortboards produce less drag force which allows the 

surfer to attain a higher level of performance. Shortboards can move faster and are 

easier to turn. Moreover, the tail of the surfboard is the main part of the board that is in 

contact with the water and creating drag, as the nose is usually pitched up. Improving 
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the hydrodynamic shape of the tail could therefore decrease the form drag of the 

board. 

 

1.2. History and context 
 

From Polynesian origins, surfing was first described in the European bibliography 

when Samuel Wallis and James Cook respectively discovered Tahiti in 1767, and the 

Islands of Hawaii in 1778. However, sources show that surfing has been practiced 

thousands of years before (Surfing Heritage Foundation, N/A). Figure 1 shows the 

evolution of surfboards over time. The longboards are the modern descendants of the 

first boards seen in the Polynesian Islands. On the other hand, shortboards appeared in 

the middle of the twentieth century. They are lighter, thinner, more curved, and 

tapered at the nose. Shortboards are much more maneuverable and provide a greater 

freedom for the surfer to quickly alter his direction of motion (Hendricks 1969). 

 

 
Figure 1: Evolution of surfboard design (Malibushirts, 2018) 
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1.3. Thesis approach 
 

The experimental part consisted of two experiments. In the first one, a pressure sensor 

was deployed on the ocean floor where the waves start breaking. The pressure from 

the sensor was converted to wave height using the hydrostatic equation. Additionally, 

four surfboards were equipped with devices measuring acceleration in x-y-z 

directions, and roll, pitch and yaw angles. Surfers rode each of the four boards at the 

same location as the pressure sensors collected the data. The recorded data was used to 

relate the properties of the breaking waves to the dynamic motions of the surfing 

process. 

 

In the second experiment, a pontoon boat towed each of the four different surfboards. 

A load cell was used to record the drag force from the surfboard. An iPhone was 

attached to the surfboards and was set to record the pitch angle at different speeds. The 

pitch angle was used to find out the speed at which the transition between 

displacement and planing happens. 

 

In addition to the experimental analysis, two computational fluid dynamics 

experiments were performed using Star CCM+ and Flowsquare to obtain values of the 

drag force acting on a surfboard. The results from the CFD experiments were 

compared to the experimental analyses. 
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Chapter II: Theory 
 

2.1. The Drag Force 
 

The drag force can be described as the sum of all the forces acting in the horizontal 

direction of the surfboard’s motion (Azzuri, 2012). In surfing, the drag force describes 

how much the waves are pushing on the surfboard. The drag force, Equation 2.1, 

opposes the fluid motion, and results from many critical factors.  

 

The first one is skin friction drag, which is the interaction between the surface of the 

board with the water molecules moving along that surface. For skin friction drag, the 

characteristic area in the drag equation is the wetted surface area. The second one is 

pressure drag, or form drag, which results from the shape of the board. For from drag, 

the characteristic area is the frontal area. The third one is the wave-making drag, 

which is linked to the waves generated by the contact of the fluid with the surfboard 

(Gudimetla et al., 2009). For wave-making drag, the characteristic area is the cross-

sectional submerged area of the board. The more the shape of a body deviates from a 

thin plate, the more friction drag becomes small relatively to form drag (Tritton, 

1988). 

 

𝐹𝑑 =
1

2
 𝜌𝑣2𝐴 𝐶𝑑  

(2.1) 

Where: 

𝐹𝑑 = Drag force 

𝜌  = Density 

𝑣  = Velocity 

A  = Characteristic area 

𝐶𝑑 = Drag coefficient 
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2.1.1. Skin Friction and Form Drag 
 

The skin friction drag is the hydrodynamic drag experienced by the surfboard due to 

the contact of the moving water. When the water flow passes the surface of the 

surfboard, it experiences resistance against the direction of the flow (Falkovich, 2011). 

The flow is slowed down due to viscous friction.  

 

On the other hand, the drag created because of the shape of the solid body is called 

form drag. It is caused by the separation of the boundary layer from the surface and 

the wake created by that separation. It is primarily dependent upon the shape of the 

object. The form drag is mainly caused by the water flowing over the surfboard which 

induces a pressure difference. The flow goes around the object from high to low 

pressure and, depending on object shape and orientation to the flow. The flow can 

separate and possibly create vortices in the wake. Form or pressure drag is due to 

inertia pushing on the fluid (Falkovich, 2011). Figure 2 and Table 1 describes how 

form and friction drag depend on the shape of the object. 

 

 
Figure 2: Frictional and Form Drag (Harish, 2016) 
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Table 1: Frictional and form drag (Falkovich, 2011) 

Shape and flow Form drag Skin frictional drag 
 

 

 

≈ 0% 

 

 

≈ 100% 

 

 

 

≈ 10% 

 

 

≈ 90% 

 

 

≈ 90% 

 

 

≈ 10% 

 

 

≈ 100% 

 

≈ 0% 

 

The difference between frictional and form drag appears in the characteristic area. For 

form drag, the characteristic area is perpendicular to the flow. It is the frontal area. On 

the other hand, the characteristic area of the frictional drag is the wetted surface area.  

 

2.1.2. Drag Coefficient  
 

The drag force depends on a coefficient that is unique to every object. The drag 

coefficient is an experimentally defined dimensionless quantity used to quantify the 

resistance of an object in a fluid environment. This coefficient depends primarily on 

the shape of the object as illustrated in Figure 3. However, it could also be affected by 

the pitch angle and the speed (Tritton, 1988). Equation 2.2 defines the drag coefficient. 

 

𝐶𝑑 =  
2 𝐹𝑑

𝜌   𝑣2  𝐴𝑡
  

(2.2) 
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Figure 3: Drag Coefficient for different types of objects for Re=10000 (Falkovich, 2011). 

 

It is also possible to calculate values of the drag coefficient from the Blasius solutions 

and the Prandtl approximation when the Reynolds number is known. The Reynolds 

number is the ratio of inertial forces to viscous forces. Reynolds number will be more 

rigorously defined in the following section. Equation 2.3 is the Blasius solution for a 

laminar flow (Blasius, 1908), and Equation 2.4 is the Prandtl approximation for a 

turbulent flow (Prandtl, 1904). A horizontal flat plate produces only skin friction drag 

and no form drag.  

 

𝐶𝑑 =  
1.328

√𝑅𝑒
 

(2.3) 

𝐶𝑑 =  
0.031

𝑅𝑒1/7
 

(2.4) 

Where: 

𝐶𝑑 = Drag coefficient  

𝑅𝑒 = Reynolds number  

 

2.2. Turbulence modeling 

 

Theoretical analysis of the principles governing the fluid mechanics is a crucial step to 

provide a decent study of the drag force acting on a surfboard.  When the flow of a 

liquid is chaotic, and made of multiple vortices, it is turbulent. On the contrary, if the 

flow is moving in a very parallel, uniform manner, it is laminar. Turbulent flows are 

particularly noticeable near the obstacles. In a turbulent flow, small disturbances give 
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rise to vortices. A laminar flow has large momentum diffusion and low momentum 

convection. (A. Kavila et al., 2011). Figure 4 illustrates the difference between a 

laminar and a turbulent flow. 

 

 
Figure 4: Laminar and Turbulent flow (A. Kavila et al., 2011) 

 

Viscosity is a crucial element that drives the flow. To understand whether the viscosity 

is strong enough to stop the vortices, it must be compared to the inertia of the flow. 

Viscosity tends to make vortices disappear, while inertia spreads them. The relative 

dominance of inertia over viscosity is characterized by the Reynolds number. 

 

2.2.1. Reynolds Number 
 

The Reynolds number is a dimensionless number that characterizes viscosity as the 

ratio of inertial forces to viscous forces (A. Kavila et al., 2011). Equation 2.5 defines 

Reynolds number. It is used to describe the fluid flow regime as laminar or turbulent. 
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𝑅𝑒 =  
𝜌𝑢𝑙

𝜇
=  

𝑢𝑙

𝜈
 

(2.5) 

Where: 

𝑅𝑒 = Reynolds number 

𝜌   = Density 

𝑢   = Velocity 

𝑙    = Length 

𝜇   = Dynamic viscosity 

𝜈   = Kinematic viscosity 

 

Although values of the Reynolds number can highly vary from one flow to another, 

the boundary between a laminar flow and a turbulent flow is small as shown in Figure 

5. It is estimated that a flow becomes turbulent for a Reynolds number greater than 

2000. The flow is said to be laminar if the value of the Reynolds number is less than 

2000. There is a small transition period when the Reynolds number is in between 2000 

and 4000. However, those values are highly dependent on the object and the fluid. The 

critical Reynolds number roughly corresponds to the moment when the viscous forces 

are no longer strong enough to absorb vortices (A. Kavila et al., 2011). The value of 

the critical Reynolds number is different for different flows and objects and is defined 

experimentally. 
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Figure 5: Laminar, transition and turbulent boundary layer (A. Kavila et al., 2011) 

 

The computation of the Reynolds number as a function of the speed for an average 

sized surfboard was performed in Matlab and shown in Figure 6.  

 

 

Figure 6: Reynolds number as a function of the speed for an 8ft surfboard 

 

The resulting plot shows that the value of the Reynolds number increases very quickly 

and exceeds the threshold of 2000 at very low speeds. The flow behind a surfboard is 

therefore almost always turbulent as the values of the Reynolds number are very high. 



11 
 

2.2.2. Froude Number 
 

The Froude number is a dimensionless number that characterizes the relative 

importance of the kinetic energy of a fluid particle with respect to the gravitational 

potential energy (Shih, 2009). It is expressed as the ratio of speed over the exerted 

gravity force. Equation 2.6 is used to calculate the Froude number. 

 

𝐹𝑟 =  
𝑢

√𝑔 𝑙𝑤𝑙

 (2.6) 

Where: 

𝐹𝑟 = Froude number 

𝑔   = Gravitational acceleration  

𝑙𝑤𝑙 = Level of water line 

 

The Froude number is primarily used in characterizing free surface phenomena, 

especially in the case where they are related to water flow like in dams or ports. If the 

Froude number is less than 1, the water flow is called subcritical and moves relatively 

slowly. On the other hand, if the value of the Froude number is higher than 1, the flow 

is said to be supercritical which means that the water flow is relatively fast. In the case 

that the Froude number is exactly 1, the flow would be critical (Shih, 2009). At the 

transition between a subcritical and a supercritical flow, the Froude number is exactly 

equal to 1 which creates a hydraulic jump. The two regions would be separated by a 

continuously collapsing wall of water. 

