
 
 

ABSTRACT 

HEINZEN, STEARNS BEAMON. Development of a Passively Varying Pitch Propeller. 
(Under the direction of Dr. Charles E. Hall, Jr.) 

Small general aviation aircraft and unmanned aerial systems are often equipped with 

sophisticated navigation, control, and other avionics, but retain propulsion systems consisting 

of retrofitted radio control and ultralight equipment. Consequently, new high performance 

airframes often rely on relatively primitive propulsive technology. This trend is beginning to 

shift with recent advances in small turboprop engines, fuel injected reciprocating engines, and 

improved electric technologies. Although these systems are technologically advanced, they are 

often paired with standard fixed pitch propellers. To fully realize the potential of these aircraft 

and the new generation of engines, small propellers which can efficiently transmit power over 

wide flight envelopes and a variety of power settings must be developed. 

This work demonstrates a propeller which passively adjusts to incoming airflow at a 

low penalty to aircraft weight and complexity.  This allows the propeller to operate in an 

efficient configuration over a wide flight envelope, and can prevent blade stall in low-velocity / 

highly-loaded thrust cases and over-speeding at high flight speeds. The propeller incorporates 

blades which pivot freely on a radial axis and are  

aerodynamically tailored to attain and maintain a pitch angle yielding favorable local 

blade angles of attack, matched to changing inflow conditions. This blade angle is achieved 

through the use of reflexed airfoils designed for a positive pitching moment, comparable to 

those used on many tailless flying wings. By setting the axis of rotation at a point forward of the 

blade aerodynamic center, the blades will naturally adjust to a predetermined positive lift ‘trim’ 

condition.  Then, as inflow conditions change, the blade angle will automatically pivot to 

maintain the same angle with respect to incoming air. 



 
 
 
 

Computational, wind tunnel, and flight test results indicate that the extent of efficient 

propeller operation can be increased dramatically as compared to the fixed pitch propellers 

currently used on most light aircraft and small unmanned systems, making significant 

improvements in aircraft performance possible.  These improvements may yield aircraft with 

reduced takeoff distances, improved climb rates, increased range and endurance, and higher 

top speeds, without sacrificing on-design performance.  
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Chapter 1           

Introduction 

The process of matching a fixed pitch propeller to a given engine/airframe combination 

is an exercise in compromise.  A pilot desiring climb performance must reduce the pitch of his 

propeller, improving efficiencies at low advance ratios at a cost to high speed performance.  

Conversely, tailoring for cruise performance will negatively impact field performance.  On many 

aircraft this issue is mitigated by propellers with in-flight variable pitch blades.  For those 

aircraft too small to support the weight and complexity of a variable pitch propeller, such as 

ultra lights and many unmanned systems, or not allowed the use of a constant-speed variable 

pitch propeller, such as light sport aircraft, performance consequences must be accepted.   

In the past decade the flight hours flown by unmanned aerial systems (UAS) in the 

military arena have grown at an unprecedented rate1; the next decade will see a similar pattern 

in the civilian realm.  Like small general aviation aircraft, small UASs fall into a category where 

navigation, control, and many avionics systems have become increasingly sophisticated.  

Despite advancements elsewhere, propulsion systems lag, largely utilizing retrofitted R/C and 

ultralight equipment.  Consequently, new high performance airframes often rely on relatively 

primitive propulsive technology.  This trend is beginning to shift with recent advances in small 

turboshaft engines, fuel injected reciprocating engines, and improved electric technologies.  

Although these systems are technologically advanced, they are often paired with standard type 

fixed pitch propellers.  To fully realize the potential of these aircraft and the new generation of 

engines, propellers which can efficiently transmit power over wide flight envelopes and a 

variety of power settings must be developed. 
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While the earliest propellers were of the fixed pitch configuration, the potential benefit 

of a variable pitch propeller was realized conceptually, if not in practice, by M. Crocé-Pinelli and 

others more than thirty years before the Wright brothers’ first flight at Kitty Hawk2.  Variable 

pitch propellers implemented in the 1930’s yielded improvements to short field performance, 

flight speeds, and altitudes, and resulted in the presentation of the 1933 Collier Trophy to 

Hamilton Standard, “with particular credit to Frank Walker Caldwell, chief engineer, for the 

development and demonstration of a controllable pitch propeller now in general use.” 3,4  

Currently, variable pitch propellers are used on most high performance reciprocating and 

turboshaft aircraft, allowing the propeller to produce efficient power over the entire flight 

envelope.   

The potential performance benefit of a propeller which adjusts to changing inflow 

conditions depends largely on the type of mission the vehicle in question will fly.  The wider the 

typical flight envelope, the more potential benefit exists.  An extreme is represented by a future 

military mission for a bird-sized propeller-driven UAS.  Mission phases could include low-speed 

or hovering launch, rapid transit to a location of interest where the UAS could circle slowly to 

surveil or perch on an available surface or power line.  In the course of tracking an object or 

person, the UAS may repeat several cycles of hovering takeoff to transit to perch landing before 

the terminating the mission with a rapid transit5.   This type of mission would include 

propulsive requirements from a high thrust zero airspeed condition, required during hovering 

takeoff and perch landings, to rapid transit dashes at significantly higher advance ratios.  

Accomplishing the mission effectively will require the ability to perch without sacrificing 

overall range and endurance, thus the vehicle must be capable of producing efficient thrust 

during all mission phases. 



 
 
 

3 

Variable pitch propellers are typically actuated hydraulically3,6 or, less frequently, 

electrically7,8.  Systems of this type, while appropriate for many general aviation aircraft, 

present excessive weight and complexity for use on the nation’s fleet of smaller manned and 

unmanned vehicles.  Several propeller designs attempt to address the weight and complexity 

issue using a variety of aerodynamic, aero-elastic, mass-balancing and/or spring techniques.  

Some of these designs are found on flying aircraft today, others have been tested only in the 

laboratory setting.  For any system to be viable, whatever mechanism it uses, it must be very 

light and have a low part count and integration cost. 

 
Figure 1.1: Propeller with Reflexed Airfoil for Positive CMo 

The proposed system is comprised of a propeller designed to passively adjust to the 

incoming airflow to prevent blade stall in low velocity / highly loaded thrust cases and over-

speeding at high flight speeds.  The propeller will incorporate blades that spin freely on a radial 

axis and are aerodynamically tailored to attain and maintain a pitch angle yielding favorable 

local blade angles of attack, matched to changing inflow conditions (Figure 1.1).  This blade 

angle is achieved through the use of reflexed airfoils designed for a positive pitching moment, 

comparable to those used on many tailless flying wings.  By setting the axis of rotation at a point 

forward of the blade aerodynamic center, the blades will naturally adjust to a predetermined 

positive lift ‘trim’ condition.  Then, as inflow conditions change, the blade angle will adjust to 

maintain the same angle with respect to incoming air.  
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Because the system uses only the profile of the rigid blades to generate the necessary 

aerodynamic loads for pitch control, parts in the hub are limited to passive mass balancing 

horns and a simple gear linkage for symmetric blade rotation angles.   

1.1. Case Studies 

Most modern propeller research focuses on issues of high speed efficiency and noise of 

new generation propfan technologies for commercial transport type aircraft.  While several new 

and potentially efficient technologies have been developed for small aircraft, development is 

driven by commercial application and generates little in the way of published research.  

Therefore, comparisons between these technologies are to a large extent qualitative.  For any of 

the systems to transfer successfully to the fleet of small aircraft which, at present, are not using 

variable pitch propellers, two criteria must be considered beyond weight and mechanical 

complexity.   

First, candidate aircraft must benefit from the switch from fixed pitch propellers.  Many 

unmanned systems have fairly narrow flight envelopes due to their mission design and power 

limitations.  Weight and complexity penalties of incorporating even a simple passive propeller 

system may offset the benefits of variable propeller geometry, making a well matched fixed 

pitch propeller a better solution.   

Secondly, ease of integration drives adoption of new technology.  A new system must 

require little commitment from the user or airframe manufacturer, so it can be swapped back 

and forth with no change to the current on-aircraft systems or control.   

The second requirement rules out conventional variable pitch propellers which need a 

hydraulic tie in or electrical power and control routed from the airframe to the hub.  There are 

several conceptual and realized propeller configurations which, like the proposed system, meet 
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this criterion.  While none of these systems has been widely adopted in the unmanned realm, 

and only the Aeromatic propeller is certified for use on some general aviation aircraft, they all 

share the trait of adjusting automatically and passively to changing flow conditions and/ or 

power settings and are relatively simple in operation. 

1.1.1.   Aeromatic 

The Aeromatic propeller is currently manufactured for some general aviation aircraft 

and has been in use for quite some time.  The original concept was developed at Everel 

Propeller Corporation in the 1930s.  In the original form it was a single blade propeller with 

blade pitch that passively adjusted to operating conditions through balancing aerodynamic 

thrust and centrifugal force9.  The single bladed design saw limited adoption and a more 

conventional two bladed propeller was developed.  The rights to the propeller were sold to the 

Koppers Company, Inc and are currently held by Tarver Propeller, LLC. 

The Aeromatic propeller adjusts pitch angle through a balance of the inertial and 

aerodynamic pitching moments of the blades.  Aerodynamic forces, driven by engine RPM and 

flight velocity, impart a nose down pitching moment on the blade, and centripetal forces impart 

a nose up moment (Figure 1.2).  Or, as described in the field service instructions: 

“Operating Characteristics  

 The stability of the Aeromatic propeller is obtained by balancing the pitch 

decreasing effect of the aerodynamic force with the pitch increasing effect of the 

net centrifugal force acting on the masses of the blade and counterweight. 

 At take-off, the pitch decreasing forces are greatest and will, therefore, move the 

blade forward to low pitch to permit the engine to develop full take-off power. 

 During the climb, maximum power is made available due to the fact that the 

blade pitch increases as the velocity of the airplane increases. 
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 By maintaining given cruising rpm, constant horsepower of the engine is 

available at altitude up to cruise critical (open throttle) altitude.” 10 

 

Figure 1.2: Schematic of Aeromatic Propeller Operation
11

 

Engineering data on the Aeromatic propeller is limited, but some representative total 

aircraft performance data is given in the manufacturer’s literature, dating from 1947.  Typical 

quoted performance improvements are on the order of 10% Vmax, 15-30% climb rate, and 10% 

Vcruise11.  The performance gains appear to be application specific and vary with altitude. 

While tunnel tests of these aircraft propellers are not available, early tests of a Modified 

Koppers Aeromatic Impeller operating on similar principles noted significant sensitivity to the 

placement and magnitude of the counter balancing weight at the propeller hub12.  The 

mechanism for pitch control on the Aeromatic is a balance between the aerodynamics on the 

blade, whose magnitude is dominated by the square of the disk rotation rate, and the inertial 

properties, also dominated by the square of the disk rotation rate.  Some close proportionality 

between changing aerodynamic and inertial blade pitching moments may drive this sensitivity.   
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1.1.2.   Torque Spring Actuated 

A second example of a passively variable concept is described by Burger and Hartfield, 

and consists of a propeller which uses a constant-torque spring in the hub to adjust propeller 

pitch based on changing shaft torques (Figure 1.3).  The propeller is linked to the torque spring 

such that, as the spring load increases, the propeller blade pitch decreases until an equilibrium 

point is reached.  If a motor transient causes a decreased torque input, below the design torque 

of the system, the spring rotation will cause the propeller blades to pitch up, until the 

equilibrium is re-attained and vice versa13. 

 

Figure 1.3: Constant-Torque Propeller Test Article at Auburn, 2007
13

 

The reported data for the above test article is largely limited to thrust levels at constant 

power settings as compared to fixed pitch tests.  The torque spring tests show generally higher 

thrust settings than fixed pitch tests, which correspond to the stated goal of optimizing for 

maximum thrust (Figure 1.4).  The higher thrust levels of the constant torque propeller indicate 

operation at higher pitch angles as compared to fixed pitch tests but no data or discussion is 

presented concerning the amount of rotation experienced by the propeller over changing 

conditions.   
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Figure 1.4: Fixed Pitch Propeller and Constant Torque Propeller at P=0.071-0.076 Hp
13

 

 The majority of active variable pitch propellers in use rely on near constant rpm 

operation with power output varied by changes in torque.  This propeller uses the opposite 

approach by holding torque constant such that rpm changes are used to adjust power levels.  

Therefore, care must be taken when applying the scheme so the engine/ motor efficiency is not 

compromised through operation outside of the driving motor’s envelope of efficient operation.  

The efficiency of the propeller must also be examined, as at low power settings the action of the 

propeller will be to pitch up significantly to hold torque constant.  The combination of high 

pitch angles and low blade velocities could result in inefficient blade aerodynamics during these 

flight conditions. 

Auburn University reports that the technology detailed by Burger and Hartfield has 

been licensed to Aerovate, a small UAS company located in Ontario, Canada14.  The Aerovate 

company site reports securing manufacturing rights of passive variable pitch technology but 

does not describe the technology beyond photographs (Figure 1.5).  While there is no 
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description of the propeller mechanism, pictures of the propeller imply operation on a 

reciprocating engine and in a wind tunnel. 

 

Figure 1.5: Side View of the Aerovate Passive Variable Pitch Propeller System
15

 

1.1.3.   Aeroelastically Tailored Propellers 

A final method of passively controlling propeller behavior is through tailoring of the 

blade structural properties.  Although these propellers are termed ‘Aeroelastic’ it should be 

noted that, in some cases, the majority of the force causing geometry variation is centripetal and 

a function of the rotation of the blades and their mass properties, not aerodynamic forces on the 

blades.   

Dwyers and Rogers show, through computational analysis of a propeller designed with 

a proscribed bias in the composite makeup, that tailoring pitch variation as a function of 

centripetal loads is possible and can result in significant expansion of the efficient operating 

envelope of a given propeller16.  However, to achieve the performance benefit additional point 

masses were required along the blade, increasing the longitudinal strain and thus the torsional 

deflections.  Although this enabled the desired twisting of the blade by loading and unloading 

the blade during overspeeding and underspeeding, respectively, it is undesirable to add weight 
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to the aircraft, particularly to the spinning propeller blades.  It is also noteworthy that while this 

method could improve efficiency when operating the engine under a given set of conditions, the 

blade pitch is a function of rpm while the inflow angles are a function of advance ratio.  

Therefore, this propeller would not have a fixed relationship between efficiency and advance 

ratio and would require careful consideration of propeller/ engine matching over various 

expected flight phases and engine power settings. 

True aeroelastic tailoring can be accomplished with torsional or flapping moments.  To 

use torsional effects blades may be swept aft to increase moment arm17.  The result of this type 

of tailoring shifts the propeller blade pitch rotations from mass properties dependence, as with 

the previous straight blades, to an aerodynamic loading dependence.  Higher loads result in 

decreases in blade pitch, and lower loadings in increases, increasing the efficient envelope.  As 

with the previous case, the blade pitch is not unique for a given advance ratio but driven by a 

combination of flow angles and dynamic pressure distribution on the blade (Figure 1.6). 

  

Figure 1.6: Efficiency and Power Coefficient for a Flapping Moment Solution (1000 rpm)
17

 

These two aeroelastic approaches are similar in some sense to the constant speed and 

constant torque ideas of variable pitch schemes.  A propeller relying on centripetal loads reacts 
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based on engine rpm and mass properties, independent of inflow angles and, to a large extent, 

blade aerodynamic loading.  Variations of the blade pitch serve to reduce the operating rpm 

range.  An aeroelastic blade approach makes use of blade loading, and unloads or loads the 

blade based on resulting structural deflections.  This will, to some extent, serve to reduce 

variations in motor loading over the operational envelope.  In either case the propeller will not 

have a set equilibrium pitch angle based solely on advance ratio but will include dependence on 

mass properties and/ or local blade velocities. 

