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Abstract

Aerodynamic performance of small-scale fixed-wing flight is not well understood, and flight data are needed to

gain a better understanding of the aerodynamics of micro air vehicles (MAVs) flying at Reynolds numbers

between 10,000 and 30,000. Experimental studies have shown the aerodynamic effects of low Reynolds

number flow on wings and airfoils, but the amount of work that has been conducted is not extensive and

mostly limited to tests in wind and water tunnels.

In addition to wind and water tunnel testing, flight characteristics of aircraft can be gathered

through flight testing. The small size and low weight of MAVs prevent the use of conventional on-board

instrumentation systems, but motion tracking systems that use off-board triangulation can capture flight

trajectories (position and attitude) of MAVs with minimal onboard instrumentation. Because captured

motion trajectories include minute noise that depends on the aircraft size, the trajectory results were

verified in this work using repeatability tests. From the captured glide trajectories, the aerodynamic

characteristics of five unpowered aircraft were determined.

Test results for the five MAVs showed the forces and moments acting on the aircraft throughout the

test flights. In addition, the airspeed, angle of attack, and sideslip angle were also determined from the

trajectories. Results for low angles of attack (less than approximately 20 deg) showed the lift, drag, and

moment coefficients during nominal gliding flight. For the lift curve, the results showed a linear curve until

stall that was generally less than finite wing predictions. The drag curve was well described by a polar.

The moment coefficients during the gliding flights were used to determine longitudinal and lateral stability

derivatives. The neutral point, weather-vane stability and the dihedral effect showed some variation with

different trim speeds (different angles of attack). In the gliding flights, the aerodynamic characteristics

exhibited quasi-steady effects caused by small variations in the angle of attack. The quasi-steady effects, or

small unsteady effects, caused variations in the aerodynamic characteristics (particularly incrementing the

lift curve), and the magnitude of the influence depended on the angle-of-attack rate.

In addition to nominal gliding flight, MAVs in general are capable of flying over a wide flight envelope

including agile maneuvers such as perching, hovering, deep stall and maneuvering in confined spaces. From
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the captured motion trajectories, the aerodynamic characteristics during the numerous unsteady flights were

gathered without the complexity required for unsteady wind tunnel tests. Experimental results for the MAVs

show large flight envelopes that included high angles of attack (on the order of 90 deg) and high angular

rates, and the aerodynamic coefficients had dynamic stall hysteresis loops and large values.

From the large number of unsteady high angle-of-attack flights, an aerodynamic modeling method was

developed and refined for unsteady MAV flight at high angles of attack. The method was based on a

separation parameter that depended on the time history of the angle of attack and angle-of-attack rate.

The separation parameter accounted for the time lag inherit in the longitudinal characteristics during

dynamic maneuvers. The method was applied to three MAVs and showed general agreement with unsteady

experimental results and with nominal gliding flight results.

The flight tests with the MAVs indicate that modern motion tracking systems are capable of capturing the

flight trajectories, and the captured trajectories can be used to determine the aerodynamic characteristics.

From the captured trajectories, low Reynolds number MAV flight is explored in both nominal gliding flight

and unsteady high angle-of-attack flight. Building on the experimental results, a modeling method for the

longitudinal characteristics is developed that is applicable to the full flight envelope.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

The use of MAVs and the research interest in MAVs has grown significantly in recent years [1, 2], but accurate

and detailed experimental aerodynamic data in the Reynolds number range of 10,000 to 30,000 is limited.

Further testing at low Reynolds numbers is needed to refine models and predictions of MAV aerodynamic

characteristics. The complexity of low Reynolds number flow can be observed from the test results of airfoils

and wings at Reynolds number less than 500,000 [3–11]. Limited results are available at Reynolds numbers

below 100,000 where the effects associated with low Reynolds numbers become more pronounced [3, 12, 13].

In addition to the aerodynamic changes due to low Reynolds numbers, MAVs typically have high

structural strength-to-weight ratios and high thrust-to-weight ratios which enable them to readily operate

over a larger flight envelope than most full-sized airplanes. MAVs operate over a large range of angles of

attack during agile maneuvers such as perching [14–16], hovering [17, 18], deep stall [19, 20], and dynamic

maneuvering in confined spaces [21]. Consequently, experimental data for the aerodynamic characteristics

are needed at large angles of attack (on the order of 90 deg) and over a range of angular rates.

Low Reynolds number experimental flight data for small MAVs have been previously gathered using

off-board motion tracking systems to capture flight trajectories. Modern motion tracking systems measure

the position and orientation of small objects, and the accurate, high-speed measurements of flight trajectories

can be used to determine aerodynamic characteristics of MAVs [14, 22]. In addition, motion tracking can

be used to determine the effect of unsteady aerodynamics without a complex and costly apparatus that

is normally required in wind tunnel tests [23, 24]. This research uses off-board flight measurements to

understand the aerodynamics of free-flight MAVs for both nominal low angle-of-attack flight and unsteady

high angle of attack flight. Flight tests at low angles of attack (on the order of the stall angle of attack)

and with low angular rates had only small unsteady effects and thus, are referred to as quasi-steady flights.