 

2.2.3. Boundary effects  
 

The boundary layer, in Figure 7, is the interface zone between a body and the 

surrounding fluid during a relative movement between the two. It is an important 

element in fluid mechanics resulting from its viscosity (Schlichting, et al., 2000). 
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Figure 7: Laminar boundary layer velocity profile (Munson et al., 2009) 

 

When a fluid flows along a fixed wall, the velocities on the wall are zero whereas far 

from the obstacle, they are equal to the speed of undisturbed flow. The law of the wall 

depends on the viscosity of the fluid which induces a friction between the adjacent 

layers (Munson et al., 2009). 

 

A high viscosity lowers the flow speed near the object. On the contrary, if the fluid has 

a low viscosity, the different layers are much more independent. The speed is 

maintained until an obstacle appears (Munson et al., 2009). The boundary layer 

thickness varies relative to the velocity, the wetted length, as well as the type of flow. 

The transition from a laminar flow to a turbulent flow while surfing would only take 

place in very few centimeters (Grisson, 2006). 

 

2.2.4. Boundary Layer Thickness 

 

The boundary layer thickness is used to measure of the reduction of the momentum 

current in the boundary layer due to the influence of the friction (Schlichting, et al., 

2000). Equation 2.7 is the Blasius solution for boundary layer thickness in Laminar 

Flow (Blasius, 1908). Equation 2.8 shows the Prandtl approximation for boundary 

layer thickness in turbulent flow (Prandtl, 1904). The boundary layer thickness grows 

as distance along the surface increases in the direction of the flow, x. 
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𝛿 =  
5 𝑥

√𝑅𝑒
  

(2.7) 

𝛿 =  
0.16 𝑥

𝑅𝑒1/7
    

(2.8) 

Where: 

𝛿 = Boundary layer thickness 

𝑥 = Distance along the direction of motion 

 

2.2.5. Shear Stress 

 

When a surfer is riding a wave, the water beneath him exerts a shear stress on the 

surfboard. The shear stress is proportional to the gradient of the flow velocity 

perpendicular to the surface, as seen in Equation 2.9 (Munson et al., 2009). Equation 

2.10 is the Blasius solution for wall shear stress in laminar flow (Blasius, 1908). 

Equation 2.11 shows the Prandtl approximation for turbulent flow (Prandtl, 1904).  

 

𝜏 =  𝜇
𝑑𝑢

𝑑𝑦
 

(2.9) 

𝜏𝑤 =  
0.332  𝜇1/2𝜌1/2 𝑢1/2 

𝑥1/2
  

(2.10) 

𝜏𝑤 =  
0.332  𝜇1/7𝜌6/7 𝑢13/7 

𝑥1/7
 

(2.11) 

Where: 

𝜏   = Shear stress 

𝜏𝑤 = Wall shear stress 
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2.3. Displacement and Planing regimes 
 

Planing is a change of regime of advancement of an object in the water. The regime 

goes from an Archimedean regime where the object floats by buoyancy to a dynamic 

regime where its speed allows it to be carried by the surface of the water.  

 

The wave system formed by the hull changes with hull speed. At first the hull rises 

until a Froude number of 0.31. The flow of visible water at the rear of the hull changes 

from turbulent to laminar flow. The surfboard then reaches an overspeed regime and 

the hull speed is exceeded. At that time, the surfboard is in planing mode. The 

navigation regime is deeply modified. The lift force acts on the surfboard more than 

the buoyancy force in planing mode (Knight, 2015).  

 

In conventional navigation mode there is a limit to the hull speed which is a function 

of the square root of the waterline’s length. One of the main causes of resistance to 

advancement is wave resistance. While advancing through the water, the hull creates 

several sinusoidal waves emerging from the location of first contact between the 

surfboard and the water (Potgieter, 2006). Figure 8 is a graph showing how the 

resistance of a ship could varies with changing velocities. 

 

 

Figure 8: Ship Resistance and Speed (USNA, 2018) 
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The figure above breaks down the total resistance into viscous, wave making and air 

resistance. Moreover, it is possible to notice a localized positive gaussian curvature on 

the curve that happens at the transition from displacement to planing.  

 

2.3.1. Hull Speed  

 

Hull speed is the speed at which the wavelength of a vessel's bow wave is equal to the 

waterline length of the vessel (Knight, 2015). When a surfboard moves through the 

water it pushes down on the water. This interaction creates lift at the front of the 

board. The amount of lift generated is related to the pitch angle and the speed at which 

the surfboard is moving. Any surfboard or object moving through the water creates a 

bow wave. As the surfboard pushes water aside, that water has nowhere else to go than 

upwards and will create a wave. There would be a trough behind every bow wave. 

Both bow wave and trough become larger and longer with increasing speed as there is 

more water that is pushed aside. When the bow wave becomes large enough, the 

surfboard starts tipping backwards, as it climbs its bow wave. At that point, the board 

is in the hull speed condition (Potgieter, 2006).   

 

A board is in displacement mode for speeds lower than hull speed and in planing mode 

if the speed is higher than hull speed. Figure 9 shows how a ship resistance would vary 

for different speeds and therefore different modes. 
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Figure 9: Hull Resistance and Speed (Potgieter, 2006) 

 

The previous figure shows that the increase in resistance slows down in the transition 

mode when the ship is in hull speed. Hull speed depends on the length of the water 

line as shown in Equation 2.12 (Knight, 2015).  Table 2 shows how hull speed varies 

for different surfboard’s size. The values in Table 2 are derived from Equation 2.12.  

 

𝐻𝑆 =  1.34   √𝑙𝑤𝑙  (2.12) 

Where: 

HS = Hull speed 

 

Table 2: Hull Speed for different surfboards 

Surfboard Length 

in feet 

Water Line length 

in feet 

Hull Speed in 

knots 

Hull Speed in m/s 

7’ 5.25’ 3.07 1.57 

7.5’ 5.625’ 3.17 1.62 

8’ 6’ 3.28 1.67 

8.5’ 6.375’ 3.38 1.72 

9’ 6.75’ 3.49 1.79 
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Chapter III: Methodology 
 

In addition to the theoretical analysis, two experiments were performed, and two 

computational models were run to obtain values of the drag force acting on different 

surfboards. The numerical results from the different physical models were compared 

to the computational results in the discussion section.  

 

3.1. Surfing Data Analysis 

 

The first experiment was performed in Melbourne Beach during the Spring 2018 

(Figure 10). The objective of the experiment was to develop a relationship between the 

waves on the beach and the surfer.  

 

 
Figure 10: Melbourne Beach, FL where the data collection occurred 

 

Four surfboards were equipped with devices measuring direction and acceleration. The 

measured data was used to obtain information about the motion of the board while 

paddling and surfing a wave. In addition, two pressure sensors were put in the ocean to 

measure the water pressure. The goal of the experiment was to come up with 

dimensionless parameters that could describe surfing in a scientific way. Moreover, 
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the data collection helped to obtain a relationship between the surf speed and the drag 

coefficient.  

 

3.1.1. Material and Calibration 

 

Onset U20-001-01 Hobo (Figure 11) pressure sensors were deployed on the seabed. 

The closest one to shore was deployed at the seaward extent of the surf zone, just 

before the waves were breaking. The second was located 30 meters seaward of the 

first, in deeper water. The Hobos were recording the pressure at a sampling rate of 

1Hz. The values of the pressure were used to create a time plot of the waves during the 

surfing time. A minimum period for an ocean wave would be about five to six seconds 

which corresponds to about 0.2Hz. The rate of sampling had to be at least twice of that 

of the wave according to the Nyquist theorem (Olshausen, 2000). Therefore, the 1Hz 

frequency is appropriate for this experiment. 

 

 
Figure 11: Hobo instrument 

 

Two 9ft boards were equipped with a Lowell MAT-1 Data Logger instrument (Figure 

12). It was used to obtain the acceleration in the x-y-z directions and the roll, the pitch 

and the yaw of the board. The frequency chosen for the Lowell was 32Hz, high 

enough to record the moment of incipient wave riding. There were also two 8ft boards 

each equipped with an iPhone that was used for the same purpose as the Lowell 

instrument. 
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Figure 12: Lowell Instrument 

 

Both the Hobo and Lowell instrument were calibrated and programed in the coastal 

engineering laboratory at Florida Institute of Technology before each deployment. 

Before the start of the surf session, the Lowell were attached to the surfboards. The 

surfboards were taken to the beach and put on the sand. They were oriented to the 

north and left in a static position for one minute. This was done for calibration, 

allowing to later recognize the true north in the collected data. Moreover, since the 

boards were not moving at that time, it was useful to identify the start of the surf. 

Surfing started when the acceleration data started to change. More details on 

laboratory testing and calibration can be found in Appendix B. 

 

The surf sessions were planned according to the tides. It was better to collect data 

during low tides, because that was the time when the waves were cleanest, and the surf 

zone was farthest from the dry beach. Every location has its favored tide for surfing 

which is mainly due to the bathymetry. However, most of the surf spots, including 

Melbourne beach, have better surfing condition when the tide is low and on the rise. 

As the tide turns, a tidal push increases the forward momentum of the waves. 

 

During the data collection, the surfers were trying to surf perpendicularly to the shore. 

Surfers were avoiding turning to make it easier to analyze the data. 
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3.2. Experimental Analysis using a Load Cell 
 

A second experiment was performed in Crane Creek in Melbourne, Florida during the 

Fall 2018 (Figure 13). The objective of the experiment was to collect data on the value 

of the drag force acting on different surfboards with different shapes and at different 

speeds. This experiment was done using a load cell and the aim was to gather 

information about the drag acting on the surfboards.  