1.1.4.  Contrast to the Proposed Passively Varying Propeller 

These methods of pitch variation all function through a balance of blade pitching 

moments.  The Aeromatic propeller balances the blade aerodynamic moments and blade 

inertial moments, the constant torque propeller balances motor torque and spring torque, and 

the aeroelastic propellers balance inertial moments and structural stiffness, or aerodynamic 

moments and structural stiffness.  A common theme of these methods is some independence 

between pitch angle and advance ratio, meaning that there does not exist a unique set of thrust, 

power and efficiency coefficients for a given set of inflow angles. 

The proposed system, by using only aerodynamic forces and moments to drive blade 

pitch angles, is designed to have unique thrust and power coefficients and efficiency at any 

given advance ratio.  Further, most of the case study methods balance two properties, only one 

of which is a function of atmospheric conditions, imposing altitude and current day dependency 

on blade pitch angles.  The proposed technique’s purely aerodynamic balance should have no 

blade pitch angle dependency on atmospheric conditions.  Like many aspirated engines, power 

will scale with atmospheric density, reducing changes in engine operating speeds with changing 

atmospheric conditions.  
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Chapter 2          

Development of the Governing Equations 

To facilitate the analysis and design of a passively varying pitch propeller the standard 

equations normally associated with airfoil and wing aerodynamics are reworked to take into 

account the flow field present on an operating propeller blade.  Propeller coefficients are 

typically non-dimensionalized and plotted versus the propeller advance ratio, J, which is 

proportional to the ratio of the freestream flow velocity to the tip rotational velocities.  

 
 (2.1) 

If induced flow is ignored, a given advance ratio defines the inflow angle at any point of 

the blade, and, for a propeller blade at a static pitch angle, the angle of attack distribution.  

When plotting propeller coefficients, J is the natural choice of independent variable as it maps 

to the general angle of attack state of the propeller over the operating range. 

The typical propeller coefficients most relevant to analyzing propeller performance are 

the thrust and power coefficients, relating to the output and input of the propeller, respectively.   

Combining them with the advance ratio yields the overall efficiency of the propeller. 

 
 (2.2) 

 
 (2.3) 

 
 (2.4) 
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These parameters can be found empirically by measuring the propeller thrust, torque, 

rotational speed, and freestream velocity, yielding all the necessary data.  Performance found in 

this way is often preferable because, with carefully controlled test parameters, performance 

under actual operating conditions is determined.  Early in development, however, the cost of 

experimental analysis is prohibitive in both time and material, and an analytical/ numerical 

approach is preferred.  The common initial approach combines an actuator disk flow model 

(Figure 2.1) with a blade element propeller model (Figure 2.2).   

The Rankine-Froude actuator disk model requires several flow assumptions and can 

then be used to solve the flow velocity increment necessary for a specified thrust condition or 

vice versa through momentum analysis.  The necessary assumptions are18: 

 Incompressible 

 Uniform flow properties across any plane normal to the flow 

 Continuous flow velocity and pressure (with the exception of a pressure 

discontinuity at the disk) 

 Irrotational (except at disk) 

 The streamlines at the edge of the disk define the outer limit of a contracting 

stream tube which is cylindrical far upstream and downstream of the actuator 

disk 
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Figure 2.1: Actuator Disk Model Pressure and Velocity Variation
19

 

 

Figure 2.2: Blade Element Model
19

 

 

Applying momentum theory it is shown that half the total velocity increment occurs in 

front of the propeller and half after the propeller.  This model also yields the ideal efficiency of a 

propeller: 

 
 (2.5) 
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This represents the efficiency of a propeller with no losses due to slipstream rotation, 

viscous drag, blade interference or non-uniform induced flow20.  The ideal efficiency defines the 

upper limit of efficiency for any combination of freestream and induced velocities.  At low 

advance ratios, where efficiencies are significantly lower than unity due to the freestream 

velocity term in equation (2.4), it can be used to better evaluate the performance of a tested 

propeller. 

With knowledge of the inflow conditions a blade element model is used to find the 

loading distribution along the propeller blade (Figure 2.2).  Incremental lift and drag 

components are found relative to the local flow direction and using the local velocities, both of 

which are dependent on the freestream velocity, rotational speed, and radial position.  For ease 

of manipulation the local velocity is reformulated as a function of the freestream velocity and a 

non-dimensional weighting factor, wf. 

   

 
 (2.6) 

Element lift and drag forces are found using the local angle of attack, defined as the 

difference between the local flow angle, , and the local blade pitch angle, β (Figure 2.3).  The lift 

and drag force increments are conventional in form with the inclusion of the weighting factor, 

eq. (2.6), to take into account higher relative speeds near the tip with respect to those closer to 

the hub. 
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Figure 2.3: Local Blade Aerodynamics
19

 

Incremental thrust is a function of the relevant components of lift and drag.  Overall 

thrust per blade is found by integrating from blade root to tip. 

 
 (2.7) 

 Where:   ;    

 
 (2.8) 

 Similarly:  

 
 (2.9) 

In most cases analytical calculation of these values is not practical due to the changing 

inflow conditions and geometry variation along the blade and is, therefore, generally 

accomplished through numerical methods.  These methods provide the user propeller thrust 

produced and torque absorbed, as well as derived performance parameters such as efficiency 

β 
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and various other coefficients.  For the purpose of the proposed type of control, the pitching 

moment, which is not typically included in these types of codes, must be examined.   

2.1. Characterization of the Pitching Moment 

Using the blade element model, the incremental moment is found along the blade for an 

arbitrary blade planform.  Unlike modeling thrust and torque, the sweep must be considered to 

account for the variation in local aerodynamic center position (Figure 2.4). 

  

Figure 2.4: Blade Planform Geometry for Aerodynamic Center Determination 

 

Starting with airfoil aerodynamics and neglecting the drag force, the moment about an 

arbitrary reference position on the chord line is found.  This results in the pitching moment 

about the reference point as a function of pitching moment about the local aerodynamic center 

and the moment produced by the lift force coupled with its moment arm to the reference point, 

in this case the pivot axis of the propeller blade (Figure 2.5).   

  (2.10) 

   

 Where:    
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 (2.11) 

  

Figure 2.5: Blade Cross-Section Reference 

Just as with an aircraft configuration in stable open-loop flight, the propeller blade must 

meet two requirements for static pitch stability.  First, the blade must have a pitching moment 

equilibrium point at a positive lift condition, and secondly, the blade pitch angle, upon being 

disturbed, must tend back to its equilibrium point.  If we assume a relatively consistent airfoil 

camber line the pitching moment coefficient about the local aerodynamic center will not change 

significantly from the root to the tip, and that term is removed from the integral.  Equation 

(2.11) then shows that a lift producing equilibrium point requires one of two conditions: a 

positive (nose up) pitching moment about the airfoil aerodynamic center with an overall 

positive aerodynamic center position, or a negative pitching moment about the aerodynamic 

center coupled with a negative aerodynamic center position.   

The further condition of stable equilibrium concerns the character of the pitching 

moment as the blade is disturbed from its equilibrium blade rotation angle.  In equation (2.11) 

this equates to a disturbance in angle of attack.  Assuming J is held constant, angle of attack is 

relatively constant along the blade, and neglecting changes due to changing inflow conditions: 
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(2.12) 

 
 (2.13) 

And under the further assumption of a relatively constant lift curve slope and multiplying (2.13) 

by: 

 
  

 Yields:  

 

  

 
 (2.14) 

The integral in the equation (2.14) denominator represents a weighted planform area 

calculation which takes into account the higher speeds at the outboard sections of the blade.  

This is defined at S’, planform area consistent with the increased effect of the faster moving 

outboard sections.  What remains is a weighted average location of the aerodynamic center of 

the blade indicating the distance from the reference point (rotation point) to the overall blade 

aerodynamic center.  This formulation mirrors the standard form for a three dimensional 

wing21, 22, but appropriately weights the outboard sections of the blade by a factor equal to the 

percent increase in dynamic pressure due to disk rotation.  This is defined as , the 

aerodynamic center consistent with the propeller flow field. 
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 (2.15) 

To satisfy the static stability requirement of the propeller blade a disturbance must 

result in a restoring moment.  As in the case of an aircraft configuration, this means that a 

positive, nose-up disturbance must result in a nose down restoring moment.  This yields the 

requirement that  of the propeller blade be positive, or that the aerodynamic center must be 

placed aft of the moment reference center, defined in this case as the pitch axis of the blade. 

When relating the aerodynamic center and moment reference center it is convenient to 

non-dimensionalize the pitching moment and lift equations resulting in a non-dimensional 

distance between the two.  However, due to the nonlinear nature a general solution in the same 

sense as in conventional three dimensional aerodynamics is not possible.  If a base condition is 

chosen where we assume that the lift coefficient and lift coefficient slope are relatively constant, 

and we assume the pitching moment about the local aerodynamic center to be constant, we can 

reduce the pitch and moment equations into a form similar to that of the traditional.  Examining 

the lift of the airfoil under the stated assumptions and incorporating the weighted definition of 

planform area yields: 

 
  

 
 (2.16) 

 Approaching pitching moment in a similar fashion:  

   



 
 
 

21 

 

 

 

 
 (2.17) 

Mean aerodynamic chord is solved in a similar fashion as for a standard wing and is 

defined as the chord of a constant chord blade of the same span and planform area which 

produces the same pitching moment. 

 

 

Equating the constant chord moment with the general geometry moment: 

 

 

 

 
 (2.18) 

Equation (2.18) resolves the final integral in the pitching moment equation, (2.17). 

 

The static margin of a blade, defined as the change in pitching moment coefficient with 

lift coefficient is found to be identical, albeit with modified planform constants, to that of a 

generic wing or aircraft configuration. 
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  (2.19) 

As with the conventional definition this definition of static margin is a measure of the 

pitch stiffness of the propeller blade.  For a statically stable system the pitching moment versus 

lift curve slope must be negative, which means the static margin must be positive.  It should be 

noted that, unlike a conventional planform, this definition is not constant over a range of 

operating conditions, but valid only under the conditions specified during derivation.  Static 

margins under other conditions can be calculated numerically by solving blade conditions and 

using finite difference to calculate the local slope of the  curve.  

2.2. Mass Effects 

Mass and inertial properties of the propeller blades become a critical element due to the 

unique nature of passively varying propeller blades to freely rotate about a radial axis.  For a 

blade mass analysis the coordinate reference system is set with the X-axis in the thrust 

direction, the Z-axis aligned with the blade axis of rotation, and centered at the blade center of 

mass.  

During use each blade experiences motions based on the disk and blade rotations which, 

through mass properties, result in pitching moments on the propeller blades.  Considering only 

a single propeller blade, rotation of the propeller disk imposes an angular rate about the blade 

X-axis equal to the rotation rate of the propeller and centripetal acceleration to the center of the 

propeller disk.  On a much smaller scale there also exists the angular rate of the blade about its 

axis of rotation.  These angular rates and accelerations are combined with the inertia tensor to 

determine the blade angular momentum and resulting moments. 
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For an arbitrary body, angular momentum about the center of gravity is found through 

integration. 

  

Figure 2.6: X,Y,Z Inertial and x,y,z Body Fixed Coordinate Systems
23

 
 

  (2.20) 

Expanding the cross products and collecting terms yields component angular 

momentum in terms of the component angular rates and the various elements of the inertia 

tensor. 

 

   

 

 (2.21) 

 

  

Relating the change in angular momentum to the sum of moments: 

 

  (2.22) 

To ease calculations the (x,y,z) coordinate system is fixed at the CG and moving with the 

blade (Figure 2.6).  Angular rates and accelerations are translated from the inertial axes to the 
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body fixed axes for the case when Z and z are aligned using a standard rotation matrix about Z 

by the angle . 

 

Moments and inertias relative to the body fixed coordinate system become constant and 

the moment sum becomes: 

 

Expanding and collecting: 

 

 

 

 

 

 

(2.23) 

 

 

 

For the purposes of blade rotation we are primarily concerned with the moment of the 

blade about the z-axis, as defined above.  At an equilibrium operating point all angular rates and 

accelerations will be zero aside from those due to constant speed disk rotation.  Rotating disk 

angular rates to the body fixed coordinate system yields the reduced sum of moments about the 

blade rotation axis.   

 

  (2.24) 
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The propeller blade is free to rotate indicating the sum of moments will be zero.  If a 

purely aerodynamic tailoring of equilibrium pitch angle is desired the product of inertia in the 

x-y plane (normal to blade rotation) must be zero.  The moments of inertia about the x and y 

axis of the blades must also balance, although to a significantly lesser degree given the 

magnitude of the angular rate product of the term in question.  During a motor speed change 

and ignoring blade pitch rotations,  and  terms in eq. (2.23) will be non-zero yielding: 

 

  (2.25) 

Assuming the Ixy product of inertia and the  inertia difference have been 

balanced to zero we are left with two cross-coupling terms.   

 

 

  (2.26) 

Adding the terms related to pitching motion about the Z axis and summing to zero for 

the free-to-pitch case: 

 

 

  (2.27) 

For a slightly swept blade the product Ixz and Iyz will likely be negative and positive, 

respectively.  Aerodynamically, an increasing disk rotation speed will result in a nose down 

rotation in trim blade angle.  Given the assumed signs of the products of inertia, the 

contribution of the  product in eq. (2.27) will result in a nose down acceleration for 

increasing disk rotation.  This will unload the driving motor during increasing motor rpm and 

load the motor during decreases in motor rpm.  As the new disk speed equilibrium is attained, 

the blade pitching moment contribution will return to zero.  The  product will be 
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positive for the propeller blade when at positive rotation angles and negative at negative 

rotation angles.  Given a positive X-axis angular acceleration the blade will experience a 

moment to zero β, and given an X-axis deceleration, away from zero β.  In either case the 

contribution will be relatively small if rotations of β are kept in a small range about zero where 

small angle approximations are reasonable.  The second half of eq. (2.27) relates to moments 

induced by blade pitching angular rate.  Assuming the same signs on the products of inertias 

this component will result in a destabilizing moment about Z at positive angles of rotation.  At 

negative angles of rotation the contribution will most likely be de-stabilizing.  It should be noted 

that this component is based on the blade angular rate which will be very low.  Several 

strategies mitigate the issue of non-zero values for the various elements of the inertia tensor. 

1. Blade mass and, therefore, inertias can be minimized through design and 

construction. 

2. The blades can be mass balanced to zero the Ixy product of inertia and the 

 difference. 

3. If the Ixz and Iyz product of inertias are sufficiently large to cause a significant 

adverse moment during fast rpm or blade pitching transients, the mechanical stops 

on the blade will limit the nose up/down travel.  Once stable rpm is reached the 

effects of these inertial moments will return to zero. 

4. Ixz and Iyz product of inertia terms cause moments due to rpm transients.  If they 

become an issue rpm acceleration rates may be limited to minimize their impact. 

5. Destabilizing components of the products of inertia related to pitching motion will 

be offset by the mechanical and aerodynamic damping.  If insufficient damping is 

present, more can be added through the mechanical design in the hub.   



 
 
 

27 

The remaining mass effect is due to centripetal acceleration and an associated Z-axis 

moment which is present for the case where the blade center of gravity is located off the blade 

pitch rotation axis.   This acceleration acts along a direction slightly off axis of the propeller 

blade rotation axis due to design and construction of the blades.  At the blade CG the majority 

component of acceleration force acts along the blade rotation axis, and a small minority 

component acts normal to that axis.  If the blade CG is located off the blade axis of rotation in 

the X direction an associated pitching moment will be present equal to the product of the X 

direction offset and the normal component of centripetal acceleration.  This moment will have 

two equilibrium points when the CG offset rotates to a point with a pure Y direction offset, one 

stable and one unstable.  To achieve the desired aerodynamic tailoring of the propeller blade 

pitch angle, this component of the mass effects will be zeroed through mass balancing to put the 

blade CG on the axis of rotation. 