Second, dynamic high angle-of-attack flight where the maximum angle of attack was large (on the order

of 90 deg) and the angular rates were large was explored. Together, the experimental data show low
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Reynolds number flight characteristics of MAVs in quasi-steady nominal gliding flight and unsteady high

angle-of-attack flight.

Beyond additional experimental data for MAVs, better modeling approaches are needed for the

aerodynamic characteristics over the large flight envelope—particularly unsteady and high angle-of-attack

flight. Previous work has used motion tracking data to gather aerodynamic coefficients and model flight

dynamics of MAVs over limited flight envelopes. One approach used trajectories to estimate the aerodynamic

coefficients for MAVs at angles of attack up to 30 deg but neglected the dynamic effects [25]. A work that

showed aerodynamic coefficients during unsteady high angle-of-attack flight did not attempt to model the

aerodynamic coefficients of the MAV [23, 24]. In Refs. [14] and [22], high angle-of-attack flight was modeled

using flat plate theory while neglecting the complexities of unsteady effects. Modeling unsteady flight is

challenging because the aerodynamic coefficients depend on the time history of the angle of attack and the

angle-of-attack rate. One approach to modeling unsteady high angle-of-attack flight involves using indicial

functions [26, 27]. Another approach involves an additional state variable that includes a time dependent

lag [28, 29]. The additional state variable is referred to as the separation parameter [29, 30], and the

method has generally been applied to airfoils or large aircraft with peak angles of attack in between 30 and

60 deg [31–33]. As previously mention MAVs often operate at angles of attack up to and exceeding 90 deg,

and recently, the expanded state-space method was adapted to model the lift coefficient for a four-element

cascade wing at angles of attack up to 90 deg [34, 35]. Using the experimental high angle of attack data in

this work, a model was developed based on the expanded state-space method for longitudinal flight of three

MAVs, and the methodology is applicable to the full flight envelope of the MAVs which includes flight at

angles of attack exceeding 90 deg.

This research measured the aerodynamic characteristics of five MAVs using flight testing and expanded

on the existing results by testing a variety of airframes. The analysis included results in both quasi-steady

nominal gliding flight and unsteady high angle-of-attack flight. The objective was to use numerous flights

to gather results in different flight conditions and use multiple flights at each of the conditions to reduce the

uncertainty in the results. Results for five tested MAVs are presented and analyzed in this dissertation to

demonstrate how flight trajectories were used to gather aerodynamic characteristics for both quasi-steady

and high angular rate flight. For the unsteady high angle-of-attack flight, modeling methods are developed

and applied to the longitudinal flight dynamics. The data that were collected for MAV flight at low Reynolds

numbers increases the understanding of the aerodynamic characteristics and flight characteristics of MAVs

for both quasi-steady and unsteady high angle of attack flight.
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Figure 1.1: Maximum lift-to-drag ratio as a function of Reynolds number (reproduced from Ref. 36).

1.2 Literature Review

MAVs fly at low Reynolds numbers which is a term that usually refers to Reynolds numbers below 1×106.

In low Reynolds numbers flow, viscous forces have a larger influence, and aerodynamic efficiency of airplanes

generally decreases [3]. There is a broad set of literature for airfoils below a Reynolds number of 1×106

that includes experimental results, computational results, and design methodologies for Reynolds number

range of 1×105 to 1×106 [5–11]. Some of the work includes results at lower Reynolds numbers where MAVs

typically operate, but only limited experimental data for aerodynamic characteristics exist at that scale.

At low Reynolds numbers, scaling effects decrease the lift and increase the drag as illustrated in Fig. 1.1

(reproduced from McMaster and Henderson [36]). The decrease in L/D becomes more pronounced as the

Reynolds number decreases to 10,000–30,000. Spedding and McArthur [13] investigated a wing with an

aspect ratio of 6 and the Eppler 387 airfoil at low Reynolds numbers, and they found that the lift curve

slope decreased as a function of the Reynolds number in the range of 10,000–60,000. The research presented

here shows low Reynolds number (below 30,000) aerodynamics—particularly the performance of the entire

airplane instead of only airfoils and wings alone.