 

 
Figure 13: Crane Creek, FL, where the data collection occurred 

 

The Pontoon 2 boat from the Florida Institute of Technology anchorage was used to 

tow four different surfboards. The boat was towing a 7ft shortboard, an 8ft 

performance board, an 8ft funboard, and a 9ft longboard. All four surfboards were 

made with polyurethane and similarly shaped boards can easily be found on the 

market. Figure 14 is a picture of the four surfboards used in the experiment. Table 3 

shows the dimensions of the four tested surfboards. Pictures and detailed surfboard 

dimensions are in Appendix E. 
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Figure 14: Surfboards used in the data collection 

 

Table 3: Surfboards dimensions 

Surfboard Length in meter Width in meter Tail width in 

centimeter 

7ft Shortboard 2.3 m 0.52 m ≈ 0 

8ft Performance board 2.6 m 0.54 m ≈ 0 

8ft Fun board 2.6 m 0.57 m 19 cm 

9ft Longboard 2.9 m 0.59 m 22 cm 

 

 

A load cell was used to connect the boat to the surfboards and record the values of the 

drag force. Each board was towed at least one minute for each different speed to be 

able to record a decent data of the drag force. The speeds used in the experiment were 

3, 4, 5, 6, 7, 8, 10 and 12km/h. The experiment was performed seven times. 
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3.2.1. Material and Calibration 

 

A load cell was designed in the instrumentation laboratory at Florida Institute of 

Technology. The load cell was made of two main components. The first one was the 

metal bar with four strain gauges attached. The strain gauges on the metal bar were 

measuring the pressure on the load cell. The second component was the data collection 

telemetry system which had an amplifier and an analog-to-digital converter. This 

system made the recorded data easier to read and more precise.  

 

Moreover, two iPhones were used to record the cruising speed and the pitch angle of 

the surfboards. An iPhone 5s was used to record the speed of the Pontoon boat using 

the “Speedometer” app. The speed range was 3 to 12 kilometers per hour as the goal 

was to obtain values of the drag force for different speeds. The second iPhone was 

attached to the surfboards and measured roll, pitch and yaw angles using the “GRF 

recorder” app. The main purpose was to record values of the pitch angles to determine 

the transition speed between displacement and planing. 

 

Small experiments were performed to verify the accuracy of the iPhone. Pitch angle 

was compared to known angles from a compass and iPhone velocity was compared to 

a car velocity. The recorded and observed results were very similar. Even if the iPhone 

position is not always very accurate, the velocity is relative and highly precise. More 

details on iPhone calibration can be found in Appendix B. Nowadays, it is possible to 

consider smartphones as very powerful tools for scientific research (Mourcou et al. 

2015). 

 

The iPhone’s accelerometer measures changes in velocity along the x-y-z axis. It has a 

three-axis accelerometer. The reported values are measured in increments of the 

gravitational acceleration, with the value 1.0 representing an acceleration of 9.81 m/s 

in the given direction (http://developer.apple.com).  
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The iPhone uses the CM-Device-Motion sensor to calculate roll, pitch, yaw. The 

sensor provides the orientation. The rotation of the device is reflected by changes 

along the roll, pitch and yaw axis. The rotation could be positive or negative. It is 

measured in radians and ranges from -𝜋 to 𝜋 (http://developer.apple.com). Figure 15 

illustrates the x-y-z axis and the roll, pitch and yaw of an iPhone.  

 

 

Figure 15:Roll, Pitch and Yaw in an iPhone (http://developer.apple.com, 2018). 

 

A 17-kg steel metallic weight was attached on top of the surfboards to stabilize them. 

The weight was heavy enough to make the board stable while it was towed and light 

enough so that it would not sink them.  

 

The buoyancy theorem states that the force exerted by a fluid opposes the weight of an 

immersed object. Comparing a longboard to a shortboard, it is obvious that the 

longboard has the potential to displace more water and therefore be able to support 

more weight. That is assuming that they have the same density and shape.  
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3.2.2. Bronze Aluminum bar dimensions calculation 
 

The aim of the load cell is to measure the deformation of a metal bar when a force is 

applied to it by towing the surfboards. The metal bar in the load cell was designed to 

have a length of 0.5 meters. Calculating its height and width was done by allowing the 

maximum strain on the load cell to be 10-3. That would be enough to deform the metal 

bar and obtain a readable current difference in the strain gauges without damaging the 

stain gauges. The material used for the bar was aluminum bronze T6061T6. The 

modulus of elasticity of the aluminum bronze is 68.9 GPa. The expected maximum 

load used for the calculation was 50 Newtons and a factor of safety of 3 was used. The 

calculation of the metal bar dimensions (Table 4) are shown in Appendix D. 

 

Table 4: Bronze Aluminum bar dimensions 

Bronze 

Aluminum side 

Dimension in 

inches 

Dimension in 

centimeter 

L = Length 17.7165 in 45 cm 

a = Height 0.75 in 1.905 cm 

b = Width 1 in 2.54 cm 

 

3.2.3. Strain Gauges and Wheatstone bridge 

 

The strain gages could be considered as resistance that measure a mass or a force 

using an electric current. The resistance of the strain gauges changes when they are 

stretched or compressed. The strain of the strain gauges is proportional to their 

resistance (Ueidaq, 2013). Therefore, they could be used to calculate the mass of 

objects as seen in Equations 3.1 and 3.2. 
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𝐹 ~ 휀 ~ 𝑅 (3.1) 

𝑚  𝑔 ~ 휀 ~ 𝑅 (3.2) 

Where: 

F = Force 

휀 = Strain 

𝑚 = Mass 

g = Gravitational acceleration 

R = Resistance 

 

When a strain gauge (Figure 16) is stuck on an object, it will be able to measure its 

resistance which is proportional to the force acting on it (Ueidaq, 2013). 

 

 

Figure 16: Strain Gauge (Ueidaq, 2013) 

 

Strain gauges are extensometers with resistant wires. There are used to translate the 

deformation of a part into variation of electrical resistance. They consist of close turns 

and are usually made from a thin metal sheet (a few μm thick) and an electrical 

insulator, which is treated as a printed circuit board. The strain gauges allow to 

measure small deformations. 

 

However, non-extreme weights only create a small change in the resistance that is 

hard to measure. To solve this issue, four strain gauges are connected following a 

Wheatstone bridge design. A Wheatstone bridge will allow to measure the voltage 



26 
 

difference between the resistances (Ueidaq, 2013). If no force is applied, the voltage 

difference will be null.  

 

The Wheatstone bridge circuit is built with two known resistors, one unknown resistor 

and one variable resistor. The four resistances are connected in the form of bridge as 

shown in Figure 17. A Wheatstone bridge allows to easily measure the unknown 

electrical resistance which will be used to determine the force applied to the load cell. 

 

Two 24-bit SGD-7/350-DY43 strain gauges were attached to the bronze aluminum bar 

to record the deformation of the bar and therefore the stress applied on the bar. The 

strain gages were dual with a 350Ω resistance. Data sheet of the strain gauges is in 

Appendix D. 

    

The strain gauges were bought and connected to the bronze aluminum bar in the 

instrumentation laboratory at Florida Institute of Technology. The load cell was 

calibrated in the lab using known weights and recalibrated before each experiment 

after it was mounted to the boat. 
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Figure 17: Wheatstone Bridge and Load Cell circuit (Lahlou, 2018) 
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3.2.4. Load Cell Design 
 

The strain gauges from the load cell convert a change in resistance into a voltage. This 

voltage must be amplified to improve the load cell resolution. After that, it could be 

measured with an analog to digital converter of a microcontroller.  

 

The load cell was input to the HX711 amplifier and analog to digital converter (ADC). 

The 24-bit load cell amplifier provides an excitation voltage to the load cell and 

amplifies the load cell output. This was done to match the ADC in the load cell (PCB, 

2014).  

 

After that, the output data from the load cell is transferred to the Arduino UNO 

microprocessor (PCB, 2014). The attachment components were 3D printed in the 

instrumentation laboratory. The data stream generated by the microprocessor was 

transmitted to a laptop using a USB direct connection.  

 

The load cell telemetry system was equipped with a 12V, 7Amps lead acid battery. 

The battery was used to provide electricity to the ADC, the amplifier and the Arduino 

UNO microprocessor (PCB, 2014). Figures 18 and 19 are illustrations of the load cell 

measurement system. The data in the laptop was read using the CoolTerm software.   
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Figure 18: Load Cell Data Collection System (Lahlou, 2018) 
 

 

Figure 19: Load Cell Measurement system (Lahlou, 2018) 

 

The battery was used to send the excitation voltage to the load cell. The excitation 

voltage of the strain gauges was 4.36 V. Without the amplifier, the signal received was 

a 10-bit signal and has a low resolution as seen in Equation 3.3. 

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑆𝑖𝑔𝑛𝑎𝑙
=  

5 𝑉

210 𝑏𝑖𝑡𝑠 
=  

5 𝑉

1024 𝑏𝑖𝑡𝑠
= 0.00488 𝑉

𝑏𝑖𝑡⁄  
(3.3) 

 

The amplifier amplifies the signal 128 times which gives to the ADC signal a 24-bit 

resolution. Equation 3.4 shows how the resolution becomes a lot higher using the 

signal amplifier.  

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑆𝑖𝑔𝑛𝑎𝑙
=  

5 𝑉

224 𝑏𝑖𝑡𝑠 
=  

5 𝑉

16 777 216 𝑏𝑖𝑡𝑠
= 2.98  10−7  𝑉 𝑏𝑖𝑡⁄  

(3.4) 
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The amplifier makes the load cell react to very tiny changes in weights. The data sheet 

of the HX711 amplifier is available in Appendix D. 

 

Figure 20 shows all the instrumentation used in the experiment. The load cell 

electronics were put into an isolation box to protect them from the water. The bronze 

aluminum bar was attached to the front right of the boat. 

 

The load cell was mounted on the Pontoon boat using a strong metallic bar clamped on 

the right side of the boat. The load cell was calibrated after it was mounted on the 

boat. Due to slight differences in the mounting from experiment to experiment, it was 

important to recalibrate the load cell each time it is used.  