2.3. Equations of Motion 

The propeller equations of motion consist of movement of the blades about their axis of 

rotation and the traditional rotation of the disk.  Although the equations are generally 

nonlinear, they are made up of the same components present in aircraft longitudinal dynamics 

with the addition of some frictional terms.  Blade motions include aerodynamic moments due to 

angle of attack and pitch rate, and friction components related to blade rotation.  Equations are 

developed for blades with a blade CG on the axis of blade pitch rotation. 

 

  (2.28) 

The right hand side components are: moment due to pitch rate, moment due to pitch 

angle, dynamic friction, stiction, and moment due to unbalanced inertia tensor.   For the 
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propeller case the stiction component is ignored based on relatively high vibration inherent in 

propeller operation. 

Disk equation of motion terms include torques due to components of aerodynamic lift 

and drag, the driving motor, and dynamic friction in the spinning mechanism.  Inertial cross-

coupling due to blade pitching motion is ignored as blade inertias are several orders of 

magnitude smaller than the disk inertia. 

 

  (2.29) 

2.4. Dynamic Stability Analysis 

Due to the highly nonlinear nature of the propeller equations of motion, a stability 

analysis was performed using Lyapunov criteria.  The state vector is defined: 

 

The equations of motion are the same as previously stated with the mechanical damping 

term removed.  Mechanical damping terms will by their nature increase the stability in the 

sense of Lyapunov (i.s.L.) by reducing system energy, and are ignored provided the remaining 

system terms are stable i.s.L.  The candidate Lyapunov function is constructed as an energy 

function with terms representing the kinetic energy of the blades, aerodynamic ‘spring’ energy 

of blade rotation, and rotational energy of the static portion of the disk.  For simplicity the 

principal inertias are used for blade rotation energy in the first term of eq. (2.30), the third term 

captures the non-pitching ‘hub’ portion of the propeller assembly.  Due to the selection of 

principal inertias, the angular rates in the first term are comprised of state vector angular rates 

rotated to principal inertia axes and are coupled with the linear velocity of the blade due to the 

offset of the blade center of mass (G) and the axis of disk rotation. 
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Candidate Lyapunov function: 

 

  (2.30) 

Where ω values are found from the appropriate transformations of  and  to the 

principal axes. 

Lyapunov time derivative:   

 

 

 

 

The first and last terms are lumped together as a ‘disk’ inertia term about Z with the 

blade modeled as a point mass.  The remaining terms consist of the aerodynamic terms and 

blade rotations about the blade principle axes.   

 

 

 

(2.31) 

Given that the Lyapunov equation is shown to be positive definite (  for  

and ) and the time derivative is shown to be negative, the system is stable i.s.L.  The 

first and last terms of the Lyapunov are positive definite (pdf) individually due to the square of 

the states.  The middle term of eq. (2.30) is shown to be positive through inspection.   

 

Taking the equilibrium case as:   
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And 

 

 

 

  (2.32) 

Given that  must be negative for stability, we can see that positive θ will yield a 

negative restoring moment and vice versa. Inserting this into eq. (2.32) yields positive potential 

energy for  .   

Components of the Lyapunov function time derivative must be shown to be negative 

except at the origin.  Starting with the first term: 

 

This term is a function of the torque behavior of the motor and disk during over or 

under speeding.  For this term to be negative the torque difference between the motor and the 

disk must be negative for overspeeding cases and positive for underspeeding.  This is 

determined by integrating torque with respect to the  derivative from root to tip.  Torque in 

the direction of disk rotation is due to components of lift and drag and is a function of the flow 

direction and resultant angle of attack: 
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The equation for disk torque results in a difficult analytical equation, and for the current 

case a further assumption is made.  We define a new angle, assumed relatively constant with 

respect to radial position: 

 

While for a given propeller this can hold true at a steady advance ratio, it breaks down 

for the case of independently varying rotational and/or forward speeds.  Nevertheless, it is 

judged necessary for a practical analytical analysis. 

 

 

 

 

 

(2.33) 

Examination of the integral for change in torque with change in rotational speed 

indicates that for positive drag and lift coefficients an increase in rotational speed increases the 

disk torque.  In the first term of the Lyapunov derivative an increase in the rotational speed will 

increase the disk torque and cause the term to become negative.  The only case where this will 

not hold is when the motor/engine has increased torque with rotational speed at a higher rate 

than the propeller.   This would be unlikely, especially for an electric motor, but could happen if 

operating an IC engine on the backside of its power curve.  In this case a divergence would go 
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towards zero rpm until the IC engine was below its minimum operating rpm or increase until 

the engine torque slope reduces and a stable equilibrium point is reached. 

The second term of eq. (2.31) simplifies to the product of the moment equation and 

blade pitch rate. 

 

The sign of this term depends on the product of the first two states, and thus only 

satisfies the stability requirement in the case of positive rotation angle and negative blade pitch 

rate, or vice versa. 

The third term of eq. (2.31) is comprised of pieces already examined.   

 

In the final form, the portion excluding the torque difference will have the same sign as 

 when  is negative.  As discussed previously a positive  will yield a negative torque 

difference and vice versa, making this term negative for . 
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The final term of eq. (2.31) is dependent on the inertia tensor of the blade and must be 

examined for a particular configuration.   

 

In terms of propeller blade geometry, we can see that it is reasonable to assume a very 

small angle between the z principal axis and the blade rotation axis.  Assuming this angle to be 

zero simplifies the Lyapunov time derivative to: 

 

 

 

(2.34) 

 

 

The first and third terms of eq. (2.34) have been shown to meet the criteria for 

stability.  Combining the remaining terms: 
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For stability these three terms must sum to negative for nonzero values of the states.  

The first term indicates that the blade must have aerodynamic damping, the second term 

includes the mechanical damping and will always be negative, and the third term includes the 

inertial moments which will be positive or negative based on blade mass properties.  This sum 

of terms can be made negative using appropriate mass balancing and mechanical damping.  

Based on this analysis, under the assumptions made and proper mass balancing, the 

system is stable for the positive lift/ positive rotation case.  Given that a non-simplified model 

would consist of forces and moments behaving in the same general manner as the simplified 

model, this is a good indication that the more general propeller models will also be stable. 
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Chapter 3             

Computational Analysis Tools 

Due to the difficulty in finding a general analytical solution applicable over a range of 

propeller geometries, a survey was made of readily available computational analysis tools.  

There are several based on classic blade element formulation which can be used to analyze 

conceptual or existing propellers.  To solve for blade forces and moments these codes either 

assume linear aerodynamic coefficients, within defined ranges, or use airfoil data in the form of 

drag polars.  Assuming linear aerodynamic coefficients should be beneficial while at higher 

Reynolds numbers due to reduced computational overhead.  At low Reynolds numbers typically 

encountered when testing small propellers, it is questionable whether the linear aerodynamic 

assumption is appropriate.    A second modeling difference in various codes is the inclusion of 

the swirl component of inflow, which is likely important given that pitching moment is driven 

by the incoming flow angle along the blade.   

Two candidate codes were considered.  The first is QPROP, developed by Mark Drela at 

MIT24,25.  This code employs an extension of the classic blade element/vortex formulation.  

QPROP takes, as input, linear coefficient values for lift and a two part quadratic for drag, both 

with defined ranges, and calculates induced inflow and swirl components of flow along the 

blade.  Estimates for changes to coefficients due to Reynolds and compressibility effects are also 

included.  The second code was developed at the Air Force Research Labs (AFRL) and uses a 

blade element model coupled with a momentum calculation26.  Inflow is modeled as purely axial 

and is set as radially uniform or varying.  To determine the propeller performance the AFRL 
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code uses drag polars for blade cross sections at various Reynolds numbers.  Although 

experimental polars would be best, finding data for the blade cross section airfoils is not 

practical, and XFOIL is used to estimate the lift and drag characteristics.  Results from the codes 

were compared to data collected by AFRL at the NASA Basic Aerodynamic Research Tunnel 

(BART) and the AFRL Vertical Wind Tunnel (VWT) 26 (Figure 3.1).  Both codes match 

experimental data and each other fairly well.   

 
Figure 3.1: Computational and Experimental Performance for Graupner 10x8 and APC 18x14 

In an attempt to incorporate the capabilities of both modeling codes QPROP was 

modified to include drag polar data for lift and drag estimation instead of linear and quadratic 

approximations.  XFOIL data was generated, run at a range of Re numbers for a range of 

propeller cross sections, and a lookup scheme used.   When the ‘PolarQPROP’ code was run at 

speeds representative of the experimental data taken in the NASA BART, the result was found to 

be significantly scattered.  After calculating each test point Reynolds number, and excluding all 

data with a Re# of less than 50k/inch at 25%R most of the scatter is removed and the coded 
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output matches the experimental data fairly well (Figure 3.2).  This indicates the ability to 

generate reliable polar data at low Re numbers in an easily automated way is questionable and 

thus eliminates the motivation for using the more computationally intensive polar 

generation/lookup scheme in favor of linear aerodynamic approximations. 

 

Figure 3.2: Comparison of QPROP and Polar QPROP to Tunnel Results for the Graupner 10x8 

Full Data Set (left), Low RE# Points Removed (right) 

To analyze the passively pitching concept, a code was necessary that incorporated 

pitching moment and which could iterate blade rotation angle to find the pitching moment 

equilibrium point.  A tool with the desired functionality was assembled using QPROP as a base 

and modified to include pitching moment calculations and an outer loop to iterate blade pitch 

parameter ( ).  This was accomplished by inserting equation (2.11) into the code to find 

moment on the blade and expanding the user inputs to include  and  distributions.  

The  value was determined by airfoil type and the pitching moment due to lift found using 

the defined  and the local blade element chord and lift.  As a first point of analysis the 
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Graupner 10x8 geometry, tested by AFRL26, was chosen as the test case.  The propeller cross 

section geometry was determined by AFRL using a 3D scan of the propeller from which airfoil 

sections were extracted.  Drag polars used in the AFRL code analysis were used to find 

necessary linear and quadratic aerodynamic coefficients.  Fictional pitching moment 

characteristics were applied corresponding to a  of 0.06 and  of -0.10, yielding a 2D 

airfoil equilibrium lift coefficient of 0.6.    

This code and propeller geometry was first run at a variety of fixed  angles, yielding a 

family of curves.  It was then run over a range of advance ratios with the  outer loop solving 

for equilibrium blade angles through a Newton iteration on pitching moment.  Co-plotting this 

shows the envelope expansion potential of the passively varying pitch propeller (Figure 3.3).  

This prediction can also be compared with the experimental fixed pitch data and is plotted with 

the solved equilibrium  angles (Figure 3.4).  The analyses indicates that over the specified 

range of advance ratios, 0-2, the blade rotates from an equilibrium of -0.25rad (-14 deg) to 

0.42rad (24deg).  Throughout the rotation the passively pitching propeller maintains 

efficiencies near the peak of an appropriately matched fixed pitch propeller.  Although, for this 

propeller, there is no significant efficiency improvement at low advance ratios, the envelope at 

higher advance ratios extends in a near constant manner. 
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Figure 3.3: Graupner Propeller at a Range of Blade Rotation Angles 

 
Figure 3.4: Graupner Free-to-Rotate Compared to Pitch-Fixed Computational and Experimental 

3.1. Candidate Test Propeller 

To begin development of a test article, an Eppler 325 reflexed airfoil was chosen for the 

base candidate airfoil.  This airfoil combines the pitching moment characteristics, a not overly 
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construction point of view.  The airfoil was modified to thicken body and, to a greater extent, 

the trailing edge for improved structural stability and internal volume for the pivot shaft 

installation (Figure 3.5).  The required aerodynamic coefficients for the modified airfoil were 

then generated in XFOIL.  Due to the relatively low Reynolds numbers which would be seen on 

the propeller blade during operation, the boundary layer transition was forced on the top and 

bottom of the airfoil at 20% and 60%, respectively, corresponding to the planned placement of 

trips on the finished test article.  The resulting XFOIL runs yielded , 6.76, 

and .  The remaining necessary parameter,  , is dependent on , the local 

distance between the aerodynamic center of the airfoil and the moment reference center (set to 

the blade rotation axis) of the blade.   

 

Figure 3.5: Modified E325 Airfoil Geometry 

Candidate propeller twist and chord distribution was generated using the QMIL utility 

packaged with the QPROP code. This utility, given desired performance, generates geometry for 

the minimum induced loss condition.  The algorithm imposes the constant lift coefficient 

constraint and then solves the chord and pitch distribution which generates the requisite thrust 

at the given rpm.  Code inputs specified a propeller with two blades and a 20” diameter which 

produces 4.5 lbs of thrust at 4000 rpm and 60 fps.  After the geometry was generated, the 
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propeller diameter was trimmed to 18” to avoid a very small, thin tip (Appendix A – Qmil and 

Qprop Geometry Files). 

Blade sweep was used as a design parameter to define the  distribution and allows 

some tailoring for off-design performance of the passively varying pitch propeller.  This is 

possible because, as advance ratio changes for a given propeller geometry, the spanwise lift 

distribution on the blade changes significantly.  Given an increase in advance ratio, the change 

in inflow angle at the root is much larger than change in inflow angle at the tips.  At the new 

flow condition the propeller blade angle will converge on a new equilibrium point determined 

by the total pitching moment contribution along the blade.  At the higher advance ratio the lift 

coefficient at the tips is significantly higher than that at the root, the result being that for this 

off-design condition the blade tips contribute more significantly to the pitching moment.  If the 

static margin, , is held constant along the blade, this may cause little more than a 

loading redistribution on the blade.  However, if the blade is swept aft the xac of the tip is 

significantly higher than the inboard sections.  If loading shifts to the tips the result will be an 

effective increase in nose down pitching moment, and the blade equilibrium angle will be lower 

than for a straight blade, resulting in an overall lower loading.  

Because this behavior affects off-design loading behavior of the propeller on the driving 

motor, it can potentially be used to tailor how a propeller absorbs power at a given rpm across 

advance ratio.  In the case of engine-propeller matching this could keep a given system 

operating within the power band of the engine, even while well outside the ‘design’ fixed-pitch 

propeller operating condition.  Using equations (2.17) and (2.19), defining SM’ and Xac’, of a 

propeller, a tool was developed which, given a chord and twist distribution, and desired sweep, 
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yields the planform geometry of the propeller and blade shaft location for the specified static 

margin.    

The blade sweep is defined by choosing the percent chord which will be unswept.  For a 

blade with the zero percent chord held straight, the leading edge would appear unswept.  A 

blade with the 100% chord held straight would have an unswept trailing edge.  After setting 

this sweep distribution, local  is found using local aerodynamic center, local chord, and 

location of the blade pivot point.  Figure 3.6 shows geometry with the 80%c held straight.  The 

heavy black line indicates the chord distribution of the planform, and the lighter line shows 

projected planform after blade twist is added.  The overall blade aerodynamic center is found 

through blade element integration and is shown in blue.  The rotation point is also pictured and 

is located using the aerodynamic center and desired static margin. 