In addition to operating at lower Reynolds numbers, MAVs operate over a larger flight regime and

experience high angles of attack and larger unsteady flight conditions than larger full-scale airplanes. MAVs

are capable of executing maneuvers such as perching, deep stall descent, and highly dynamic flight in confined

spaces which all include flight at high angles of attack that often include unsteady flight conditions. Perching

begins with a rapid increase in the angle of attack past stall to slow the airplane to a stop at a specific

landing point [16, 22, 37]. Deep stall descent requires transitioning from low angles of attack to a stable high

angle-of-attack flight condition. Maneuvering MAVs in confined spaces involves maneuvering at slow speeds

and flight into the post-stall high angle-of-attack regime. Executing such dynamic maneuvers can cause a
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MAV to experience an angle of attack range of almost ±180 deg and a wide range of angle-of-attack rates.

Unsteady effects of changing angle of attack are normally quantified as a function of the reduced frequency,

and thin airfoil theory has been extended to include the changing flow of oscillating airfoils [38–40]. Some of

these methods can be used to model small unsteady effects (referred to as quasi-steady effects) [41, 42], and

ongoing research [32, 43–50] continues to investigate the unsteady aerodynamics of airplanes during dynamic

stall.

Flight testing allows the aerodynamic characteristics of an entire vehicle to be measured and studied.

Traditionally, on-board sensors, such as inertial measurement units, are used to gather flight data [18, 51, 52].

However, the size and weight restrictions of MAVs require off-board measurement approaches that use

multiple cameras to track objects based on triangulation. Many researchers have used Vicon [53] motion

capture systems to provide accurate MAV positioning data to pursue controls problems such as implementing

new controllers or researching multi-agent control [14–18, 21–24, 54–57]. For this research, a Vicon motion

capture system with 8 to 16 T20 cameras was used to track infrared reflections from small retro-reflective

markers.

Motion tracking has also been used to analyze the aerodynamics of aircraft but has only been used in

a few investigations. Before modern motion tracking, simple trajectory analysis (with a tape measure and

stopwatch) completed by Bauer [58] in 1975 showed the time averaged aerodynamic characteristics of a

number of small MAVs in free flight. He concluded that the flow was mostly laminar and further work in

laminar airfoil design was needed to increase the performance of small gliders. More recently, Vicon motion

tracking technology has been applied to track and determine aerodynamic characteristics of MAVs in gliding

flight. Cory and Tedrake [14, 22] used motion tracking data to model glider aerodynamics over a large range

of angles of attack to aid in the development of a controller for automated perching. Figures 1.2 and 1.3 show

their results for lift and drag over a large range of angles of attack. The data only shows pitch-up maneuvers

because the researchers were only interested in the pitch-up maneuver and truncated the flight trajectories.

The simple model shown in Fig. 1.2 and 1.3 (the red lines) was based on a flat plate model and achieved

the required accuracy during the perching maneuver. No attempt was made to model nonlinear effects such

as stall or the effects of angular rates. Cory and Tedrake’s work showed the importance of collecting data

from numerous flights in order to achieve reliable results. While their work showed that aerodynamic forces

could be measured using a motion tracking system, the results lacked detailed analysis of the aerodynamics

and did not attempt to model dynamic stall.

In a separate investigation, Mettler and Rhinehart [23, 24], tested a glider in free flight and presented

nominal gliding flight results along with the results for a single post-stall high angle-of-attack flight. First,
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Figure 1.2: The lift coefficient as a function of
angle of attack for a glider (taken from Ref. 14).

Figure 1.3: The drag coefficient as a function of
angle of attack for a glider (taken from Ref. 14).

Figure 1.4: The lift coefficient as a function of angle of attack for a small glider (taken from Ref. 23).

the aerodynamic characteristics in quasi-steady nominal gliding flight were determined from the data, and

the results for lift are shown in Fig. 1.4. In addition to nominal gliding flight, flight at high angles of attack

was analyzed in detail to show the dynamic effects of the glider entering stall, pitching up rapidly, flying at

high angles of attack and finally recovering. As shown in Fig. 1.5, the lift curve followed a dynamic stall

hysteresis loop caused by the unsteady effects. Drag, shown in Fig. 1.6, also showed hysteresis due to the

persistent separation at low Reynolds number. The data showed the large effect that unsteady flow has on

the aerodynamic characteristics of MAV flight, and additional flight tests across a range of flight conditions

need to be analyzed to better model the unsteady effects.

Flight trajectory data from MAV flight tests were used by Meckstroth and Reich [25] to generate

aerodynamic coefficients for a small aircraft flying at angles of attack of up to 30 deg (above stall). The

model was based on a linear lift curve, parabolic drag polar, and a linear moment coefficient and did not
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Figure 1.5: The lift coefficient as a function of
angle of attack for a small glider showing the
dynamic effect of changing flight conditions (taken
from Ref. 24).

Figure 1.6: The lift coefficient as a function
of angle of attack for a small glider showing
the dynamic effect of changing flight conditions.
(taken from Ref. 24).

account for any unsteady aerodynamics. The model was applied to guide the MAV to a state with specific

velocity and orientation located 1 m from the perching location. The location was selected based on previous

open-loop tests to result in a successful perch, and so the challenges of modeling unsteady aerodynamics

were avoided.