 

 

Figure 20: Load Cell Instrumentation 

 

The data collection telemetry system was connected to a computer and the data was 

recorded and saved using the CoolTerm program. CoolTerm was programed using the 

HX711 Standalone software. The load cell was mounted in the front of the boat to 

avoid interaction with the wake from the boat.  
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3.2.5. Load Cell Calibration 
 

During the setup phase at the F.I.T. anchorage, the load cell was mounted and 

calibrated using a spring. Known forces from the spring were recorded and compared 

with their arbitrary unit value from the CoolTerm software. The values were then 

plotted in Matlab. The load cell was calibrated after it was mounted. The calibration 

took the whole system into consideration which includes all the metal bars used for 

mounting and the actual load cell. Figure 21 shows the calibration curve of the load 

cell of the October 18th, 2018 deployment. Calibration was performed before every 

data collection and each time any component of the system changed. 

 

 
Figure 21: Load Cell calibration 

 

When no load was applied to the load cell, CoolTerm was reading a value of 2471029. 

This corresponds to a zero-force applied to the load cell. The other tested forces were 

ranging from three to eleven-pound force. The values were converted to Newtons 

before being plotted (Equation 3.5). The calibration curve was linear as seen in the 
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previous plot. The load cell was highly accurate and provided very effective 

measurement during the data collection. 

 

𝐹𝑜𝑟𝑐𝑒 = 𝑜𝑓𝑓𝑠𝑒𝑡 + 𝑠𝑙𝑜𝑝𝑒 (𝑏𝑖𝑡𝑠) (3.5) 

 

3.3. Star CCM simulation 

 

Star CCM+ is a two phase CFD software used to simulate the flow in three 

dimensions. In this thesis, it was used for a surfboard, trapped between two mediums. 

Those two mediums were air at the top and water at the bottom. A surfboard was 

designed in the Rhino software and simulated on Star CCM+ for different speeds. The 

objective was to see how the drag force changes for increasing velocities.  

 

The surfboard used in the computational model was a nine-foot longboard with a 

rounded nose. The board weighted six kilograms. Its center of gravity was in its 

middle. The surfboard’s CAD is shown in Figure 22. The mesh of the surfboard is 

shown in Figure 23. 

 

 

Figure 22: Surfboard in Rhino software 
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Figure 23: Surfboard Mesh 

 

3.4. Flowsquare Simulation 

 

Another CFD simulation was performed using the Flowsquare software to model the 

drag coefficient for a surfboard at different pitch angles ranging from -15 to 45 

degrees. The experiment was performed in two dimensions. The fluid density of the 

CFD experiment was 1000 kg/m3 and the velocity was 1.0 m/s. The tested surfboard 

was a nine-foot longboard. 

 

Flowsquare is also a two phase CFD software. The simulation was designed with the 

surfboard between the two fluids, water and air. 
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Chapter IV: Results 
 

4.1. Surfing Data Analysis 

 

In the first experiment at Melbourne Beach, the two Hobo sensors were measuring the 

pressure that was then converted to water depth, and accelerometers/magnetometers 

were placed on surfboards to record the movement. Seven deployments were made in 

the Spring 2018 semester. 

 

4.1.1. Hobo Data 

 

The deployment on April 25th, 2018 had the cleanest waves and resulted in the best 

recorded data set. For that specific day, the surfing occurred from 9:07 am to 10:32 

am. The pressure was plotted using Matlab as shown in Figure 24. The Hobo started 

measuring the pressure before it was put in the water and was still recording for some 

time after it was taken out of the water.  

 

The extra data was recorded when the Hobo was out of the water at sea level and was 

used to find the value of the atmospheric pressure (102 kPa). The total pressure was 

converted into depth, using Equations 4.1 and 4.2, which was used to plot a profile of 

the waves over time.  

 

𝑃 =  𝜌 𝑔 ℎ (4.1) 

ℎ = 𝑑𝑜 =  
𝑃

𝜌 𝑔
 

(4.2) 

Where: 

P   = Pressure 

h   = Height  

𝑑𝑜 = Depth of the ocean 
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Figure 24: Deep Water Data 

 

Using Matlab, the number of waves was computed by counting the number of up-

crosses in the data collected. The data was then analyzed to obtain wave heights, wave 

periods, and wave statistics were derived from the data. For both Hobos in shallow 

and deep water, and for each wave, the period, wave height, wave energy, wavelength, 

steepness, and velocity were calculated. The averages of those values were computed. 

The dispersion equation (Equation 4.3) was used to obtain the wavelength which was 

then used to derive other parameters. 

 

𝜔2 = 𝑔 𝑘 tanh(𝑘ℎ) (4.3) 

Where:  

𝜔 = Angular frequency 

k = Wave number 

h = Height 
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Every wave had a height, a velocity and a wavelength associated to it. About 670 

waves were measured using the Hobo pressure sensor. They were all plotted over time 

and a histogram was created in Matlab to visualize the distribution of the waves. The 

histogram data was fitted, and a CDF of the wave height was plotted (Figure 25). The 

data was used to obtain the statistical values of the wave height (Table 5). 

 

 

 
Figure 25: Wave Height histogram for the data collection on April 25, 2018 
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Table 5: Statistical wave heights computed on Matlab 

Height Value in meter 

𝐻𝐴𝑣𝑒  0.5133 m 

𝐻1/3 0.7763 m 

𝐻1/10 0.9829 m 

𝐻1/100 1.2954 m 

 

Looking at the graphs and the table above, the average wave height was about 0.5 

meters. The average of the one-third largest waves was over 0.77 meters 

 

4.1.2. Spectral density  

 

Spectral density is a mathematical tool for representing the different spectral 

components of a signal by performing harmonic analysis. It is used in physics, 

engineering and signal processing to helps visualize the strength of the signal at 

various frequencies. The spectral density represents the frequency distribution of the 

power of a signal according to the frequencies that composes it. 

 

The power spectral density is defined as being the square of the Fourier transform, 

divided by the spectral bandwidth, itself equal to the inverse of the integration time. 

Using a Fourier transform in Matlab, the wave spectrum was plotted. After that, a high 

pass filter and a low pass filter were applied to the data. A combined wave spectrum 

was also plotted with a bandpass filter. 

 

A raw plot of the power spectrum was plotted in Matlab. The very high energy density 

waves were the ones that were the best to be surfed. Their frequency was around 0.1 

Hz which means that their period was about 10 seconds. It is possible to see a larger 

range of waves of very high or very low frequency on the power spectrum. For this 
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signal, those waves could be considered as noise and would not represent surfable 

waves. In Matlab, a low pass and high pass filter was applied to the signal to delete all 

the unwanted waves in the data. The remaining waves were the ones with the highest 

energy and probably the ones that were surfed. Figure 26 shows the unfiltered and 

filtered wave spectrum. Figure 27 is the unfiltered wave data. Figure 28 is the filtered 

wave data. 

 

 
Figure 26: Filtered and unfiltered Power spectrum of the wave data 
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Figure 27: Filtered data 

 

 
Figure 28: Zoom in filtered data 
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Filtering the data helped to better visualize the waves. The filtered signal showed 

smoother curves that will be easier to analyze.  

 

4.1.3. Iribarren Number 

 

In fluid dynamics, the Iribarren number is a dimensionless parameter used to model 

several effects of breaking surface gravity waves on beaches and coastal structures. It 

is also known as the surf similarity parameter or breaker parameter. For instance, the 

Iribarren number is used to describe breaking wave types on beaches. Equations 4.4 

and 4.5 are used to calculate the Iribarren number (Iribarren, 1949). 

 

𝜉 =
tan (𝛼)

√
𝐻0

𝐿0

 
(4.4) 

𝐿0 =  
𝑔

2 𝜋
 𝑇2 (4.5) 

Where:  

𝜉  = Iribarren number 

𝛼  = Slope angle 

𝐻0 = Wave height 

𝐿0 = Deepwater wavelength  

T  = Period 

 

The type of breaking wave depends on the Iribarren number. The breaking wave could 

be spilling, plunging, collapsing or surging as illustrated in Figure 29 and Table 6. 

Figure 30 is a plot showing Iribarren number for each of the waves during the data 

collection. 
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Figure 29: Types of breakers (Iribarren, 1949). 

 

 
Table 6: Iribarren number and breaker type (Iribarren, 1949). 

Iribarren number Breaker type 

𝜉 > 3.3 Surging or collapsing 

0.5 < 𝜉 < 3.3 Plunging 

𝜉 < 0.5 Spilling 

 

 
Figure 30: Iribarren number of the Hobo signal 
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Most of the waves in the Hobo signal plotted in the previous figure were plunging 

waves. There were no spilling waves on the measured data. It is also noticeable that 

some of the waves were surging or collapsing.  

 

4.1.4. Surfboard Data 

 

While riding a wave, it was possible to record the slope and the steepness using the 

accelerometer/magnetometer. Most of the time, the surfer would remain on the 

steepest part of the wave which affects the energy that is supplied to him. The raw data 

of the x-y-z acceleration and roll, pitch and yaw were plotted in Matlab and shown in 

Figures 31 and 32. 

 

 
Figure 31: Acceleration data in x, y and z directions 
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Figure 32: Roll, Pitch and Yaw data 

 

The wave’s slope angle directly affects the wave height which will influence the 

potential energy. This will have a strong effect on the speed change over time as well. 

The beginning of the surf was around 09:30. It is noticeable that the acceleration is 

almost null before that time which does makes sense. The accelerations in x-y-z 

direction were integrated twice to derive the velocity and the position. It was done 

using the raw and unprocessed data from the acceleration.  

 

After that, the acceleration was filtered using a bandpass filter. The position was then 

calculated a second time by integrating the acceleration data twice. The integration 

started when the boards were on the beach and not moving. At that time, the values of 

the accelerations were all null. Doing that made the data more reliable and accurate. 

The differentiation was done on Matlab using the function “diff”. 

 

The data from the acceleration was very noisy. It was including some disturbance 

from the very small movement of the board. The board was not perfectly stable and 

there was some shaking during the rides as well as when the surfer was in static 

position, waiting for a wave. Using the high pass filter, the noise was deleted from the 
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acceleration data which was used to obtain the velocity and the position, plotted in 

Figures 33 and 34. 