 

Figure 3.6: Planform Calculator - Sweep set for Unswept 80% Chord Line (Rot. Axis and Xac Indicated) 

Geometries were run for several sweep conditions ranging from the 10%c straight to 

80%c straight.  The resulting efficiency plots were similar in nature to the previous 

computational test case using the Graupner geometry (Figure 3.3, Figure 3.4).  The blade 

equilibrium rotation angle is seen to adjust to varying advance ratios, which expands the 

efficient envelope as compared to fixed pitch performance.  The unloading behavior due to 

sweep and the effect of design static margin is indicated in the equilibrium rotation angle 
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variation with advance ratio (Figure 3.7-Figure 3.9).  Comparing the three sweep cases, it is 

seen that the higher sweep blades trim to smaller angles at high advance ratios due to the 

overall unloading caused by the blade tips.  Using each sweep case, pivot points were set for 

design static margins of 7, 9, and 12%.  For all geometries the lower static margin blades 

trimmed to higher rotation angles, as would be expected, corresponding to a higher loading 

case.  The variation of effective static margin, found computationally using finite difference, can 

also be compared to design static margin.  This shows that as sweep is increased the effective 

static margin becomes more variable and tends to be much higher than the design static margin 

at low advance ratios. 

 

 

Figure 3.7: 50% Straight  

(7%SM’ Green, 9% SM’ Blue, 12%SM’ Red) 
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Figure 3.8: 80% Straight  

(7%SM’ Green, 9% SM’ Blue, 12%SM’ Red) 

 

Figure 3.9: 100% Straight  

(7%SM’ Green, 9% SM’ Blue, 12%SM’ Red) 
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Figure 3.10: Angle of Attack Distribution for Varying Amount of Sweep 

To examine the lift distribution of an ‘unswept’ blade, the planform calculator tool was 

set for a straight 10%c and the geometry was run at several advance ratios (Figure 3.10 - 

bottom).  Plotting spanwise alpha distribution reveals that, for this case, the change in advance 

ratio causes the inboard blade section to unload and the outboard to load.  Assuming a goal of 

constant rpm operation, an increase in advance ratio will be a result of increasing freestream 
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velocity.  As advance ratio increases blade loading shifts from inboard to outboard, but overall 

angle of attack does not change significantly.  The increased freestream, and thus increased 

local blade velocities, will result in a higher load on the driving motor.  However, when the code 

is run with the blade swept aft, the off design loading behavior can be modified.  In the case of 

the blades swept using 50%c and 80%c, we see that as advance ratio increases and the inboard 

unloads, the outboards loads much less compared to the unswept blade resulting in an overall 

unloading (Figure 3.10 – middle, top).   

To further demonstrate the potential impact of sweep on the propeller-engine matching 

exercise several propeller geometries were analyzed in combination with a hypothetical electric 

motor.  The electric motor specifications were set to be roughly representative of a motor which 

would be used to drive a 1.5’ diameter propeller.  Limits were set to a maximum of 37 volts and 

75 amps.  The typical brushless motor has some proportionality between supply voltage and 

rpm, generally listed for each motor as Kv in units rpm/volt.  Further, the motor speed control is 

limited in how much current it can source without either hitting a safety cutoff or heat damage 

to the controller or motor.  For the purposes of this study the propeller will be limited by one or 

the other of these constraints.  A lightly loaded propeller will generally be rpm limited by the 37 

volt limit; a more highly loaded propeller will be limited by current if the current draw reaches 

the 75 amp cutoff before 37 volts is reached.  

Three propeller geometries were tested, corresponding to sweeps of 50%c straight, 

80%c straight and 100%c straight.  These were each tested for static margins of 9% and 12% as 

well for the fixed pitch case at zero and eight degrees nose down.  All pitching propellers 

produce significantly better thrust at low speed conditions than the standard fixed pitch at a 

constant zero degree rotation.  The fixed pitch at negative eight degrees produces comparable 
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thrust at low speeds, but as velocity is ramped the passively varying model allows the blades to 

adjust to increased inflow speeds and maintain thrust, while the fixed pitch quickly over-speeds 

and is no longer capable of producing thrust.  The zero degree rotation fixed pitch propeller is 

able to produce efficient thrust at higher speeds but suffers at the low speeds, which is 

important during takeoff, landing and perching maneuvers.   

The effect of static margin and importance of careful propeller/ motor matching is also 

indicated on the plots.  Over the entire speed range the 9% static margin propeller trims to a 

higher blade rotation angle than identical blades set for a 12% static margin.  This would 

intuitively indicate that the lower static margin blades would produce more thrust.  However, 

matched to the described motor model the 12% blades achieve a higher operating rpm and as a 

result, higher overall thrust.   



 
 
 

48 

 

Figure 3.11: Predicted Performance by Flight Speed 
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3.2. Sensitivity to Geometry Asymmetry  

Given the scale of the proposed test article it is necessary to evaluate the result of 

unintended differences between the two blades of the propeller.  Blade to blade balancing of the 

propeller is tested statically on a balancing rig in the same way as conventional R/C propellers.  

Verifying the location of the CG is on the axis of rotation can be done based on propeller 

behavior under the force of gravity.  Geometric asymmetry, however, will not be quantitatively 

evaluated and will lead to some aerodynamic asymmetry in the propeller blades given ‘hand’ 

construction/ assembly.  Aerodynamics of the blade, in particular pitching moment 

characteristics, are central to blade trim angles. 

Pitching moment of the propeller blades is characterized, as with airfoils and wings, by 

constant pitching moment about the aerodynamic center (CMo) and a pitch moment due to angle 

of attack or lift (CMα or S.M. respectively).  There are several mechanisms that could cause 

differing behaviors for the blades on a common hub.  These include differing frictional 

characteristics in the rotating mechanism, variations in geometry due to production constraints, 

different structural flexure under load due to variations in structural properties of the blades, 

or asymmetric flow separation points upstream of the airfoil reflex region.  Using gears to join 

the two blades of a propeller may be an effective way to impose an upper limit on angle 

discrepancies of the two blades, but, due to slop/ backlash in the gears, will not completely 

eliminate them. 

In typical installation the propeller is mounted to the motor or engine rigidly and the 

motor to the firewall through direct bolting or vibration isolation mounts.  In either of these 

installations the firewall-motor interface is less rigid than the engine, or engine-propeller 
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interface.  Reactions due to mismatched blade rotations were analyzed at this point, which, for 

the geometry in question, is taken as 5” aft of the propeller hub center.   

To analyze the effects of aerodynamic asymmetries in the propeller blades, root bending 

moments were found for blades with differences in blade rotation point of up to 5/64” along the 

chord (5% SM for the test article) and Cmo reductions of up to 20%.  These cases were run for 

various advance ratios yielding blade element thrust forces and equilibrium blade angles from 

which blade root bending moment was calculated.  Test cases were set using an operating rpm 

of 5000 and advance ratios of 0.525, 0.787 and 1.05. 

Table 3.1: Blade Root Moments (ft-lb) - Pitch Location Variation and CMo Variation 

Advance Ratio 0.525 0.787 1.05 
 

Advance Ratio 0.525 0.787 1.05 

Vinf (fps) 66 98 131 
 

Vinf (fps) 66 98 131 

7% SM  2.35 2.11 1.92 
 

9% SM 1.92 1.69 1.49 

9% SM  1.92 1.69 1.49 
 

9%SM (0.9Cmo) 1.78 1.51 1.26 

12% SM 1.42 1.23 1.08 
 

9%SM (0.8Cmo) 1.63 1.33 1.01 

 

Table 3.2: Per Blade Thrust (lb) - Pitch Location Variation and CMo Variation 

Advance Ratio  0.525 0.787 1.05 

 

Advance Ratio  0.525 0.787 1.05 

Vinf (fps)  66 98 131 

 

Vinf (fps)  66 98 131 

7% SM  9.11 7.91 6.95 

 

9% SM  7.51 6.33 5.29 

9% SM  7.51 6.33 5.29 

 

9%SM (0.9Cmo)  6.96 5.63 4.36 

12% SM  5.61 4.57 3.65 

 

9%SM (0.8Cmo)  6.41 4.94 3.41 

 

Table 3.3: Equilibrium Blade Angle (rad) - Pitch Location Variation and CMo Variation 

Advance Ratio  0.525 0.787 1.05 

 

Advance Ratio  0.525 0.787 1.05 

Vinf (fps)  66 98 131 

 

Vinf (fps)  66 98 131 

7% SM  0.03 0.10 0.17 

 

9% SM  -0.01 0.07 0.14 

9% SM  -0.01 0.07 0.14 

 

9%SM (0.9Cmo)  -0.02 0.06 0.13 

12% SM  -0.05 0.03 0.12 

 

9%SM (0.8Cmo)  -0.03 0.04 0.11 
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The data indicates that root moments generated by errors in the pivot point location 

caused a more significant asymmetric blade load, and, therefore, root bending moment, than 

that generated by a geometry error resulting in a loss of CMo.  A pivot point error of over a 

sixteenth of an inch, represented by one blade at 12% SM and the other at 7% SM yields a 

moment imbalance of 0.93 ft-lb (Table 3.1) and an equilibrium blade angle offset of 4.6deg 

(Table 3.3).  When compared to an unbalanced propeller at the same rpm, a 0.33 gram mass 

imbalance at mid span (4.5”) would cause a similar magnitude moment at the firewall and 

presumably similar magnitude vibrations.  While vibration caused by a blade imbalance (or 

asymmetric aerodynamics) of this magnitude is undesirable, it should be acceptable assuming it 

does not excite the structural frequencies of the mounts as was seen with earlier tests of off –

the-shelf propellers in the NCSU tunnel27.   

For a blade geometry constructed using rapid prototyping techniques, the geometry is 

expected to be held to a very tight tolerance well within the limits of rotation point variation 

examined here.   Further, while gears linking the two shafts will not ensure identical angles, 

angle discrepancies will be limited to gear backlash, and should be significantly less than 4.6 

degrees, which represents the worst case examined here.   

3.3. Dynamic Simulation 

A numerical simulation was developed in the Matlab Simulink environment and used to 

evaluate responses of the candidate propeller to changing input conditions.  Moments were 

integrated along the blade at each time step to avoid assumptions of blade geometry or 

aerodynamic coefficients that were made during stability analysis.  During each time step of the 

simulation, a calculation was first performed to find the in-flow velocity using Froude actuator 

disk theory.  Although this method assumes a uniform axial in-flow, the simplicity speed of the 
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method makes it attractive to implement in the simulation.  The actuator disk method equates 

the thrust of the system to a uniform pressure jump across the propeller and to the change in 

axial momentum per unit time with the main result being, for this formulation, half of the 

necessary velocity increase occurs before the propeller and half after28.  

 

Figure 3.12: Actuator Disk Formulation
18

 

    (Bernoulli’s) 

   (Momentum) 

 

Using the new inflow conditions the code then integrates for blade moment about the 

blade axis of rotation and disk moment about the propeller shaft.  These values are used in 

conjunction with motor torque models and inertial properties to calculate acceleration in blade 

pitching and disk rotation. 
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For the purposes of simulation two simple motor torque models are considered.  The 

first represents a simplified electric motor with maximum torque at zero rpm and torque 

decreasing linearly to zero (Figure 3.13): 

 

The second model approximates an IC engine using a quadratic equation with a positive 

rpm for peak torque and decreasing torque at higher and lower rpms (Figure 3.13): 

 

For the IC engine a peak torque of 2 ft-lbs at 4800 rpm, the electric motor is defined 

with a maximum torque of 4 ft-lb and zero torque at 8000 rpm. 

 

Figure 3.13: Simulation Motor Torque Curves 
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Figure 3.14: Matlab Simulink Dynamic Model of Blade and Disk Dynamics 

3.3.1. Response to Changing Inflow and Rotational Speeds 

The simulation velocity profile is user defined to investigate responses to a variety of 

inputs and not necessarily meant to simulate any specific flight phase.  For the following cases 

the velocity profile was kept constant as shown in Figure 3.15.  This profile was chosen to 

demonstrate the system response to a large ramp and a step input in velocity. 

 

Figure 3.15: Test Velocity Distribution Input 
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The first case was run with pitch angle held constant to demonstrate the performance of 

the candidate propeller geometry if the blades were not allowed to rotate (Figure 3.16).  The 

plots show the initial angular acceleration to an equilibrium rpm, then, as velocity is ramped 

from 40 to 160 fps, the increase in propeller rpm and corresponding decrease in absorbed 

torque as the propeller unloads.  A new equilibrium is established after the ramp, and then the 

step in the input velocity results in a further increase in rpm and a negative propeller load 

(wind-milling). 

 

Figure 3.16: Fixed Pitch Propeller Response 
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The simulation was then run with the blades free to rotate with both electric and 

internal combustion motor models.  In both cases, as the propeller disk accelerates, the blades 

pitch down in response to reducing advance ratio until they reach equilibrium at a  of 

approximately -0.1 radian.  Then, as the velocity ramps from 40 to 160 fps, blade angles 

increase to adjust to the changing inflow conditions. The velocity step at eight seconds causes a 

small transient which is quickly damped before the system returns to a new equilibrium rpm 

and load very close to those from before the step.  Over the entire freestream velocity range of 

40 fps to 200 fps, the equilibrium load absorbed by the propeller and rpm change very little as 

the blade angle adjusts from -0.1 radians to just over 0.2 radians (Figure 8, Figure 9). 

 

Figure 3.17: Varying Pitch Propeller w/ Electric Motor Model Response 
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Figure 3.18: Varying Pitch w/ IC Engine Response 

Thrust output from the simulations shows that at low flight speeds the varying pitch 

propeller thrust levels are a little under those of the fixed pitch propeller.  This indicates that 

either pitching moment characteristics of the propeller should be adjusted to result in 

somewhat higher equilibrium pitch angles, or pitch angle rotations for this geometry should be 

limited to positive angles, forcing higher angles and higher loading at low advance ratios.  At 

higher flight speeds the benefits of the varying pitch propeller become apparent as the fixed 

pitch propeller thrust reduces and eventually becomes negative.  The varying pitch propeller, at 
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relatively constant torque and rpm, produces relatively constant power output and, therefore, 

positive, although reducing, thrust as velocity increases. 

 

Figure 3.19: Thrust History for Electric and IC Models with (green) and w/o (blue) Varying Pitch 
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Chapter 4            

Wind Tunnel Test Cell 

Testing of the passively varying propeller test article required a facility with the 

capability to measure thrust and torque of the propeller at specific freestream velocities and 

rpm.   As an added feature the ability to measure electrical performance of the driving motor/ 

electronic speed control (ESC) allows determination of overall propulsion efficiency. 

4.1. Wind Tunnel Description 

The NCSU subsonic tunnel is a closed circuit tunnel capable of dynamic pressures to 20+ 

pounds per square foot.  The tunnel test section is 43” wide, 33” high, and 48” long.  The 

available sensing suite consists of a 6 degree of freedom (DOF) internal balance, 48 channel 10” 

H2O Pressure Systems, Inc DSA pressure measurement system, and a single channel constant 

temperature anemometer.  Data collection is accomplished using various National Instruments 

analog to digital hardware and a VISHAY System 7000 with 8 channels of strain and 8 channels 

of high level voltage.  Models and other hardware are mounted and positioned using a rear 

mount Alpha-Beta sting or a ceiling mounted Y-Z linear traversing rig.  Turbulence Factor 

measurements in the tunnel yield values in the range of 1.4-1.45 corresponding to percent 

turbulence levels of 0.5-0.6%.  Tunnel flow temperature is measured but uncontrolled. 