 

 
Figure 33: Velocity data 

 

 
Figure 34: Filtered Position Data 

 

The velocity in the x and y direction were larger than in the z direction. It is possible 

to see a lot more movement along the x and y axis and very little movement along the 

z axis. In fact, not much movement is expected on the z axis unless the board is turned 

upside down or if the surfer was not able to properly catch a wave.  
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4.1.5 Data Analysis 

 

The data from the Hobo and Lowell instruments was used to identify and describe the 

waves surfed during the data collection as shown in the following sections. 

 

4.1.5.1. Surf Identification 

 

Comparing the wave speed with the surfer’s speed helped to identify surfs. It is 

possible to consider that the surfer was able to ride the wave if his speed is close to the 

wave’s speed. Figure 35 illustrates a surfed wave. 

 

 
Figure 35: Example of a surfed wave 

 

On the previous figure, it was possible to see a wave that was surfed. The wave was 

about 0.5 to 1 meter high. It had a ten second period. On the surfer’s speed data, it is 

possible to notice a first acceleration, probably corresponding to the paddling time. 

After that, the surfer’s speed rises again when he is surfing the wave. Finally, the surf 

ends when the speed goes back to zero. The surfer was riding the wave for about 7 to 8 

seconds and that his top speed was around 8 m/s. The average speed of that wave was 

6 m/s which is close to the surfer’s speed. 
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4.1.5.2. Dimensionless parameters 

 

Dimensionless numbers in fluid mechanics are a set of dimensionless quantities that 

have an important role in the behavior of fluids. They will be used in this experiment 

to analyze the data during the surf time. The goal was to compare the data from the 

surfer to the one from the waves. The Reynolds number and Froude number were plot 

on Matlab. Their plots are shown in Figure 36. 

 

 
Figure 36: Reynolds number and Froude number 

 

A lot of variations on the Reynolds number are noticeable on the Matlab plot. When 

the surfer is at rest, the velocity is almost null which makes the Reynolds number very 

low. On the other hand, as the surfer is riding the wave, the Reynolds number 

increases, and the flow becomes turbulent.  

 

The computation of the Reynolds number as a function of the speed for an average 

size surfboard showed that the value of the Reynolds value increases very quickly and 

exceeds the threshold of 105 very fast while riding a wave. The flow behind a 

surfboard was therefore almost always turbulent during the motion as the values of the 
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Reynolds number are very high. On the other hand, the Froude number is almost 

entirely below 1 during the surfing time which makes the flow more stable and below 

the critical threshold. 

 

4.1.5.3. Drag Coefficient 

 

From the data and using the Blasius solutions and Prandtl approximation, it was 

possible to compute the drag coefficient in both laminar and turbulent flow. The drag 

coefficient was plotted using Matlab. The value of the drag coefficient was ranging 

from 0.07 to 0.12. There was also a lot of values for the drag coefficient that were null 

on the graph. They represent the time when the surfer is in static position when there is 

no drag acting on the surfboard. From the Blasius and Prandtl equations for drag 

coefficients, the curve in Figure 37 was computed on Matlab. The drag coefficient was 

computed for each surfed wave from the velocity data. 

 

 
Figure 37: Drag coefficient from the data collection using Blasius solutions and Prandtl approximations 
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For the deployment on April 25th, 2018, as well for other deployments made in 

February and March 2018, a Matlab code was developed to compute the drag 

coefficient of surfed waves versus the speed of the surfer. The data was gathered and 

plotted all together in the previous figure. It was possible to see a trend on the values. 

The drag coefficient decreased as the surfing speed increased. The inertial forces 

started to be more important. At higher speed, the lift force is expected to be higher 

which would cause the drag to have less effects on the surfboard.  

 

4.2. Experimental Analysis using a Load Cell  

 

The second experimental analysis was done using a load cell. During the data 

collection, the Pontoon boat was towing a seven-foot shortboard, an eight-foot 

performance board, an eight-foot funboard and a nine-foot longboard. The shortboard 

and the performance board both had a pointed nose and a pinned tail while the 

funboard and the longboard had a rounded nose and a squared tail.  

 

4.2.1. Load Cell data 

 

The load cell was measuring the drag force from the surfboards. The data was 

recorded on a laptop using the CoolTerm software. The experiment was conducted in 

Crane creek. The data collection occurred in a creek because it has low amplitudes 

waves that will not interfere with the signal. The boat was going from one side of the 

creek to the other at speeds ranging from three to twelve kilometers per hour. For each 

speed measured, the helmsman was trying to keep a constant velocity in order to 

record accurate data. The weather condition was excellent during the experiment. 

There was little to no wind and wind generated waves, therefore no interference with 

the drag of the board. The drag force from the air could be considered as negligible. 

The measured drag is assumed to be due to the wetted part of the surfboard in contact 

with the water.  
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Figure 38 shows the raw force data from CoolTerm plotted on Matlab. 

 

 
Figure 38: CoolTerm Raw Data 

 

The force from CoolTerm was in arbitrary bit units. Depending on the direction from 

where the force is exerted, the force could be positive or negative relative to the zero 

force. In the collected data, the force was in the negative direction which explains why 

the value of the force in bits decreased as the actual force in newton increased. 

 

4.2.2. Drag Force 

 

The load cell was recording force data at a rate of 0.1 Hz or 10 values per second. The 

drag force was converted from bits to Newtons in Matlab. The data was filtered using 

a low pass filter to remove the oscillations caused by very small waves in the creek or 

caused by noise. The filter was a second order low pass filter with a 0.1 cut off 
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frequency. Figures 39 is the processed data on Matlab. Figure 40 represents the low 

pass filter applied to the data. Figures 41, 42, 43 and 44 are the filtered data for each 

board.  

 

 
Figure 39: CoolTerm Processed Data 
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Figure 40: Low Pass Filter  

 

 
Figure 41: Filtered data for the 7ft Short board 
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Figure 42: Filtered data for the 8ft Performance board 

 

 
Figure 43: Filtered data for the 8ft Fun board 
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Figure 44: Filtered data for the 9ft Long board 

 

After processing the data, it was possible to compare the results from CoolTerm to the 

speed data from the iPhone. Each point could be scattered with its speed. There were 

about 1300 points in the data for each surfboard. Some of the data was at transitional 

speeds and would not be taken into consideration. For some very small time sets 𝛥t, 

values of the drag forces were taken and plotted along with their corresponding 

surfboard velocities. The data was fitted, and error bars were added to the plot to 

indicate the statistical uncertainty in the reported measurements. Figures 45 shows the 

raw data of the drag force for different speeds.  
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Figure 45: Force vs Speed 

 

The data from the previous figure shows that the drag force mostly increases with 

increasing speed since the drag force is proportional to the velocity squared. Figure 46 

is the fitted curve for the nine-foot longboard. Fitted curves for the other surfboards 

were similar and are in Appendix I.  
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Figure 46: Fitted curve of Force vs Speed for the 9ft Long Board 

 

The drag force generally increases with increasing speed for all the tested surfboards. 

However, at a certain speed ranging from 1.2 to 1.6m/s, the drag force slightly 

decreases before increasing again. That happened for each of the tested surfboard at 

the transition zone between displacement and planing mode. As it will be discussed in 

the discussion chapter, displacement mode is dominated by form drag whereas planing 

mode is dominated by frictional drag. The transition between displacement and 

planing happens at a Froude number around 0.31 as it will be shown in the discussion 

chapter. 
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4.2.3. Drag Coefficient 
 

The drag coefficient was computed from the data and plotted for different Froude 

numbers in Figure 47. The drag coefficient was high at very low Froude numbers and 

quickly decreased as Froude number increased. At a Froude number close to 0.31, the 

drag coefficient started to level off and became more constant and linear. However, it 

was possible to see that the drag coefficient was at its lowest for a Froude number 

around 0.3 to 0.4. That is the Froude number corresponding to the transitional mode 

between displacement to planing. 

 

 

Figure 47: Drag coefficient vs Froude Number 

 

The main observation from the previous graph is that the drag coefficient of a 

longboard is lower than the one of a shortboard, even though a longboard has a higher 

drag force. This is explained by the fact that the shear stress for individual points 

decreased when the wetted surface area increased. The drag coefficient was then 



57 
 

lower. However, there were more individual points in the longboard which increased 

the overall drag force. The drag coefficient depends on the drag force divided by the 

area. Equations 4.6 shows that the local frictional drag coefficient Cf(x) is related to 

shear stress (Jones, 2016). The frictional drag coefficient should increase with 

increasing shear stress. This explains why the drag coefficient of the longboard was 

lower. 

 

𝐶𝑓(𝑥) =  
𝐹𝑓  (𝑥)

1
2  𝐴 𝜌 𝑢∞

2
=  (

1

2
 𝜌 𝑢∞

2  𝐴)−1 𝜏𝑤(𝑥) 
(4.6) 

 

Where: 

𝐶𝑓 = Frictional drag coefficient 

𝐹𝑓 = Frictional drag force 

 

The experimental results showed that the drag coefficient obtained from the physical 

model is lower than the theoretical one. This is due to the fact that theoretical solutions 

for drag coefficient only accounts frictional drag whereas experimental model includes 

both frictional and form drag. 

 

4.2.4. Magnetometer data and Pitch Angle 

 

An iPhone was also attached to the surfboard and used to record the roll, pitch and 

yaw angles of the board. The iPhone was recording roll, pitch and yaw angles at a rate 

of 1 Hz. For this experiment, the interest went to the pitch angle since it could be 

correlated to the planing speed. There was a localized positive gaussian curvature in 

planing mode that should be reflected by an increase of pitch angle during that phase. 

The data from the iPhone was used to plot the pitch angle for different speeds as seen 

in Figure 48. 
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Figure 48: Pitch angle over time for each of the four surfboards 

 

During the static phase, the pitch angle was around two degrees which is mainly due 

to the curvature of the surfboard. The surfboard was not really experiencing lift when 

there was no motion. It was possible to see a peak of the pitch angle at a speed around 

1.5 m/s. That speed is hull speed and is where planing mode starts. The shortest 

surfboards would attain hull speed earlier than the longer ones. When the velocity 

becomes higher than hull speed, the surfboard starts planing and its pitch angle slowly 

decreases. 