4.2. Test Cell Design 

To measure forces without risk to the existing 6DOF balance, a load cell specific to 

propeller testing was designed with load limits appropriate for small propellers.  The initial 

load cell design was a cruciform configuration with each of the four sensing elements 
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instrumented on all sides.  Strain gages on the side of each sensing element respond to torque 

forces by measuring bending tension and compression, and gages on the front and rear of each 

sensing element respond to thrust forces in a similar manner.  All balance gages were wired 

into one of two full bridges, one for torque and one for thrust.  Each bridge has two gages in 

each arm.  Two load cells were designed using finite element analysis, one for larger propellers 

up to 20” in diameter, and a smaller sensing element for use with smaller scale motors and 

propellers.  The larger cell is designed for a working load of 25 lbs thrust and 1 ft-lb of torque 

and the smaller for 12.5 lbs thrust and 0.5 ft-lb torque.  Both load cells were designed to a safety 

factor of 2.0. 27 

Upon testing of various fixed pitch propellers on the larger capacity load cell a structural 

resonance was found in the vicinity of 3000 rpm, as well as some output sensitivity to balance 

temperature.  After characterizing these issues, the resonance region of operation was avoided, 

limiting testing to lower than desired rpm and power settings, and temperature effects were 

reduced through post-processing.27 

       
Figure 4.1: NCSU Propeller Test Cell (load cell – left, w/ motor – center, complete system – right) 

A second iteration of the balance was designed to yield much higher structural stiffness 

and reduce dependence on balance temperature fluctuations.  To achieve this the cruciform 

sensing element used in the initial balance was modified by removing two beams, resulting in a 
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‘V’ configuration.  Two of these elements were bolted together with a 1” spacer between, and 

the beams were wired in the same bridge configuration as the initial balance.   The new 

configuration appeared to resolve resonance issues when tested with several off-the-shelf 

propellers. 

 

Figure 4.2: Second Generation Propeller Cell Balance 

The VISHAY System 7000 data acquisition system is used for bridge excitation and to 

capture strains from the load cell.  After the load cell is mounted in the wind tunnel, various off-

the-shelf systems are added including: a Phoenix HV-110 speed control, AXI 5330/18 Brushless 

Motor, and Medusa Power Analyzer.  A master graphical user interface, programmed in the NI 

Labview environment, serves to coordinate different aspects of data collection, calculate 

derived values, command motor rpm and store data. 

Propeller data is corrected for blockage using the Glauert method.  This method is based 

on an application of continuity within a closed wind tunnel test section and accounts for the 

velocity deficit in the flow surrounding the propeller slipstream caused by acceleration of air in 

the slipstream. 29 
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4.3. Test Cell Calibration 

To calibrate the system a factorial design was used with factors: thrust (3 level), torque 

(3 level), and weight (2 level).  During calibration all forces were applied using dead weight, and 

the analysis was conducted using the JMP analysis package by SAS.  The load cell linear-model 

analysis of variance and parameter estimates indicated good linearity and independence from 

higher order terms and cross effects between system weights and output sensitivities. 

Table 4.1: Thrust Channel Calibration Results 

     Analysis of Variance 

     

Source DF Sum of Squares Mean Square F Ratio

Model 3 574.28326 191.428 2422688

Error 31 0.00245 0.000079 Prob > F

C. Total 34 574.28571 <.0001  

     Parameter Estimates 

       

Term Estimate Std Error t Ratio Prob>|t|

Intercept 0.1603213 0.00295 54.35 <.0001

Weight(0,2.2) 0.1846347 0.00151 122.25 <.0001

Thrust(mv) 33.754948 0.012545 2690.7 <.0001

Torque(mv) 0.0965992 0.006105 15.82 <.0001  

Table 4.2: Torque Channel Calibration Results 

           Analysis of Variance 

         

Source DF Sum of Squares Mean Square F Ratio

Model 3 3.9248467 1.30828 1628826

Error 31 0.0000249 8.032E-07 Prob > F

C. Total 34 3.9248716 <.0001  

          Parameter Estimates 

         

Term Estimate Std Error t Ratio Prob>|t|

Intercept -0.00428 0.000297 -14.39 <.0001

Weight(0,2.2) -0.004676 0.000152 -30.7 <.0001

Thrust(mv) -0.013161 0.001265 -10.41 <.0001

Torque(mv) -1.357844 0.000615 -2206 <.0001  
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The parameter estimates were assembled into a 2x2 calibration matrix and coded into 

the propeller test GUI to convert the collected data to engineering values during testing. 

4.4. Fixed Pitch Propeller Tests for Validation 

The first propellers tested on the propeller balance were off-the-shelf hobby propellers.  

The test design consisted of one replicate each at two constant 75%R Re#.  A base freestream 

velocity of 50 fps was chosen and two disk speeds of 4000 and 6000 rpm.  These conditions 

yield 75%R Re# for the APC 18x8 of 1.0e5 and 1.5e5, respectively.  The rpm variation necessary 

to maintain those Reynolds numbers was then calculated for freestream velocities 15 fps and 

up resulting in rpm test points varying up to 150 rpm from the base values.   Data points were 

planned at increments of 5 fps until the propeller oversped and efficiency dropped below 20% 

or maximum tunnel speed was reached.  The data collection order was randomized, and the 

entire test was repeated on two days.   The tests showed good repeatability and, for some 

propellers, a strong dependence on Reynolds number (Figure 4.3).  The Reynolds dependency 

corroborates previous findings by Gamble and Arena which showed reduced Reynolds numbers 

manifest in an overall loss of efficiency, a shift of peak efficiency to a lower J, and earlier onset of 

overspeeding. 30 

Tests of the APC18x8 show that at the lower Reynolds number the peak efficiency is 

reduced by over 10%.  The advance ratio at which overspeeding begins to dominate and 

efficiency begins to fall off is reduced by about 0.1.  In this case the Reynolds effects seem to be 

prominent in the top 50% of the advance ratio envelope, while in the lower half of the envelope, 

where the propeller is more highly loaded, no significant performance difference is apparent.  
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Figure 4.3: APC18x8 Performance Behavior at Two Re# 
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Trends in the thrust and power coefficients were similar to efficiency, with divergence 

between the data at the high and low Re# appearing at or slightly above an advance ratio of 0.3.    

Tests of various propellers show the dependence seen here on Reynolds number is dependent 

on individual propeller geometry.  General conclusions from this data are not warranted except 

to the extent that care must be taken when extrapolating propeller performance outside tested 

Reynolds number ranges. 

Given the similarity of the data sets taken on different days the repeatability of the 

balance was deemed acceptable.  To test operational accuracy, comparison with known values 

would be necessary of which none are available for the specific tested propellers.  However, 

wind tunnel testing of similar propellers from the same and other manufacturers at different 

facilities has resulted in similar peak efficiency magnitudes and advance ratios. 30, 31,32 
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Chapter 5         

Experimental Results and Comparison to 

Computational Findings 

The initial wind tunnel test article blades were fabricated using a stereo lithography 

technique at Fineline Prototyping in Raleigh, NC.  Originally, four sets of blades were ordered, 

which correspond to two sweeps, 40%c and 80%c, each at two static margins, 9% and 12% 

(Figure 5.1).     These blades were bonded onto stainless shafts which had been machined with 

grooves to aid in blade retention and a tapped end to retain the shaft on the spinner plate.  The 

spinner plate was machined by the in-house machine shop and consists of an interface 

compatible with the electric motor on the propeller balance and a set of bearing blocks to hold 

the blades shafts.  The bearing blocks hold the shafts parallel at a fixed distance such that the 

two can be geared together using a set of off-the-shelf brass gears.  For reporting, the four digit 

convention 4009 and 4012 refer to the 40% sweep 9% and 12% static margin blades, 

respectively, and a similar numbering scheme is used for the 80% sweep blades. 

 

Figure 5.1: 4009 and 4012 Stereo Lithography Blades w/ Stainless Shafts Installed 
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Figure 5.2: Hub Assembly w/ Blades and Mass Balancing 

With mass horns installed on the blade shafts in the propeller hub, the blades can rotate 

approximately 15 degrees, from -5 to 10 degrees  (Figure 5.2).  Before testing the varying 

pitch concept a lock was put on the blade shafts to find fixed pitch data for the propeller.   A 2-

replicate test matrix was developed in a similar fashion as for previous fixed pitch testing using 

base values of 50fps freestream velocity and 3000 rpm.  For the test article propeller this 

results in a 75%R Reynolds number of 1.3e5.   

Data from fixed pitch tests follows trends expected from a fixed pitch propeller fixed to 

incremental pitch angles.  Lower pitch angle efficiencies peak at lower advance ratios and, as 

pitch angle is increased, advance ratio for maximum efficiency increases correspondingly.  The 

thrust and power coefficients follow the expected pattern with higher pitch angles absorbing 

higher power and producing more thrust at any given advance ratio (Figure 5.3).   

Data sets from fixed pitch testing of the rapid prototyped blades show more scatter than 

the off-the-shelf propellers tested during test cell validation.  There are several sources of noise 
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that may contribute to this scatter.  While the blades were balanced against each other, their 

overall weights are significantly higher than might be expected from a traditional fixed pitch 

blade of the same scale; this increases the magnitude of residual imbalances in the blades and 

resulting vibrations.  Angle differences between the two blades could also cause vibration in the 

propeller.  The angles were set manually using reference points on the blades.  Small errors or 

slipping while tightening the blade lock mechanism are possible.  Lastly, the blades were 

designed with specific pitching moment characteristics due to aerodynamic and inertial 

properties.  In the pitch locked configuration these moments, coupled with vibrations, could act 

to induce a small amount of slippage in the lock mechanism, especially in highly loaded cases 

(Figure 5.3). 
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Figure 5.3:  Locked Tests – 8009 Rapid Prototyped Blades 

After taking data for the fixed pitched blades for both sweep configurations, the blade 

rotation locks were removed for testing in the free-to-pitch (F2P) configuration.  Initially, tests 
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were conducted with the same configuration 2-replicate randomized matrix that was used for 

the fixed pitch testing.  It was soon determined that after a test had begun, any test point in the 

upper advance ratio range caused the blades to rotate to their most nose up position and 

remain there until the disk rotation was reduced well below the test rpm range.  To further 

investigate this issue the test matrix was modified to sequential advance ratios in place of 

randomized.    

Testing with increasing advance ratio showed that the propeller pitch initially adjusted 

under varying inflow angles in the desired way.  This is demonstrated by the F2P data plotting 

across CT and CP lines of the fixed pitch data collected for the same propeller (Figure 5.4).  After 

tracking across the constant pitch propeller lines, the F2P propeller is seen to reach and follow 

the most nose up fixed pitch data.  Then, as advance ratio is reduced, the F2P propeller 

continues to follow the fixed pitch propeller behavior even in the portion of the envelope where 

the propeller blade had previously adjusted to flow angles (Figure 5.4).  

 The apparent hysteresis in the blade rotation angle was first attributed to an imbalance 

in the products of inertia, and the mass balancing horns were adjusted to attempt to 

compensate.  After several iterations of adjusting the mass balancing of the blades, plastic 

deformation of the propeller blade shafts was noted which caused a CG imbalance in the blades.  

After several iterations of rebalancing for products and CG ending in similar results and the 

brittle failure of two sets of prototyped blades, testing of the rapid prototyped  blades was 

abandoned. The complete data set taken during the tests can be found in ‘Appendix C – Wind 

Tunnel Test Data – Rapid Prototyped Blades.’ 
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Figure 5.4: Representative Test of F2P 8009 Rapid Prototyped Blade 
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5.1. Mass Effects Modeling 

As a result of initial wind tunnel tests the aerodynamic pitching moment routine 

previously added to the QPROP code was modified to include effects of both off-axis blade 

center of gravity and an unbalanced product of inertia.  This allows the code to be used to 

examine the effects of unbalanced mass properties to the test article performance prediction 

and compare to the behavior of the propeller during initial wind tunnel testing.   

Center of gravity location influence is modeled by calculating the centripetal force at the 

blade CG due to disk rotation.  A small component of this force acts normal to the blade rotation 

axis and will result in a pitching moment whenever the blade CG has an X-direction offset from 

that axis.  The component of the force normal to the blade rotation axis is dependent on the 

angle, , between the blade rotation axis and the centripetal force.  The X-direction CG offset 

component will depend on the blade rotation angle and a phase offset to account for the 

direction, with respect to the blade, of the offset from the blade rotation axis.  Combining the 

force component and the X-direction offset results in additional pitching moment on the 

propeller blade. 

 

 

 

The second routine models an imbalance in the products of inertia using the major 

contributors Ixy and .  The imbalance is modeled as two point masses equidistant from and 

directly opposed across the blade CG.  The resulting pitching moment is found as the product of 

the product of inertia in the plane normal to the blade pitch axis and the square of the angular 

rate of the propeller disk (Equation (2.23)).  Depending on the orientation of the point mass 
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model about the Z-axis, variation in the product of inertia can be either positive or negative 

with respect to  in the region of blade rotation angles.   

 

 

 

It is to be expected that the balancing of the propeller blades will not be perfect and 

mass properties will have some effect, even if small.  Depending on mass properties and their 

change with blade rotation angle, the effect on blade equilibrium angle can be stabilizing or 

destabilizing (Figure 5.5).  This is analogous to the predicted effect of changing the static margin 

of the blades.  Taken to an extreme, once inertial moments overpower aerodynamic moments 

this would cause a propeller blade to rotate against one of the mechanical stops and remain 

there until the system disk rotation is reduced enough to relieve the inertial pitching moment.  

 

Figure 5.5: Mass Properties Effect on Trim Angles 
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Parameters in the code were set to values closely matching the prototyped blades.  The 

blade mass was set to 60 grams, the approximate mass of the prototyped blades less the 

rotation shaft.  The was set to 4 inches and the angle  to 10.6 degrees.  Behavior like that 

seen during initial F2P wind tunnel tests could then be replicated by the modified QPROP code 

for certain CG phase and offset values.  In one instance the blade CG was modeled with a 

0.03125 inch offset from the blade rotation axis with a phase angle of 37degrees and analyzed 

at 3krpm.  This resulted in a propeller which showed hysteresis in the equilibrium blade angle.  

Starting at low advance ratios the blade pitch was initialized at zero deflection and rotated nose 

down to equilibrium.  As advance ratio was increased the blade trimmed to more and more 

nose up values.  At an advance ratio of approximately 0.9 pitching moments due to the CG offset 

overcame aerodynamic moments, and the blade pitched up to the imposed maximum angle 

corresponding to the mechanical stop on the blade.  After rotating to that point the advance 

ratio could be increased or decreased but aerodynamic moments never became large enough to 

overcome the inertial moments (Figure 5.6, Figure 5.7).    

A similar comparison can be made zeroing the CG offset and using a product of inertia 

imbalance.  Solid modeling of the products of inertia indicated values less than 0.2 g-cm2 in the 

range of predicted rotations.  For the case of a 10g-cm2 product of inertia and a  phase angle, 

the blade again starts at the most nose down orientation and tracks with changing inflow angle 

until inertial moments overcome aerodynamic, and the blade rotates to its most nose up 

orientation.  After that point the blade remains at the nose up orientation regardless of 

increasing or decreasing advance ratios (Figure 5.8, Figure 5.9). 
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Figure 5.6: CG Offset Effects on Blade Rotation 

 

Figure 5.7: CG Offset - CT and CP Behavior for Comparison to Wind Tunnel Results 
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Figure 5.8: Behavior Induced by Products of Inertia Imbalance 

 

 

Figure 5.9: Products of Inertia Imbalance - CT and CP Behavior 
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5.2. Second Generation Test Article 

After analysis of data generated using the first generation blades and failure of two of 

the models in the wind tunnel, a second set of blades was designed with the intent to mitigate 

mass properties and strength issues.  To reduce the weight of the blades, molds of the 8009 and 

8012 geometries were rapid prototyped in place of the blades.  The molds were designed with a 

channel to allow installment and alignment of the blade shaft and sockets to key the two halves 

of the mold together accurately.  The blades were constructed using a wet lay-up technique 

from fiberglass and uni-directional carbon fiber in two halves.  After trimming and prepping the 

two halves of each blade, they were joined with the shaft bonded in place.  To reduce the elastic 

deformation and prevent plastic deformation of the blade shafts, new shafts were manufactured 

from case hardened stock.   