 

The surfboard advances through the surface of the water by pushing the water to the 

sides and towards the bottom. The displaced water tends to want to come back into 

place. This phenomenon creates a wave that extends into the hull alignment as the 

surfboard accelerates. This is called a displacement hull condition because the board 

moves the water in its path.  
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There is a limit speed for each given hull length, corresponding to the moment when 

the trough of the wave reaches the rear of the surfboard. Beyond that speed, the back 

of the board sinks into this hollow and the front goes on the wave. Increasing the 

speed would require a very large amount of energy so that the surfboard is able to 

climb on its bow wave. At that moment, the surfboard is experiencing a lot of lift and 

the pitch angle becomes small again. Figure 49 is a plot of the pitch angle at different 

speeds for each of the four tested surfboards. 

 

 
Figure 49: Pitch Angle vs Speed 

 

The pitch angle is very small at low speeds and quickly increases when the speed 

increases. The pitch angle reaches a peak and then starts decreasing. The peak of the 

pitch angle corresponds to the transition between displacement and planing modes. 

For the tested surfboards, that transition happens at a speed around 1.2 to 1.6m/s. The 

shorter surfboard attained planing mode at lower speed. This is due to their smaller 

wetted surface area. The bow wave created by a shorter surfboard attains the center of 
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the board at lower speed. At that time, the surfboard starts tipping backwards to climb 

on the bow wave and transitions to planing mode.  

 

Table 7 shows the different phases of a surfboard with different values of the speed. 

 
Table 7: Surfboard phases for different speeds 

Photo 

 

Mode Comments 

 

 
 

 

Displacement 

mode 

Fr < 0.31 

Pitch ≈ 2-4° 

 

Very low speed. 

Minimum wake and 

resistance. 

Form drag dominates. 

 

 
 

 

Transitional 

mode 

Fr ≈ 0.31 

Pitch ≈ 5-9° 

 

 

High pitch angle. 

Maximum wake and 

resistance. 

 

 
 

 

Planing mode 

Fr > 0.31 

Pitch ≈ 4-6° 

 

High speed. 

Less wake and resistance 

than transitional mode but 

more than displacement. 

Frictional drag dominates. 
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4.3. Star CCM+ simulation 
 

 

The simulation on Star CCM+ was used to obtain values of the drag force for a 9ft 

longboard at 1.5, 2.5 and 3.5m/s. Figure 50 shows the simulation at 3.5m/s. The other 

simulations screenshots are in Appendix K. This CFD simulation helped to show how 

the drag force increases when the velocity is higher. The surfboard experienced more 

shear stress which increased the drag.  

 

The simulation was performed in calm water. There was less drag from encountering 

waves, but there were still waves generated by the board moving through the water, 

hence wave making drag. 

 

 
Figure 50: Surfboard simulation in Star CCM+ at 3.5m/s 
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4.3.1. Drag Force 
 

The main goal of this computational analysis was to compare the drag from the CFD 

model to the experimental results. Comparison of the data will be done in the 

discussion section. Figure 51 shows the computational results as a plot of force for 

different speeds. 

 

 
Figure 51: Drag Force vs Speed 

 

The net drag force increased in the simulation for increasing speed. It makes sense 

because the drag force is proportional to the velocity squared. There was no additional 

resistance caused by waves and wind because the simulation was in calm water. 

However, the computational value of the drag force is still very close to the 

experimental data. The experimental data collection with the load cell was not 

performed in perfectly calm water but the experiment was done in a creek. There were 

very little number of waves that would impact the data and their amplitude was very 

small. Also, the data collection occurred in days where there was almost no wind. 
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Therefore, it is possible to consider that the experimental data almost took place in 

very calm water. 

 

The pressure curve from the CFD computation was a straight increasing line whereas 

the shear curve slowed down at high speeds. Nevertheless, there were only three 

points on the plot. The simulation was only performed at three speeds. Having only 

three points from the CFD data didn’t allow to see the boundary between displacement 

and planing mode. However, computing the drag coefficient from the drag force 

allowed to make further conclusion on the data. 

 

4.3.2. Drag Coefficient  

 

The drag coefficient from the CFD model was plotted on Matlab from the drag force 

data. Figure 52 shows the plot of the drag coefficient for different Froude numbers 

 

 
Figure 52: Drag coefficient vs Froude number 
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The curve from the figure above shows that the drag coefficient starts very high and 

decreases until a Froude number around 0.3 to 0.35. Passed that, the drag coefficient is 

relatively constant, and its value is around 0.03 to 0.04. It is possible to notice that the 

drag coefficient is decreasing with increasing Froude number while in displacement 

mode. However, when the surfboard is in planing mode, at a Froude number around 

0.31, the value of the drag coefficient becomes more constant and stable. 

 

The plot of the drag coefficient looks very similar to the one from the experimental 

part. The numbers are even closer when we compare the drag coefficient from the 

CFD computation to the experimental results for the nine-foot surfboard. The CFD 

computation was performed for a nine-foot longboard that is very similar to the 

experimentally tested one.  

 

4.4. Flowsquare simulation 
 

Flowsquare was used to simulate the flow around an eight-foot surfboard for angles of 

attack ranging from -15 to 45 degrees. Screenshots from the simulation are in Figures 

53, 54 and 55. 

 
Figure 53: Velocity CFD for a surfboard with an angle of attack of -15 degrees on Flowsquare 
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Figure 54: Velocity CFD for a surfboard with an angle of attack of 0 degrees on Flowsquare 

 

 

 
Figure 55: Velocity CFD for a surfboard with an angle of attack of 45 degrees on Flowsquare 

 

The figures above show how the moving flow behaves around a surfboard for different 

pitch angles. The resistance, and therefore the drag force increases as the pitch angle 

becomes far from zero. 

 

Using the results from Flowsquare, it was possible to obtain values of the drag 

coefficient for different pitch angles. The resulting curve was plotted on Matlab and is 

shown in Figure 56.  
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Figure 56: Drag Force at 1m/s for a surfboard from Flowsquare 

 

The figure above shows that the drag coefficient is always positive for every pitch 

angle. The value of the drag coefficient is at its lowest and becomes very close to zero 

when the pitch angle is null. On the other hand, the drag coefficient increases as the 

pitch angle increases. The same happens for negative pitch angles, as the drag 

coefficient increases when the pitch angle decreases. The results from Flowsquare will 

be used in the discussion section to be compared with the experimental results. 
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Chapter V: Discussion 
 

5.1. Theoretical and Surfing data analysis 

 

In the surfing data analysis, a curve for the drag coefficient was computed using the 

collected data with the Hobo and Lowell instruments. The shape of that curve was 

very similar to the theoretical plot of the drag coefficient for a flat plate using Prandtl 

and Blasius equations as shown in Figure 57. However, the theoretical drag coefficient 

was lower than the experimental one.  

 

 
Figure 57: Comparison of Drag coefficient for a flat plate and a surfboard 

 

The theoretical analysis was performed for a flat plate which does not have any bends 

and does not pitch with increasing velocity. A horizontal flat plate only produces 

frictional drag. A surfboard produces both form and friction drag which explains the 

higher values in the experimental data. 
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The collected data was used to calculate values for the drag coefficient as well as other 

dimensionless values. Dimensionless parameters were obtained from the Hobo 

pressure sensor and the Lowell accelerometer/magnetometer to relate incoming waves 

to the movement of the surfboard. Apart from the drag coefficient, the surfing data 

analysis helped to derive values of the Reynolds and Froude numbers to understand 

the behavior of the flow. When the surfboard was not static, the value of the Reynolds 

number always indicated that the flow behind the surfboard was turbulent. On the 

other hand, looking at the values from the Froude number, the flow was mostly 

subcritical. An Iribarren number was also attributed to each wave to describe how they 

break. Most of the waves during the data collection were plunging. Moreover, it was 

possible to identify surfs and waves that were ridden when comparing the wave speed 

with the surfer’s speed. A surfed wave was recognized when the wave’s velocity was 

similar to the surfer’s speed. 

 

5.2. Experimental Analysis using a Load Cell 
 

The second experiment was done by towing surfboards on the side of a boat using a 

load cell. The data collection confirmed that a larger surfboard would produce more 

drag force. It was also possible to notice that components of the surfboard such as the 

tail have effects on the hydrodynamics. A surfboard with a pointed nose or a pinned 

tail would produce less drag than one with a rounded nose and a squared tail. The 

reduced wetted surface area will help to decrease the drag force acting on the 

surfboard. On the other hand, a rounded nose and squared tail increase the board’s 

buoyancy and stability. Nevertheless, the nose of the surfboard was out of the water 

during the data collection. The difference in drag is therefore more linked to the shape 

of the tail which was underwater during the deployment.  
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The drag force increases with increasing speed. In fact, drag force is proportional to 

velocity squared. It was possible to see that the curve started to level off around the 

hull speed. From a certain speed, which depends on the hull speed, the surfboard was 

lifting its nose to climb on its bow wave. This signified the end of the displacement 

mode. It was also a transitional regime where the drag force increased, and the pitch 

angle was high. When the velocity increased more, the surfboard changed its 

hydrodynamic flow mode and climbed the bow wave. At that time, there was less 

stress exerted on the surfboard. The surfboard was lifted which reduced the drag force 

acting on it. Nevertheless, the drag increased again for higher speeds. In summary, at 

low speeds, the surfboards were in displacement mode where they were pushing water 

aside. Most of the drag force was form drag. When the speed got higher, the 

surfboards transitioned to planing mode and the drag become mainly frictional.  

 

The following curves are plots of the force for different Froude number. The Froude 

number is used to determine the resistance of a partially submerged object moving 

through water. Plotting the force against Froude number instead of speed allows the 

comparison of objects of different sizes. In other words, two similarly shaped 

surfboards should theoretically produce the same amount of form drag at the same 

Froude number even if their sizes are different. When plotting against the Froude 

number, only the differences in shape matters. It is a more efficient way to analyze the 

data and make the experiment reproduceable because it generalizes the results based 

on size and dimensions. Figure 58 is a plot of the drag force for different Froude 

numbers for each one of the four tested surfboards. Figure 59 shows the pitch angle 

for different Froude numbers. The transition between displacement and planning 

occurred at a Froude number around 0.31. 
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Figure 58: Drag Force vs Froude Number 

 

 
Figure 59: Pitch Angle vs Froude Number 
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The two figures above show that the drag force is closely related to the pitch angle. In 

fact, it looks like localized positive gaussian curvature in the force curve happens at 

the same Froude number as the maximum pitch angle. Figure 60 shows graphs of the 

force and the pitch angle for different Froude numbers for the nine-foot longboard. 

Similar curves were obtained for the other boards and can be seen in Appendix J.  

 

 
Figure 60: Force and Pitch angles vs Froude number for the 9ft Longboard 

 

In the previous figure, the drag force increased with increasing Froude number. At the 

transition zone between displacement and planing, the force slightly decreases before 

it starts increasing again. The pitch angle increases until it reaches a critical value and 

then starts to decrease again. The localized positive gaussian curvature from the force 

curve occurred at the same Froude number as the peak in the pitch angle curve. This 

happens at the transition zone where the board is experiencing maximum resistance. 

At that time, the board is also displaying a high amount of wake and its pitch angle is 

at a maximum. 



72 
 

 

During the displacement mode at low speed, the surfboard creates very little wake and 

the bow wave is small. The surfboard pushes water aside and the drag force is 

dominated by the form drag. The transition mode when the surfboard is pitched the 

most is when most of the wake is created. Finally, when the surfboard attains planing 

speed, the wake is diminished but still higher than in the displacement mode. In 

planing mode, most of the drag is skin and frictional drag.  

 

Form drag is mainly due to the shape of the surfboard. The frictional drag is due to the 

tangential forces because of the roughness of the board and the viscosity of the water. 

The skin friction drag could be calculated using the Blasius and Prandtl equations. 

Figure 61 shows the total drag force and the skin friction drag force for the nine-foot 

longboard. 

  

The total drag force is the sum of frictional and form drag. The frictional drag 

characteristic area is the wetted surface area. On the other hand, the characteristic area 

of the form drag is the frontal area which is perpendicular to the flow. 

 

Curves for the other surfboards were similar and are shown in Appendix J. Figure 62 

shows the proportion of frictional and form drag for low and high Froude numbers for 

the nine-foot surfboard.  
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Figure 61: Break down of the forces for the 9ft Longboard 

 

 
Figure 62: Frictional and Form drag at low and high Froude numbers 

 

In the displacement mode when the Froude number is under 0.31, the frictional drag is 

small compared to the form drag. On the other hand, for higher Froude numbers, the 

skin friction drag dominates and represent the largest part of the total drag force. In 

displacement mode, form drag is the main component of the total drag force. In 

planing mode, most of the drag is frictional. 
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Subtracting frictional drag from the total drag, the form drag was computed and 

plotted on Matlab. Figure 63 shows the total, frictional and form drag for the nine-foot 

longboard. Figure 64 is the form drag plot for the four tester surfboards. 

 

 
Figure 63: Total, Frictional and Form drag for the 9ft longboard 
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Figure 64: Form Drag vs Froude Number 

 

The form drag is the component of the drag force that depends on the shape of the 

object. It is possible to notice the displacement and planing regimes in the curves. 

However, the main result from the previous curve was that the shape of the surfboards 

affects the magnitude of the form drag. Looking at the previous figure, the form drag 

is lower for the shortboard and the performance board and higher for the funboard and 

the longboard. It is possible to see a gap between the curves as the surfboards with 

pinned tails have lower form drag values. Different shapes of surfboards are grouped 

together. Because the nose was not touching the water during the experiment, it is 

possible to associate the difference in form drag to the shape of the tail. The upper 

curves are the ones for surfboards with squared tail whereas the lower curves represent 

the surfboards with pinned tails. Figure 65 illustrates the flow around a surfboard with 

pinned tail and one with squared tail.  

 



76 
 

 
Figure 65: Flow around two different surfboards (Lahlou, 2018) 

 

During the data collection, the nose of the surfboards was always out of the water. On 

the other hand, the tail was underwater. It was noticeable from the data that the 

surfboards with pinned tail had lower form drag. In the image above, streamlines were 

drawn around two surfboards: one with a pinned tail and one with a squared tail. The 

shape of the two surfboards in the figure above are the same as the tested surfboards. 

The image illustrates that the flow behind a surfboard with squared tail is more 

turbulent and that more wake is produced. That is due to the high amount of form drag 

acting due to the shape of the tail. 

 

The surfboards with pointed nose and pinned tail are more hydrodynamic. They have 

better water penetration and allow a surfer to make sharper turns. They have better 

maneuverability and can attain higher speeds. On the other hand, surfboards with 

rounded nose and tail have higher form drag. Those surfboards are slower and harder 

to turn. Nevertheless, they catch more of the wave energy, are more stable and have 

greater buoyancy.  

 

The drag coefficient was computed from the data and plotted for different speeds. The 

obtained curve was very similar to the surfing data analysis. The drag coefficient was 
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in the order of 10-1 / 10-2 and was decreasing as the speed increased. This result could 

be explained by the added lift which decreased the shear stress. At higher Froude 

numbers, the surfboard transitions into planing mode and the drag coefficient is 

around 0.04 to 0.06. The drag coefficient was lower for the longest surfboard because 

of the higher wetted surface area. A longboard also has a higher Reynolds number 

because its wetted surface area is bigger. The drag coefficient decreases with 

increasing Reynolds number. The drag force is due to the pressure and shear forces 

acting on the surface of the object. A longboard experiences less shear stress at 

individual points but has a higher area and therefore more individual points. This 

explains why the drag coefficient of a larger surfboard is lower even though it is 

experiencing more drag force. The tangential shear stresses acting on the surfboard 

produces frictional drag. Frictional drag dominates the flow in planing mode. 

 

5.3. Experimental and Computational data comparison 

 

The computational modeling experiments were done to compare the physical models 

to CFD computations. Using the values of the drag force from Star CCM+, the drag 

coefficient was derived. The drag coefficient was very high for low Froude number. 

The drag coefficient decreased for increasing Froude numbers in the displacement 

mode at Froude numbers lower than 0.31.  For Froude number higher than 0.31, the 

drag coefficient was more constant and had a value around 0.04. The experimental 

curves of the drag coefficient from the load cell experiment were plotted next to the 

CFD curve in Figure 66.  
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Figure 66: Experimental and CFD comparison of Drag coefficient vs Froude Number 

 

The shapes of the curves were very similar as the drag coefficient started very high 

and then decreased. The results obtained experimentally and computationally were 

very close and confirmed each other. The drag coefficient in displacement mode 

decreases with increasing Froude number. In planing mode, for higher Froude 

numbers, the drag coefficient is more stable and ranges from 0.035 for the longboard 

to 0.055 for the shortboard. 

 

The Flowsquare CFD computation provided values for the drag coefficient at different 

pitch angles which were used as a comparison to the experimental results. In Figure 67 

and Table 8, the drag coefficient for specific pitch angles in the experimental analysis 

was compared to the curve of the drag coefficient from Flowsquare. 
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Figure 67: Comparison of the experimental data with the Flowsquare CFD data 

 

Table 8: Experimental and CFD single point comparison 

 Short board 

(7ft) 

Performance 

board (8ft) 

Fun board 

(8ft) 

Long board 

(8ft) 

Pitch angle at Fr = 0.22 4.8 5.7 5.8 4.1 

Experimental Cd 0.074 0.071 0.067 0.058 

Computational Cd 0.068 0.073 0.073 0.062 

Percentage difference  9.1% 2.8% 8.9% 6.8% 

 

The data was compared for a Froude number of 0.22. It is the Froude number at which 

the CFD model was run. The results from the experimental model agreed with the 

computational data. For example, in the experimental model, at a Froude number of 

0.22, the pitch angle of the longboard was about 4.1 and the drag coefficient was about 

0.058. In the CFD computation, the drag coefficient at a 4.1 degree angle of attack was 

about 0.062. The results were very similar for all the surfboards and the percentage 

difference ranged from 2.8% to 9.1%. 
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Chapter VI: Conclusion 
  

This thesis examined the hydrodynamic resistance of a surfboard theoretically, 

experimentally, and computationally. The resulting three analyses produced results of 

similar magnitude. Nevertheless, the theoretical drag coefficient for a flat plate from 

Blasius and Prandtl solutions represents the lower limit since the theoretical analysis 

only takes frictional drag into account. Experimental and computational results will be 

larger due to the presence of both frictional and form drag. 

 

At low pitch angles, the drag force of a surfboard is on the order of 10-2 to 10-1. A 

longboard has a higher drag force but lower drag coefficient. At surfing speeds, the 

drag coefficient ranged from 0.035 for the longboard to 0.055 for the shortboard. This 

is due to decreased shear stress at individual points, which lowers the drag coefficient 

of a longboard. Nevertheless, the increased number of individual points lead to a 

higher overall drag force. 

 

Improving the design of surfboards is closely linked to the drag force and requires a 

tradeoff between buoyancy and mobility. Increasing a surfboard’s wetted area helps to 

catch more wave energy and increases the board’s floatability. However, this also 

increases the acting drag force that tends to slow down the surfer. Higher drag also 

leads to increased instability at high speeds. To improve the surfboard’s 

maneuverability, a surfer will tend to reduce the surfboard area to decrease the drag 

force and advance his performance.  

 

While riding a wave, the surfboard is usually slightly pitched up which makes most of 

the drag created around the tail. A squared tail would produce more flow separation 

behind the surfboard and increase the pressure and form drag. On the other hand, a 
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pinned tail diminishes the buoyancy of the surfboard but decreases the form drag and 

allows more maneuverability. 

 

When the speed increases, a surfboard transitions from displacement mode, dominated 

by form drag, to planing mode, dominated by frictional drag. The transition occurs at a 

Froude number of approximately 0.31. A larger board attains planing mode at higher 

speeds and would be subject to more wave making drag. In the experimental data, the 

short board transitioned to planing mode at 1.2 m/s whereas the longboard transitioned 

at 1.6 m/s.  