 

Figure 5.10: Propeller Blade Molds with Test Layup 
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After the blades 7were bonded and cleaned, the roots were trimmed to match those on 

the prototyped blade and checked against the propeller hub for clearance.  The weight of each 

blades, minus the stainless shafts, fell under 15 grams, a 75% reduction over the solid rapid 

prototyped blades.  The stiffness of the blades was not tested quantitatively but seemed well 

stiff enough for the thrust levels expected during the test. 

Using the measured weights, solid models of the 8009 and 8012 blades were updated to 

reflect the weights of the test article.  The resulting inertia matrix for blade and mass balancing, 

taken at the blade CG and aligned with X,Y,Z for the 8009 is: 

 

With the principal axes directions with respect to X, Y, Z: 

 

And for the 8012: 

 

With the principal axes directions with respect to X, Y, Z: 

 

 

Values for both the inertia tensor and principal axes match well with assumptions made 

in the analysis of mass effects.  The value of Ixy remains below 20 g mm2 for any rotation angle 



 
 
 

79 

within the mechanical stops of blade rotation, and the Z-axis is very closely aligned with the 

blade rotation axis, as discussed during Lyapunov stability analysis. 

Before testing was resumed the balance calibration was rechecked to ensure damage 

had not occurred during previous blade failures.  The new calibration showed no large changes 

from previous calibrations and no new dependencies.   Once the blades had been balanced and 

installed on the hub, the entire assembly was installed on the propeller balance in the wind 

tunnel.  Test matrices were developed in the same manner as during previous testing of rapid 

prototyped blades for a base velocity of 50 fps and rpms of 3000, 4000, and 5000.   

 

Figure 5.11: 8009 Composite Test Article in the Tunnel for Testing 

For each of the blade sets, 8009 and 8012, fixed pitch tests were redone using 

composite blades for comparison to the F2P data.  These tests showed good agreement to fixed 

pitch test results of the earlier rapid prototyped blades and can be seen for comparison on 
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subsequent F2P data plots (Figure 5.13-Figure 5.17).  All fixed pitch testing was performed 

using 3000 rpm test matrices.   

At the conclusion of fixed pitch testing the pitch lock was removed, and the propellers 

were tested in the F2P configuration.  Prior to each test, blade rotation was checked to make 

sure the blade shaft bearings remained free.  Symmetry of the blade rotations and blade 

rotation limits were checked using indicator marks on the spinner plate used during fixed pitch 

testing. 

 

Figure 5.12: Testing Free Rotation on the 8012 Composite Test Article. 

Testing using the 3000 and 4000 rpm derived test matrices proceeded without incident.  

Several attempts at testing using the 5000 rpm test matrices resulted in significant vibrations, 

and, on some occasions, slippage of the synching gears or mass balances within the propeller 

hub.  After these attempts the 5000 rpm test matrices were abandoned, and all subsequent 

testing was performed using lower rpm test matrices. 
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Accumulated data for the two propellers at the two operating rpms is shown in Figure 

5.13 through Figure 5.17, while each individual run is shown in Appendix E and F.  Figure 5.13 

shows the accumulated data runs of the 8012 propeller taken using 3000 rpm base test 

matrices.  Each matrix consists of a two replicate randomized test.  The tests represented in this 

figure span several re-installations of the propeller in the tunnel, including a case when the 

propeller hub assembly was fully disassembled to replace the blade shaft bearings in the hub 

bearing blocks.   

As indicated by computational analysis, the propeller does a good job staying at or near 

the blade angle for maximum efficiency over the range of advance ratios tested.  Around an 

advance ratio of 1.1 the blade reaches the nose up limit of travel, and after that tracks with fixed 

pitch data.  Blade rotation can be evaluated by examining the intersection of pitch fixed and F2P 

data on CP and CT plots.  At an advance ratio of 0.18, F2P power and thrust data coincides with 

fixed pitch data at  of -5.0 degrees.  As advance ratio increases the F2P propeller reaches δβ 

angles of 0, 5, and 10 degrees at advance ratios of 0.5, 0.85, and 1.1, respectively.  Comparing 

these rotation angles to those found using the QPROP tool (Figure 5.18), we can see that 

predicted advance ratios for the same blade rotation angles are 0.4, 0.7, 0.95, and 1.25 for blade 

angles of -5, 0, 5, and 10 degrees, respectively, indicating that the code under predicted blade 

rotation angles.  The magnitude of CT and CP data generally corroborate this, with experimental 

values of thrust and power higher than predicted, making it unlikely this is a case of a zero 

offset error.  This discrepancy between computational and experimental results could be 

attributed to several factors.  There could be some structural flexing causing higher blade 

angles, a residual CG offset or products of inertia imbalance, or errors in airfoil performance 

prediction.   
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Testing of the same propeller at the higher rpm value shows similar behavior but at 

slightly higher equilibrium rotation angles at any given advance ratio (Figure 5.14).  At the 

lowest tested advance ratio of approximately 0.15 and 4000 rpm, the F2P propeller equilibrium 

rotation angle is -2 to -3 degrees.  As advance ratio increases, F2P propeller data intersects with 

remaining fixed pitch curves until reaching its nose up mechanical stop around an advance ratio 

of 1.05. 

Although the magnitudes of equilibrium rotation angles differed from computationally 

predicted values, the overall behavior of the propeller matched very well with predictions.  No 

mass balance adjustments were attempted with the 8012 propeller to effect a reduction in 

equilibrium angle and better match computational results. 
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Figure 5.13: All Data Runs of the 8012 Composite Prop – 3krpm Base 

J (V/nD)

C
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)

C
P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

= -5 deg
= 0 deg
= 5 deg
= 10 deg

3krpm 8012 F2P (n=16)



 
 
 

84 

 

Figure 5.14: All Data Runs of the 8012 Composite Prop - 4krpm Base 
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When the 8009 blades were first tested the behavior of the blade pitch angle, while 

passively varying, was much more aggressive than modeled. This results in a significant 

increase in power coefficient with increasing advance ratio.  The result of this type of behavior 

is that as advance ratio increases, shaft power required to maintain rpm increases dramatically.   

Operating under the assumption that this behavior was due to a difference in real and 

modeled inertial properties, the mass of the product of inertia balance was varied to 

compensate.  Over a series of four runs (Figure 5.15) the mass in the product of inertia balance 

was decreased until the CP curve became relatively flat.  The change of the blade Ixy over the 

course of four test runs came to approximately 125 g mm2 per blade.   These tests reinforce 

previous mass analysis findings, which concluded significant sensitivity to the Ixy product of 

inertia.  Tests after the mass adjustment runs show the expected and desired flat power 

coefficient with changing advance ratio (Figure 5.16, Figure 5.17). 

As with the 8012 propeller, the 8009 shows increased equilibrium pitch angles at higher 

rpm.  The increase in equilibrium angles seemed relatively consistent over the advance ratio 

range. At 3000 rpm the 0, 5, and 10 degree rotation point occurred at advance ratios of 0.75, 

1.0, and 1.3, respectively.  At the higher 4000 rpm condition the 0 and 5 degree rotation points 

occurred at 0.65 and 0.95, respectively (Figure 5.18). 

It should also be noted that higher equilibrium blade angles were expected when testing 

the 8009 due to lower static margin.  However, the 8009 propeller showed smaller angles and 

subsequently lower thrust and power coefficients when compared to data collected for the 

8012.   
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Figure 5.15: Data Runs for Products Balance Adjustment of the 8009 Composite Prop - 3krpm Base 

J (V/nD)

C
P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)

C
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

= 0 deg

= 5 deg

= 10 deg

2011-02-25 Run1

2011-02-25 Run2

2011-02-25 Run3

2011-02-25 Run4



 
 
 

87 

 

Figure 5.16: Post Adjustment Data Runs of the 8009 Composite Prop - 3krpm Base 
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Figure 5.17: Post Adjustment Data Runs of the 8009 Composite Prop - 4krpm Base 
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Figure 5.18: Computational Performance Prediction - QPROP Tool 
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Chapter 6           

Flight Tests 

As final proof of concept a flight test was conducted using the NCSU Flight Research 

Laboratory Converse.  The aircraft is a tractor configuration with a straight untapered wing and 

conventional tail.  It has tricycle landing gear and uses a standard off-the-shelf 72MHz RC radio 

system for control.   

  

Figure 6.1: NCSU Flight Research Converse  

Originally designed for a reciprocating engine and smaller diameter propeller, the 

aircraft was switched to the same electric power system used during tunnel testing.  The only 

further modification was to increase the nose gear height, allowing clearance for the larger 

propeller diameter during ground operation.   
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Table 6.1: Converse Technical Specifications 

 Fixed Pitch/ F2P 

Span (in) 76.75 

Chord (in) 11.75 

Propeller APC 18x8/ 8012 F2P 

Total Weight (lb) 19.10/ 19.72 

Prop+Spinner Weight (oz) 10.8/ 17.2 

Motor AXI 5345/14 

Electronic Speed Control Phoenix HV-110 

Batteries  10S2P 10Ahr LiPo 

To collect flight data the aircraft was fitted with a simple flight data recorder (FDR) 

produced by Eagle Tree Systems, Inc. 33  The FDR was instrumented to capture necessary 

motor/ ESC performance data to evaluate propeller function during flight.  The data channels 

included throttle command, motor rpm, ESC current and voltage, airspeed, and altitude.  The 

flight computer and radio receiver were installed in the forward cargo bay; the batteries were 

mounted in the main over-wing bay to minimize impact on CG location.   

 

Figure 6.2: Converse Cargo Bay and Instrumentation 

  Prior to using the propeller model as a flying test article it was necessary to determine 

whether minor debris accumulating on the blades would pose a problem stemming from 

changes in aerodynamic or inertial pitching moments.  To test this the 8012 propeller, 
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designated as the flight test article, was dotted with ‘bugs’ along the upper and lower surface of 

the leading edge (Figure 6.3).  Liquid paper was used for dots to give the bumps some three 

dimensionality and allow for easy removal after testing.    

 

Figure 6.3: 8012 Propeller with 'Bugs' Installed 

 

The propeller was tested in the wind tunnel using 3 and 4krpm based randomized test 

matrices.  Co-plotting data from the modified propeller with previous clean data shows no 

discernable difference, and the propeller was cleared for flight (Figure 6.4). 

 

Figure 6.4: 'Bugs' 3krpm Efficiency Data Co-plotted with Clean 3krpm Data 
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Prior to taxi or flight operations the aircraft control radio was programmed with an in-

flight switchable throttle command limiter to ensure motor rpm remained in the range tested in 

the tunnel.  All data collection and propulsion system components were first tested in the Flight 

Research Laboratory, and then taxi tested at NCSU Engineering Building III.  Data taken during 

the taxi test was downloaded to check data integrity but did not cover a significant velocity 

range and was not used for analysis. 

The flight test schedule was coordinated with Harnett County Jetport, and flights were 

conducted on May 6, 2011.  The first flight used the off-the-shelf APC 18x8 tested during 

propeller test cell validation.  Motor rpm was initially limited to the same range as planned for 

the F2P propeller.  However, given the low pitch of the propeller this resulted in inadequate 

power, and midway during the flight the throttle command limiter was turned off.  Once on the 

ground and secured, flight data was downloaded and the FDR cleared.  Total flight time for the 

APC18x8 was 2 minutes 45 seconds. 

After reviewing the first flight data, the test aircraft was switched from the fixed pitch 

APC18x8 to the 8012 F2P.  The throttle command limiter was reengaged and, after a short taxi 

test, the second flight began.  During the test the aircraft was flown in circuits with some 

ascents and descents in an attempt to introduce advance ratio variation independent of motor 

rpm.  The throttle command limiter remained engaged during the entire F2P flight.  The aircraft 

was brought down after flying for 6 minutes 20 seconds and FDR data downloaded. 

Due to resources, the data channel options during flight were limited to the variables 

discussed previously, and these must be used to show F2P propeller function during flight.  

While it is difficult to extract a meaningful estimate of thrust from the flight data, the FDR was 

configured to record flight pack voltage and current draw.  From previous tests of the F2P and 
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APC18x8 prop we can see that power consumption behavior of the two is radically different.  

While the APC propeller consumes less power at a given rpm as advance ratio is increased, the 

F2P propeller should not experience a falloff in power absorbed as advance ratio climbs.  To 

approximate a CP calculation, electrical power draw is used and 85% electrical efficiency is 

assumed for the electronic speed control/ motor combination.  This is plotted against advance 

ratio calculated directly from flight data (Figure 6.5).  Examining first the APC data (red) we can 

see, with some scatter, typical fixed pitch propeller drop off in power coefficient as advance 

ratio increases.  Comparison of values for CP found with flight data to those found during test 

cell validation runs show reasonable agreement in magnitude and behavior.  

 

Figure 6.5: Propeller CP Estimate - Flight Data 

APC 18x8 (red), 8012 F2P (black) 
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The F2P propeller (black) shows a power coefficient which remains steady in the 0.075 

– 0.95 range, similar to wind tunnel testing results.  There is no apparent drop off in the CP data 

in the advance ratio range flown.  It should be noted as this data is compared that, while tunnel 

testing occurred during steady state conditions, CP and J values are plotted during 

instantaneous readings of power draw.  If the propeller was accelerating or decelerating due to 

throttle command, power input would be higher or lower, while J would be unaffected. 

An alternate method to determine whether the F2P propeller is behaving as designed is 

to examine whether there is a constant power draw at a given motor rpm, indicating a constant 

CP.  When the two flights are plotted in this manner much more significant scatter can be seen in 

the APC data.  The APC CP, as with any fixed propeller, is heavily dependent on advance ratio, 

such that power absorption at a specific rpm is dependent on freestream velocity.   

 

Figure 6.6: Current Draw Variation Over RPM Envelope 

APC 18x8 (red), 8012 F2P (black) 
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The F2P propeller, although it shows some scatter, indicates much tighter correlation 

between propeller rpm and power draw (Figure 6.6).  This correlates well to the desire to have 

a propeller which absorbs a constant power regardless of flight velocity allowing a properly 

matched propulsion system to provide peak power at any flight speed.   

To mitigate some of the scatter due to increased or decreased power draw during rpm 

transients, power can alternatively be plotted against throttle command.  This shows a similar, 

but tighter, correlation (Figure 6.7). 

 

Figure 6.7: Current Draw Over Throttle Command Envelope 

APC 18x8 (red), 8012 F2P (black) 
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Chapter 7              

Concluding Remarks 

7.1. Summary of Research 

Variable pitch, or constant speed propellers, are used extensively to widen the efficient 

propulsion envelope of reciprocating and turboshaft powered aircraft.  The efficiency is gained 

both by keeping the flow over the propeller airfoils attached and allowing the engine to operate 

in its efficient power band.   While these propellers are used on larger aircraft, their weight and 

complexity make them an impractical choice for some small general aviation aircraft and 

unmanned aerial systems.  The propeller developed and tested here removes this limitation by 

using tailored blade aerodynamics to provide the pitching moments necessary to keep the blade 

operating at an efficient pitch angle over a wide range of flight conditions.  This avoids the 

hydraulic/ electric actuation traditionally used with variable pitch propellers. 

7.2. Analytical Investigation of Viability 

Pitching moment characteristics of a propeller blade are central to design and analysis 

of the proposed propeller.  To describe the pitching characteristics of a propeller, blade 

planform descriptors were developed that mirror those used when discussing the static pitch 

stability of an aircraft.  These include mean aerodynamic chord, aerodynamic center, reference 

area, and static margin.  The form of these variables is similar to those for an aircraft but 

include the effects of changing local velocities from root to tip of the propeller blade.    The 

resulting definitions of these variables differ from those relating to an aircraft planform, 
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because they are not constant but are necessarily dependent on the operational advance ratio 

of the propeller.   