 

Specific parts of the board such as the nose or the tail also affect the forces acting on 

the board. A rounded nose and tail would increase the wetted surface area, help the 

surfer float, and catch smaller waves. However, when becoming more experienced, a 

surfer would tend to choose a surfboard with a pointed nose and a pinned tail. Those 

surfboards produce less form drag. It would make the surfboard less stable but will 

decrease the total drag force. Those surfboards will allow the surfer to make sharper 

turns and attain higher speeds while surfing. 
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Appendices 
 

Appendix A: Theoretical Drag analysis for a flat plate 
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Appendix B: Instrumentation calibration and preparation 

 

B.1. Hobo Pressure Gauge Instrument preparation and calibration 

 

HOBO onset, Water Level Logger, U20-001-010Ti 

Accuracy: 

• Specified Absolute Pressure Accuracy:  

o Typical: +/- 0.1 % = +/- 0.21 kPa = +/- 0.03 psi 

o Maximum: +/- 0.3 % = +/- 0.62 kPa = +/- 0.09 psi  

Source: https://www.onsetcomp.com/products/data-loggers/u20-001-04  

 

Preparation and calibration: 

• Open the Hobo software on a computer. 

• Remove Hobo end-cap and place in data transfer shuttle to check that 

communication is good. 

• Configure Hobo to start recording continuously at a frequency of 1 Hz. 

• Place Hobo in known depth (such as pool, bucket of water…) for at least one 

minute. 

• Remove Hobo from water and retrieve data via transfer shuttle. 

• Compare recorded pressure to expected pressure. Recorded pressure is from 

the Hobo. Known pressure is derived from the hydrostatic equation because 

the water depth is known.  

• If discrepancy, record in notes for error correction to data. 

• Synchronize time with computer time. 

o Start time = Agreed upon meeting time. 

o End time = At least four hours after meeting time. 

• Set up gauges for delayed start data collection on the agreed time upon 

deployment date. 

 

 

 



93 
 

B.2. Hobo calibration certificate 
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B.3. Lowell Accelerometers/Magnetometer preparation and calibration 

 

Lowell Instruments LLC, MAT-1 Data Logger 

Accuracy: 

• Accelerometer: +/- 1° 

• Magnetometer: +/- 2° 

• Thermometer: +/- 0.1°C 

Source: https://lowellinstruments.com/download_files/MAT-1_Data_Sheet.pdf 

 

Preparation and calibration: 

• Open Lowell software (Mat Data Logger) on a computer. 

• Connect Lowell via USB into computer 

• Have the Lowell software locate which port the device is connected to. 

• Set the Lowell software to record at 16 or 32 Hz in continuous mode and not 

burst mode. 

• Check that the software model responds as expected to movement of 

accelerometer. 

• Synchronize time with computer and set up start and end time as for Hobo 

instrument. 

• Save the configuration file in the software. 
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B.4. Lowell data sheet 
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B.5. iPhone preparation and calibration 

 

Preparation: 

• Make sure necessary apps are functional and up to date. 

• Check analog compass readings compared to iPhone app compass readings. 

• Check that the sensor records known parameters as expected. 

• If discrepancy, record in notes for error correction to data. 

• Make sure iPhone are charged. 

• Check waterproof phone cases and make sure they don’t allow water intrusion. 

 

Calibration: 

• Accelerometer: Compare iPhone speed to known speed. 

o Car was driven at known speeds ranging from 5km/h to 40 km/h. 

o Car speed was compared to iPhone speed. 

o Results were matching and maximum percentage error was 4.1% 

• Roll, pitch and yaw sensor: Compare iPhone angle to angle from a compass  

o Hold the iPhone at an angle and compare to a compass 

o Results were matching and maximum percentage error was 2.2% 

 

iPhone Core Motion information:  

Process accelerometer, gyroscope, pedometer, and environment-related events: 

https://developer.apple.com/documentation/coremotion 
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Appendix C: Surfing data analysis  
 

C.1. Deployment statistics 
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C.2. Raw data 
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C.3. High pass and low pass filters 
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C.4. Data analysis curves 
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Appendix D: Load Cell design 

 

D.1. Metal bar dimensions calculation 

 

 

𝐸 =  
𝜎

휀
  

𝜎 = 𝐸 . 휀  

Where  

E = Modulus of elasticity 

𝜎 = Stress 

휀 = Strain 

 

휀 =  10−3 

𝐸𝐴𝑙 𝑇6061𝑇6 = 68.9 𝐺𝑃𝑎 

𝜎 = 𝐸 . 휀 = 68.9 𝐺𝑃𝑎 .  10−3 = 68.9 𝑀𝑃𝑎 

 

 

 

𝜎 = 𝑀 .
𝑦

𝐼
 

𝐼 =
1

12
 . 𝑏 . 𝑎3 

𝑦 =
𝑎

2
 

𝑀 = 𝐿 . 𝑃 

𝑃𝑀𝑎𝑥 =  𝑃𝑀𝑎𝑥 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑  . 𝐹. 𝑆. = 50𝑁 . 3 = 150 𝑁 
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Where  

L     = Length of the bar  

a      = Height of the bar  

b      = Width of the bar 

M    = Moment  

I      = Moment of Inertia 

P     = Load 

PMax = Maximum Load 

F.S. = Factor of safety 

 

Using the above formula, we can derive the stress on the Load Cell 

 

𝜎 = 𝑀 .
𝑦

𝐼
= 𝑀 

𝑎
2

 

1
12  .  𝑏 . 𝑎3

=
𝑀

1
6  .  𝑏 .  𝑎2

 

 

𝜎 =  
6 . 𝑀

𝑏 .  𝑎2
=

6 . 𝐿 . 𝑃

𝑏 .  𝑎2
 

𝑏 .  𝑎2 =  
6 . 𝐿 . 𝑃

𝜎
 

𝑎 =  √
6 . 𝑃 . 𝐿

𝜎 . 𝑏
 

 

 

The length of the Load Cell was be 50cm but 5cm were saved to fix the strain gauges. 

Therefore, L was set to be 45cm. 

 

L = 45cm = 0.45m = 19.68in 
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P = 150N = 33.72lb force 

𝜎 = 68.9MPa = 107 psi 

 

There are many possible values of a and b that could be use. The height b was taken to 

be 2.54cm. Using the formula above, the width a was calculated to be 1.52cm 

 

a = 1.52cm = 0.5984in 

b = 2.54cm = 1in 

 

 

 

The calculations were done one more time backwards to make sure that the results 

were right. The Bronze Aluminum bar that was bought had a width of 3/4’’ and a 

height of 1’’ 

 

𝑃 =  
𝑎2 .  𝑏 .  𝜎

6 .  𝐿
= 150𝑁 

𝑃𝑁 =  
(0.01905𝑚)2 .  (0.0254𝑚) .  (68.9 . 106)

6 .  (0.45𝑚)
= 235.22𝑁 

 

PN being very close to P, the Bronze Aluminum bar bought did not need to be 

machined so it was kept as it was and the strain gauges were attached to it.  
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D.2. Strain gauges data sheet  

24-bit SGD-7/350-DY43 strain gauges (omega.com) 
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D.3. Amplifier data sheet  

HX711 amplifier (sparkfun.com)
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D.4. Microprocessor data sheet 

Arduino UNO microprocessor (octopart.com) 
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Appendix E: Photos and dimensions of the tested surfboards 

 

E.1. Surfboards 

7ft Short Board  

    

 

8ft Performance Board 
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8ft Fun Board 

    

 

9ft Long Board 
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E.2. Surfboards dimensions 

 

 7’ shortboard 8’ performance 

board 

8’ fun board 9’ longboard 

Simple 

Drawing 

    

Length 2.3 meters 2.6 meters 2.6 meters 2.9 meters 

Width 0.52 meters 0.54 meters 0.57 meters 0.59 meters 

Material Polyurethane Polyurethane Polyurethane Polyurethane 

Mass 6.0 kg 6.8 kg 7.7 kg 8.6 kg 

Tail type Pinned Pinned Squared Squared 

Tail width ≈ 0  ≈ 0  19 cm 19 cm 

Nose type Pointed Pointed Rounded Rounded 

Manufacturer George 

Robinson 

George 

Robinson 

George 

Robinson 

George 

Robinson 
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Appendix F: Experiment screenshots 

F.1. Short Board experiment 

 

v ≈ 0 km/h 

 
 

v ≈ 2 km/h 

 

v ≈ 3 km/h 

 
 

v ≈ 4 km/h 

 

v ≈ 5 km/h 

 
 

v ≈ 6 km/h 

 

v ≈ 8 km/h 

 

v ≈ 10 km/h 
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F.2. Performance Board experiment 

 

v ≈ 0 km/h 

 
 

v ≈ 2 km/h 

 

v ≈ 3 km/h 

 
 

v ≈ 4 km/h 

 

v ≈ 5 km/h 

 
 

v ≈ 6 km/h 

 

v ≈ 8 km/h 

 
 

v ≈ 10 km/h 
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F.3. Fun Board experiment 

 

v ≈ 0 km/h 

 
 

v ≈ 2 km/h 

 

v ≈ 3 km/h 

 
 

v ≈ 4 km/h 

 

v ≈ 5 km/h 

 
 

v ≈ 6 km/h 

 

v ≈ 8 km/h 

 
 

v ≈ 10 km/h 
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F.4. Long Board experiment 

 

v ≈ 0 km/h 

 
 

v ≈ 2 km/h 

 

v ≈ 3 km/h 

 
 

v ≈ 4 km/h 

 

v ≈ 5 km/h 

 
 

v ≈ 6 km/h 

 

v ≈ 8 km/h 

 
 

v ≈ 10 km/h 
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Appendix G: Raw data from previous experiments using the Load Cell 
 

 



122 
 

 



123 
 

 

 



124 
 

 

 



125 
 

Appendix H: Raw data of force and pitch vs speed 
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Appendix I: Fitted curves of drag force vs speed for the tested surfboards 
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Appendix J: Drag force analysis 

J.1. Drag force and pitch angle for different Froude numbers 
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J.2. Total and frictional drag 
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Appendix K: CFD screenshots from Star CCM+ 
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 v = 1.5m/s 

 v = 2.5 m/s 

 v = 3.5 m/s 

Appendix L: CFD screenshots from Flowsquare 
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L.1. CFD for different shapes 
 

 

 

 



134 
 

 

L.2. CFD for different pitch angles 
 

 
 

 
 

 
 