Once the propeller blade aerodynamic center and static margin are defined, it is shown 

that the requirements for static stability of the propeller blade are exactly those of an aircraft.  

These are, first, that there must exist a pitch trim condition at a positive lift value, and second, 

that a disturbance away from the equilibrium point results in a restoring moment.  As with an 

aircraft, this is achieved by placing the aerodynamic center aft of the moment reference center 

and designing for positive CMo.  The moment reference center in this case is the point about 

which pitch motions occur, which is the center of mass for an aircraft and the blade shaft for a 

propeller blade. 

An examination of the inertial characteristics of a spinning propeller show that care 

must be taken with certain elements of the inertia tensor and placement of the center of mass of 

the blade.  The most significant element of the inertia tensor is the product of inertia about the 

blade rotation axis.  This value must be zeroed such that the normal spinning of the propeller 

does not impose an inertial pitching moment on the blade which could overcome aerodynamic 

pitching moments.  A similar effect can be shown for the case in which the center of mass of the 

blade is not positioned at the center of blade rotation.  Depending on the magnitude of mass and 

inertia imbalances the propeller blade will experience a delta offset in trim angle and/ or an 

effective change in pitch sensitivity (static margin).  If an inertially induced pitching moment is 

large, and the blades have a mechanically limited rotation range, the blade could rotate to a 

mechanical stop and remain there despite aerodynamic moments. 

A dynamic analysis of the propeller blades using Lyapunov showed that as long as static 

stability conditions are met, and available power from the driving motor does not decrease 
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faster than required power absorbed by the propeller as rpm is reduced, the propeller blade 

pitch and disk rotation will be dynamically stable.  To perform Lyapunov analysis an 

assumption of constant angle of attack along the blade was made to simplify the equations of 

motion.  While it is likely angles of attack will increase and decrease together, magnitudes of 

change will differ along the blade, which is not represented in this analysis. 

Although no general form is found for pitch variation with changing inflow conditions, 

the analysis shows, with some assumptions, the concept has merit.  The analysis also shows 

that, to use the blade aerodynamics to achieve the desired effect, mass and inertia properties of 

the blades must be carefully considered. 

7.3. Computational Analysis of the Passively Varying Concept 

A computational tool to examine the passively varying pitch propeller performance and 

behavior was developed using an available open source code, QPROP.  The behavior of a free to 

pitch propeller was first demonstrated by using an existing standard fixed pitch propeller 

geometry and imposing airfoil pitching moment characteristics.   This analysis indicated that, 

with proper tailoring of airfoil pitching moment and placement of the blade rotation axis, a 

propeller could be designed which would achieve and maintain a favorable pitch angle over a 

much expanded operational envelope.  

A test article design was developed with the QMIL utility, packaged with QPROP, using 

aerodynamic qualities of a modified Eppler325 flying wing airfoil.  Further computational 

analysis showed that the propeller behaved in the way that was indicated by the analytical 

work.  Namely, static pitch stability was achieved by placing the aerodynamic center aft of the 

center of rotation (moment reference center) and that lowering the static margin increased the 

trim load condition of the propeller and vice versa.  Another conclusion derived from 
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computational analysis was the effect of the blade sweep on performance over changing 

advance ratios.  The analysis indicated sweeping the blade aft yielded positive performance 

benefits at higher advance ratios by effectively reducing pitch sensitivity while maintaining 

pitch sensitivity at low advance ratios. 

7.4. Experimental Testing of Passively Varying Test Article 

Two test articles were constructed to validate the computational findings.  Both test 

articles were swept to maintain a straight 80% chord line.  One was designed with a 9% static 

margin and the other with a 12% static margin. 

After mass balancing the propellers, data was taken successfully demonstrating the free 

to pitch concept.  Data sets were collected over multiple days and multiple installations in the 

NCSU tunnel.  Both propeller test articles were capable of approximately 15 total degrees of 

pitch travel, and the data demonstrated successful use of the entire range.  When plotted 

against fixed pitch data of the same test articles, the free to pitch articles maintain a pitch angle 

yielding efficiency near the peak of the correctly matched fixed pitch configuration at any given 

advance ratio.   

Both test articles demonstrated a near constant power coefficient over the tested range.  

This results in constant power at constant rpm over a large flight envelope for a given size 

propeller at a set atmospheric density.  This relationship allows engines to operate at full power 

without the problem of overloading at low flight speeds or overspeeding at higher speeds.  The 

availability of peak engine power at any flight speed for a given vehicle will yield more excess 

power resulting in shorter takeoff distances, higher climb rates, and higher top speeds, all 

gained at only a minimal increase in weight and no increase in complexity outside the propeller 

itself. 
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When tested at higher rpm s both propeller test articles trimmed to slightly higher pitch 

angles.  While trim angles were slightly higher the resulting efficiency curve still intersected 

near the peak of the corresponding fixed pitch propeller.  Given the relatively low rpm of the 

tests, these results could be driven by Reynolds effects on the low speed airfoil, or residual 

inertial effects.  Low Re# on the airfoil may cause separation near the trailing edge, impacting 

the aerodynamic pitching moment of the airfoil, and, depending on the character of the inertia 

tensor, an inertial effect could produce an offset in the pitch trim point. 

Comparison of the two static margins tested does not agree with predictions that lower 

static margin will result in a higher blade loading.  Instead, the lower static margin model trims 

to a lower pitch angle.  Given the sensitivity to products of inertia seen during tuning of the 

8009 propeller it seems likely this result is a feature of a residual inertial moment. 

After wind tunnel tests one of the test articles was tested in flight on the NCSU Flight 

Research Lab Converse.  Instrumentation on the aircraft was limited to electrical power draw, 

rpm and flight speed.  Data from the test flight was compared to data from the same aircraft 

flown with an off-the-shelf fixed pitch propeller.  Data from the free to pitch propeller showed a 

much tighter band on electrical power draw when plotted against rpm or throttle command.  

When CP is calculated using the electrical power, and an assumed electrical efficiency of 85%, 

the fixed pitch propeller yields a reducing CP as advance ratio increase while the free to pitch 

propeller has a much more constant CP, corroborating wind tunnel test findings. 

7.5. Future Work 

There exists great potential for follow on work now that the concept of aerodynamically 

tailoring for passive varying pitch propellers has been demonstrated.  While the overall concept 

was demonstrated, some of the secondary analytical and computational conclusions were either 
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not demonstrated or had a negative result.  These include effects of static margin, which was 

shown analytically and computationally to result in higher loadings when reduced but 

experimentally resulted in lower loadings.  Analysis showed the product of inertia in the plane 

normal to the blade rotation axis to be an important contributor to pitching moment but was 

not systematically investigated experimentally.  Residual inertial effects may well have been the 

reason that static margin results were not as expected, and un-confounded inertial and static 

margin effects could be demonstrated through expanded testing.   

Blade sweep, which was shown computationally to affect pitching characteristics during 

off design operation, was not varied in the wind tunnel.  Although initial plans called for 

experimental tests at two sweep values, the initial set of test articles proved unsatisfactory for 

testing and did not yield good data before failing during tunnel tests.  The second generation of 

test articles was more time consuming to build, and only one sweep case was constructed.   

Lastly, all testing occurred using an electric motor at relatively low power settings.  

Practical application of the propeller requires testing at high power settings, and ideally with 

electric and internal combustion engines.  Application to IC engines requires further work 

because engine torque can have a large periodic component, which, coupled with the blade 

inertial properties, could cause undesired pitching behavior in the propeller. 

 

  



 
 
 

103 

REFERENCES 

 
[1] The Office of the Secretary of Defense. “Unmanned Aircraft Systems Roadmap 2005-

2030.”  

[2]  Octave, Chanute, Progress in Flying Machines, Sec. ‘Screws to Lift and Propel: April 1892,’ 

1894.  

[3]  Hamilton Sundstrand Website, History Section.       

http://www.hamiltonsundstrand.com (cited July14, 2011)  

[4]  Kinney, Jeremy, “Turning in the Wind: Frank W. Caldwell and the Variable-Pitch 

Propeller,” ITEA Journal, 30:339-344, 2009 

[5] Miller, M., "MAV-2015 AFRL's Vision for Bird Sized UAV," Proceedings of the 2011 

International Technical Meeting of The Institute of Navigation, San Diego, CA, January 

2011, pp. 1-33. 

[6]  McCauley Website, Propeller System Technology Guide, 

http://www.mccauley.tectron.com (cited July 14, 2011) 

[7]  Curtiss-Wright Corporation Website, History Section.                          

http://www.curtisswright.com (cited July 14, 2011) 

[8]  MT-Propeller USA Website, Inc., Products Section.                                           

http://www.mt-propellerusa.com (cited July 14, 2011) 

[9]  Fort Vancouver National Trust, Vancouver, Washington, “Fort Vancouver Times, Spring 

2010.”  

[10]  Koppers Company, Inc Aeromatic Propeller Dept., Baltimore, Maryland, Field Service 

Instructions for Aeromatic Propellers Models 220, 220-I, and 220H.  

[11]  Tarvers Propellers, LLC, Aeromatic Website.                                                   

http://www.aeromatic.com (cited July 14, 2011) 

http://www.hamiltonsundstrand.com/
http://www.mccauley.tectron.com/
http://www.curtisswright.com/
http://www.mt-propellerusa.com/
http://www.aeromatic.com/


 
 
 

104 

 
[12]  Queijo, M. J., “Wind Tunnel Tests of a Modified Koppers Aeromatic Impeller-Generator 

Combination,” NACA ARR 2901, 1946. 

[13] Burger, C. and Hartfield, R., “Design, Testing and Optimization of a Constant Torque 

Propeller,” AIAA Paper 2007-3927, January 2007. 

[14]  Samuel Ginn College of Engineering, “Auburn Engineering - Spring/Summer 2008, Volume 18 

Issue 1.” http://www.eng.auburn.edu/files/file1289.pdf (cited July 14, 2011) 

[15]  Aerovate Website, Gallery Section.                                                                         

http://www.aerovate.com (cited July 14, 2011)  

[16]  Dwyer, W. J. and Rogers, J. B., “Aeroelastically Tailored Propellers,” SAE Technical Paper 770455, 

March 1977. 

[17]  Sandak, Y. and Rosen A., “Aeroelastically Adaptive Propeller Using Blades’ Root Flexibility,” The 

Aeronautical Journal, Paper 2851, August 2004. 

[18] Archer, R. Douglas and Saarlas, Maido, An Introduction to Aerospace Propulsion, Prentice 

Hall, Inc., 1996. 

[19] Society of Flight Test Engineers, Lancaster, PA, Society of Flight Test Engineers Reference 

Handbook – 2007 Edition, 2007. 

[20] Domnasch, Daniel O., Elements of Propeller and Helicopter Aerodynamics, Pitman 

Publishing Corporation, 1953. 

[21] Etkin, Bernard, Dynamics of Flight Stability and Control, 2nd Edition, John Wiley and 

Sons, Inc, New York, 1982. 

[22] Kuethe, Arnold, and Chow, Chuen-Yen, Foundations of Aerodynamics: Bases of 

Aerodynamic Design, John Wiley and Sons, New York, 1986. 

[23] Hibbeler, R.C., Engineering Mechanics Dynamics, 11th Ed., Pearson Prentice Hall 2007 

(Chap21), Upper Saddle River, NJ 

[24] Drela, Mark, QPROP Formulation, MIT Aeronautics and Astronautics, Cambridge, MA. 

http://web.mit.edu/drela/Public/web/qprop/ (cited July 14, 2011) 

http://www.eng.auburn.edu/files/file1289.pdf
http://www.aerovate.com/
http://web.mit.edu/drela/Public/web/qprop/


 
 
 

105 

 
[25] Drela, Mark, QPROP User Guide, MIT Aeronautics and Astronautics, Cambridge, MA. 

http://web.mit.edu/drela/Public/web/qprop/ (cited July 14, 2011) 

[26] Ol, M., Zeune, C., and Logan, M., “Analytical – Experimental Comparison for Small electric 

Unmanned Air Vehicle Propellers,” AIAA Paper 2008-7345, August 2008. 

[27] Bishop, Jason, “Development of a Wind Tunnel Test Cell for Small Propellers with 

Application to the Plank Unmanned Aerial Vehicle,” Master’s Thesis, North Carolina 

State University, Department of Mechanical and Aerospace Engineering, 2009. 

[28] Weick, Fred E., Aircraft Propeller Design, Langley Memorial Aeronautical Laboratory, 

McGraw-Hill Book Company, Inc. 1930. 

[29] Glauert, H., The Elements of Aerofoil and Airscrew Theory. Fetter Lane, London: 

Cambridge University Press, 1930. 

[30] Gamble, Dustin E. and Arena, Andrew, “Automated Dynamic Propeller Testing at Low 

Reynolds Numbers,” AIAA Paper 2010-853, January 2010. 

[31] Merchant, Monal P. and Miller, L. Scott, “Propeller Performance Measurement for Low 

Reynolds Number UAV Applications,” AIAA Paper 2006-1127, January 2006. 

[32]  Brandt, John B. and Delig, Michael S., “Propeller Performance Data at Low Reynolds 

Numbers,” AIAA Paper 2011-1255, January 2011. 

[33] Eagle Tree Systems, LLC Website, Products Section.                       

http://eagletreesystems.com (cited July 14, 2011) 

http://web.mit.edu/drela/Public/web/qprop/
http://eagletreesystems.com/


 
 
 

106 

APPENDICES 

 

 

    



 
 
 

107 

Appendix A – Qmil and Qprop Geometry Files 

QMIL Input: 
PasProp 
 
2 !Nblades 
 
-0.0744 6.601 !CL0 CL_a 
 
-0.6 1.2 !CLmin CLmax 
 
0.01941 0.006 0.0225 -0.3189 !CD0 CD2u CD2l CLCD0 
100000 -0.500 !REref REexp 
 
0 0.5 1.0 !XIdes 
0.6 0.6 0.6 !CLdes 
 
0.0 !hub r (m) 
0.254  !tip r 
18.29 !m/s 
4000    !rpm 
 
20      !T in newtons 
0 ! Power not specfied 
 
0 0 !Ldes KQdes 
 
25 !Nout 
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QMIL Ouput: 
 
PasProp                                          
 
   2       ! Nblades 
 
  -0.0744  6.6010    ! CL0    CL_a  
  -0.6000  1.2000    ! CLmin  CLmax 
 
   0.01941  0.00600  0.02250 -0.3189    ! CD0    CD2u  CD2l  CLCD0 
   100000.0  -0.500            ! REref  REexp 
 
   1.0000  1.0000  1.0000   !  Rfac   Cfac   Bfac 
   0.0000  0.0000  0.0000   !  Radd   Cadd   Badd 
  
#        r            c        beta 
   0.50800E-02  0.10541E-01  90.1041 
   0.15240E-01  0.30411E-01  79.0588 
   0.25400E-01  0.46519E-01  69.1520 
   0.35560E-01  0.57205E-01  60.7006 
   0.45720E-01  0.62685E-01  53.6936 
   0.55880E-01  0.64294E-01  47.9503 
   0.66040E-01  0.63456E-01  43.2450 
   0.76200E-01  0.61240E-01  39.3676 
   0.86360E-01  0.58336E-01  36.1443 
   0.96520E-01  0.55153E-01  33.4378 
   0.10668      0.51917E-01  31.1420 
   0.11684      0.48742E-01  29.1752 
   0.12700      0.45681E-01  27.4747 
   0.13716      0.42749E-01  25.9917 
   0.14732      0.39937E-01  24.6881 
   0.15748      0.37226E-01  23.5338 
   0.16764      0.34588E-01  22.5048 
   0.17780      0.31988E-01  21.5818 
   0.18796      0.29385E-01  20.7492 
   0.19812      0.26728E-01  19.9941 
   0.20828      0.23952E-01  19.3061 
   0.21844      0.20963E-01  18.6763 
   0.22860      0.17609E-01  18.0973 
   0.23876      0.13574E-01  17.5629 
   0.24892      0.78072E-02  17.0679 
   0.25400      0.42745E-02  16.8351  



 
 
 

109 

Pitching-QPROP Input: 
 
E325Mod T20N,V18.3ms,RPM4000   
 
 2     9  ! Nblades  [ R ] 
 
 -0.074  6.79   ! CL0     CL_a 
 -0.3  1.0   ! CLmin   CLmax 
 
0.0626 -0.08 !CMo CM_CL 
 
 0.02  0.0066 0.0719  -.3785   !  CD0    CD2u   CD2l   CLCD0 
 100000   -0.7              !  REref  REexp 
 
 0.0254  0.0254   1.0  !  Rfac   Cfac   Bfac   
 0.      0.       0.   !  Radd   Cadd   Badd   
 
#  r  chord  beta [  CL0  CL_a CLmin CLmax CMo CM_CL CD0   CD2u   CD2l   CLCD0  REref  REexp ] 
1.4  2.252  60.70  -0.074  6.79  -0.3  1  0.0626  0.027  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
1.8  2.468  53.69  -0.074  6.79  -0.3  1  0.0626  0.047  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
2.2  2.531  47.95  -0.074  6.79  -0.3  1  0.0626  0.052  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
2.6  2.498  43.24  -0.074  6.79  -0.3  1  0.0626  0.049  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
3.0  2.411  39.37  -0.074  6.79  -0.3  1  0.0626  0.042  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
3.4  2.297  36.14  -0.074  6.79  -0.3  1  0.0626  0.032  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
3.8  2.171  33.44  -0.074  6.79  -0.3  1  0.0626  0.019  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
4.2  2.044  31.14  -0.074  6.79  -0.3  1  0.0626  0.005  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
4.6  1.919  29.18  -0.074  6.79  -0.3  1  0.0626  -0.011  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
5.0  1.798  27.47  -0.074  6.79  -0.3  1  0.0626  -0.029  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
5.4  1.683  25.99  -0.074  6.79  -0.3  1  0.0626  -0.048  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
5.8  1.572  24.69  -0.074  6.79  -0.3  1  0.0626  -0.069  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
6.2  1.466  23.53  -0.074  6.79  -0.3  1  0.0626  -0.092  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
6.6  1.362  22.50  -0.074  6.79  -0.3  1  0.0626  -0.118  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
7.0  1.259  21.58  -0.074  6.79  -0.3  1  0.0626  -0.148  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
7.4  1.157  20.75  -0.074  6.79  -0.3  1  0.0626  -0.184  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
7.8  1.052  19.99  -0.074  6.79  -0.3  1  0.0626  -0.227  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
8.2  0.943  19.31  -0.074  6.79  -0.3  1  0.0626  -0.282  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
8.6  0.825  18.68  -0.074  6.79  -0.3  1  0.0626  -0.358  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 
9.0  0.693  18.10  -0.074  6.79  -0.3  1  0.0626  -0.474  0.02  6.6E-03  0.0719  -0.3785  1E+05  -0.7 

 
  



 
 
 

110 

Appendix B – Matlab Simulation Functions 

 

function y = fcn(delPitch,delPitchDot,Omega,Vel,delV) 

  
rho=0.002377; 

 
b=0.05;   %Mech Damping  

  
r=0.75; 
Rad = [0.1292 0.1545 0.1801 0.2053 0.2306 0.2558 0.2814... 
    0.3067 0.3319 0.3572 0.3824 0.4080 0.4333 0.4585... 
    0.4838 0.5091 0.5346 0.5599 0.5852 0.6104 0.6360... 
    0.6612 0.6865 0.7118 0.7370]; 
Chord = [0.1961 0.2070 0.2109 0.2096 0.2053 0.1994 0.1919... 
    0.1840 0.1761 0.1679 0.1601 0.1525 0.1450 0.1378... 
    0.1309 0.1240 0.1174 0.1109 0.1043 0.0981 0.0915... 
    0.0846 0.0777 0.0702 0.0620]; 
Beta = [1.0101 0.9217 0.8460 0.7808 0.7247 0.6762 0.6338... 
    0.5969 0.5643 0.5355 0.5099 0.4868 0.4660 0.4474... 
    0.4305 0.4149 0.4007 0.3877 0.3757 0.3646 0.3543... 
    0.3447 0.3359 0.3275 0.3196]; 
Beta = Beta + delPitch; 

  
CMa = [0.777487786 0.939026136 0.987975203 0.974872062 ... 
    0.917275005 0.826232801 0.715744665 0.590676903 0.446396446 ... 
    0.284985072 0.113989855 -0.063810894 -0.260832981 ... 
    -0.473424021 -0.696186577 -0.937840268 -1.19787567 ... 
    -1.485572057 -1.80920061 -2.174603795 -2.607837302 ... 
    -3.110340346 -3.708015081 -4.494947446 -5.604935325]; 
CMo = [0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 ... 
    0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 ... 
    0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 0.0626 ... 
    0.0626 0.0626]; 

  
n=size(Rad,2);       %blade segments 
step=r/n; 

  
M=0; 
for i=1:1:n 
    Alpha = Beta(i)-atan((Vel+delV)/(Omega*Rad(i))); 
    Utot2 = (Vel+delV)^2+(Omega*Rad(i))^2; 
    M = M + 0.5*rho*Chord(i)^2*Utot2*(CMo(i)+CMa(i)*Alpha)*step; 
end; 

  
y = M-b*delPitchDot; 
%y=0; 
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function y = fcn(delPitch,Omega,Vel,delV) 

  
rho = 0.002377; %density 
CLalpha = 6.79;     %per rad 
CLo = -0.074; 
CDo = 0.02; 
CD2u = 0.0066;  CD2l = 0.0719;  CLCDo = -0.3785; 
r=0.75; 

  
Rad = [0.1292 0.1545 0.1801 0.2053 0.2306 0.2558 0.2814... 
    0.3067 0.3319 0.3572 0.3824 0.4080 0.4333 0.4585... 
    0.4838 0.5091 0.5346 0.5599 0.5852 0.6104 0.6360... 
    0.6612 0.6865 0.7118 0.7370]; 
Chord = [0.1961 0.2070 0.2109 0.2096 0.2053 0.1994 0.1919... 
    0.1840 0.1761 0.1679 0.1601 0.1525 0.1450 0.1378... 
    0.1309 0.1240 0.1174 0.1109 0.1043 0.0981 0.0915... 
    0.0846 0.0777 0.0702 0.0620]; 
Beta = [1.0101 0.9217 0.8460 0.7808 0.7247 0.6762 0.6338... 
    0.5969 0.5643 0.5355 0.5099 0.4868 0.4660 0.4474... 
    0.4305 0.4149 0.4007 0.3877 0.3757 0.3646 0.3543... 
    0.3447 0.3359 0.3275 0.3196]; 

  
Beta = Beta + delPitch; 
A = 3.14159*r^2; 
n=size(Rad,2); 
delVtemp = delV - 0.01; 
step=r/n; 

  
eml.extrinsic('system'); 
while abs(delV-delVtemp)>.0001 
    T=0; 
    for i=1:1:n 
        delV=delVtemp; 
        Alpha = Beta(i)-atan((Vel+delV)/(Omega*Rad(i))); 
        CL = Alpha*CLalpha; 
        if (CL > CLCDo) CD = CDo + CD2u*(CL - CLCDo)^2; 
        else CD = CDo + CD2l*(CL - CLCDo)^2; 
        end;  
        Utot2 = (Vel+delV)^2+(Omega*Rad(i))^2; 
        Utot = sqrt(Utot2); 
        T=T+Chord(i)*Utot*(CL*Omega*Rad(i)-CD*(Vel+delV))*step; 
    end; 
    T=0.5*rho*T; 
    if (T < 0) T=0; 
    end; 
    delVtemp = (-Vel + sqrt(Vel^2+4*T/(2*rho*A)))/2; 
end; 
n=system('cd'); 

  
y = delVtemp;  
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function y = fcn(delPitch,Omega,Vel,delV) 

  
rho = 0.002377; %density 

  
CLalpha = 6.79;     %per rad 
CLo = -0.074; 
CDo = 0.02; 
CD2u = 0.0066; 
CD2l = 0.0719; 
CLCDo = -0.3785; 

  
r=0.75; 
Rad = [0.1292 0.1545 0.1801 0.2053 0.2306 0.2558 0.2814... 
    0.3067 0.3319 0.3572 0.3824 0.4080 0.4333 0.4585... 
    0.4838 0.5091 0.5346 0.5599 0.5852 0.6104 0.6360... 
    0.6612 0.6865 0.7118 0.7370]; 
Chord = [0.1961 0.2070 0.2109 0.2096 0.2053 0.1994 0.1919... 
    0.1840 0.1761 0.1679 0.1601 0.1525 0.1450 0.1378... 
    0.1309 0.1240 0.1174 0.1109 0.1043 0.0981 0.0915... 
    0.0846 0.0777 0.0702 0.0620]; 
Beta = [1.0101 0.9217 0.8460 0.7808 0.7247 0.6762 0.6338... 
    0.5969 0.5643 0.5355 0.5099 0.4868 0.4660 0.4474... 
    0.4305 0.4149 0.4007 0.3877 0.3757 0.3646 0.3543... 
    0.3447 0.3359 0.3275 0.3196]; 
Beta = Beta + delPitch; 

  
n=size(Rad,2); 
step=r/n; 

  
Q=0; 
for i=1:1:n 
   Alpha = Beta(i)-atan((Vel+delV)/(Omega*Rad(i))); 
   CL = Alpha*CLalpha; 
   if (CL > CLCDo) 
       CD = CDo + CD2u*(CL - CLCDo)^2; 
   else 
       CD = CDo + CD2l*(CL - CLCDo)^2; 
   end; 
   Utot2 = (Vel+delV)^2+(Omega*step*(i-1/2))^2; 
   Utot = sqrt(Utot2); 
   Q=Q+Rad(i)*Chord(i)*Utot*(CL*Vel+CL*delV+CD*Omega*Rad(i))*step; 
end; 

  
y = 2*(0.5*rho*Q); 
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Appendix C – Wind Tunnel Test Data – Rapid Prototyped Blades 

 

(6-4-2010 Run1-4) Fixed Pitch Data for 4009 Rapid Prototyped Blades 
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(6-30-2010 Run1) Initial F2P Run 3krpm.  Blade appears at max nose up. 
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(6-31-2010 Run1) Second F2P Run 3krpm.  Product balance, CG Adjust. 
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(6-31-2010 Run2) Third F2P Run 3krpm.  Product balance, CG Adjust. Shaft does not 
appear structurally stable (suspect plastic deformation) 
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(6-31-2010 Run3) Fourth F2P Run 3krpm.  Product balance, CG Adjust necessary. 
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(7-6-2010 Run1) Fifth F2P Run 3krpm.  Product balance, CG Adjust necessary. 
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(7-6-2010 Run2) Sixth F2P Run 3krpm.  Product balance, CG Adjust necessary. 
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Appendix D – Wind Tunnel Test Data – 8012 Composite Blades 

 

(2-8-2011 Run1) Initial 8012 F2P 3krpm run co-plotted with fixed pitch data 
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(2-8-2011 Run2) Second 8012 F2P 3krpm run co-plotted with fixed pitch data 
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(2-9-2011 Run5) First 8012 F2P 3krpm after fixed pitch testing co-plotted with fixed pitch data  
-(previous 4 runs fixed pitch data sets) 

J (V/nD)

C
P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)

C
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

= -5 deg
= 0 deg
= 5 deg
= 10 deg

2011-02-09 Run5



 
 
 

123 

 

(2-10-2011 Run1) Initial 8012 F2P 4krpm run co-plotted with fixed pitch data 
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(2-10-2011 Run2) Initial 8012 F2P 5krpm Run co-plotted with fixed pitch data 
-Run aborted after excessive vibrations, upon stopping test, large offset noted in thrust reading, 
later traced to a tensioned wire bridging between the propeller shroud and motor (across 
balance) 
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(2-10-2011 Run4) Redo of 8012 F2P 3krpm run after previous issue with vibration and 
tensioned wire.  Good agreement with previous 3krpm data runs  
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(2-11-2011 Run1) Replicate of 8012 F2P 3krpm run.  Good agreement. 
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(2-11-2011 Run2) Replicate of 8012 F2P 4krpm run.  Slightly more scatter but good agreement. 
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(2-11-2011 Run3) Second attempt for 8012 F2P 5krpm run.  After a few points an odd 
noise.  Apparent failure of motor winding insulation. 
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(2-14-2011 Run1) Recheck of 8012 F2P 3krpm performance after replacing original 
motor with slightly larger brushless motor.  Good agreement. 
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(2-14-2011 Run2) Replicate of 8012 F2P 4krpm run.  Good agreement. 
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(3-4-2011 Run1) Replicate of 8012 F2P 3krpm run.  First run after reinstallation 
following 8009 testing.  Good agreement. 

 

J (V/nD)

C
P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)

C
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

= -5 deg
= 0 deg
= 5 deg
= 10 deg

2011-03-04 Run1



 
 
 

132 

 

(4-11-2011 Run1) Replicate of 8012 F2P 3krpm run.  First run after second 
reinstallation following 8009 bearing re-test.  Good agreement. 
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(4-11-2011 Run2) Replicate of 8012 F2P 4krpm run.  First 4krpm run after 
reinstallation following 8009 bearing re-test.  Good agreement. 

J (V/nD)

C
P

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)

C
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0

0.05

0.1

0.15

0.2

J (V/nD)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

= -5 deg
= 0 deg
= 5 deg
= 10 deg

2011-04-11 Run2



 
 
 

134 

 

(4-12-2011 Run1) Replicate of 8012 F2P 3krpm run.  Good agreement. 
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(4-12-2011 Run2) ‘Bug’ Run 8012 F2P 3krpm run.  No appreciable delta from ‘non-Bug’ runs. 
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(4-12-2011 Run3) ‘Bug’ Run 8012 F2P 4krpm run.  No appreciable delta from ‘non-Bug’ runs. 
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Appendix E – Wind Tunnel Test Data – 8009 Composite Blades 

 

(2-25-2011 Run1)  Initial 8009 F2P 3krpm run co-plotted with fixed pitch data 
-2.0g weights on product balance 
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(2-26-2011 Run2) 8009 F2P 3krpm run co-plotted with fixed pitch data 
-1.9g weights on product balance 
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(2-26-2011 Run3) 8009 F2P 3krpm run co-plotted with fixed pitch data 
-1.8g weights on product balance 
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(2-26-2011 Run4) 8009 F2P 3krpm run co-plotted with fixed pitch data 
-1.6g weights on product balance 
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(2-26-2011 Run5) Initial 8009 F2P 4krpm run co-plotted with fixed pitch data 
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(3-2-2011 Run3) Replicate 8009 F2P 3krpm run co-plotted with fixed pitch data 
-product balance slippage after last run, first run after reset.  Good agreement. 
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(3-3-2011 Run1) Replicate 8009 F2P 4krpm run co-plotted with fixed pitch data. 
-first replicate since product balance reset.  Good agreement. 
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(3-3-2011 Run3) Replicate 8009 F2P 3krpm run co-plotted with fixed pitch data 
-first replicate since new bearings in block.  Good agreement. 
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