Modeling unsteady high angle-of-attack flight is challenging because the aerodynamic characteristics are

no longer just a function of the instantaneous angle of attack [59, 60] but depend on the time history of the

angle of attack and the angle-of-attack rate. For example, a rapid increase in the angle of attack causes a

dynamic stall condition which increases the stall angle of attack beyond the static stall angle [46, 47]. Models

for aerodynamic characteristics during aggressive stall maneuvers need to account for unsteady behavior at

angles of attack as high as 90 deg [61].

Existing methods can model lift, drag, and moment over a full range of angles of attack (±180 deg) under

steady-state conditions based on experimental results, [62–64] but modeling unsteady high angle-of-attack

flight is more challenging because of the effects of angle-of-attack rate and time lag. Rapid increases in

the angle of attack causes a leading edge vortex to form, and the vortex moves downstream with the flow.

The vortex influences the aerodynamic characteristics, and the influence on the aerodynamic characteristics

decreases as the vortex moves downstream resulting in a time dependency. An approach based on work by

Goman and Khrabrov [29, 30] accounts for the unsteady effects by expanding the state-space representation

of the airfoil or the aircraft to include first-order time lag with a flow separation parameter [29–34, 65–67].

During unsteady flight, the separation parameter is changed through a first-order lag differential equation
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that is driven by a forcing function. The forcing function depends on the angle of attack, the angle-of-attack

rate and a time constant. The lag in the changing separation parameter is used to model the lag associated

with unsteady aerodynamic characteristics.

The state-space representation with the separation parameter as developed by Goman and Khrabrov in

Refs. [29] and [30] did not rely on experimentally determined lift curve slopes and only modeled lift and

moment coefficients but not drag. Later developments in the literature included higher-order polynomial

models for lift and drag [33] as well as applying the method to airplanes [31, 65]. Recently, the method was

adapted to model the lift coefficient of a four-element cascade wing at angles of attack up to 90 deg [34, 35].

The method was also applied to MAVs with flapping wings by including additional terms such as apparent

mass and circulation effects based on Theodorsen’s method [38]. The additional terms were included in

the approach to account for the rapid up-and-down motion of flapping wings [32, 68]. Additionally, the

state-space model was applied to unsteady delta wing lift, drag, and moment measurements [69–71]. This

work expanded on the existing state-space method and applied it to fixed-wing MAVs using the data captured

via motion tracking for flights with dynamic stall .

The research that was discussed shows the need to gather and model aerodynamic characteristics of MAVs

from flight tests and the potential of using the Vicon system for aerodynamic analysis. The works by Cory

and Tedrake [14, 22], as well as Rhinehart and Mettler [23, 24], showed how motion tracking can be used to

analyze the aerodynamic performance of maneuvering MAVs. This research builds on the existing knowledge

of low Reynolds number aerodynamics to further the understanding of the aerodynamic characteristics of

MAVs. Furthermore, the MAV flight test data was used to develop aerodynamic models, particularly for

unsteady high angle-of-attack flight based on methodology proposed by Goman and Khrabrov [29, 30]. The

modeling methodology captured the lag associated with large dynamic-stall hysteresis loops and was applied

to MAV flight at angles of attack exceeding 90 deg.

The goal of this dissertation is to gather experimental data for a number of MAVs from flight tests

captured using a motion tracking system and to use that data to better understand and model low

Reynolds number aerodynamics. The flights include quasi-steady nominal glides as well as unsteady

high angle-of-attack flights with aggressive stalls. Low angle-of-attack test results show the aerodynamic

characteristics in quasi-steady flight. From the data, the lift curve, drag polar, neutral point, weather vane

stability, and roll due to yaw are determined. A trim point analysis is developed and used to determine

the trim lift, drag, and angle of attack for numerous flights which decreases the variation caused by the

quasi-steady nature of the nominal gliding flights. In addition to low angle-of-attack results, flight tests in

deep stall show the lift and drag at post-stall angles of attack (up to 100 deg). Unsteady high angle-of-attack
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results reveal the influence of the angle-of-attack rate during mild to aggressive stalls. As a result, all of

the longitudinal characteristics include significant hysteresis loops due to dynamic stall effects. From the

extensive unsteady high angle-of-attack flight data, a reduced-order modeling approach is first developed

for the MAVs, and then the coefficients are found based on experimental flights. Results from applying

the model demonstrated that the model is applicable to a wide range of flight conditions as was observed

experimentally. This dissertation studies MAV aerodynamics based on flight test results and reveals the

large flight envelope of MAVs. Additionally, this dissertation develops a model applicable throughout the

large flight envelopes typical of MAVs.
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Chapter 2

Experimental Methodology

The MAVs were tested by gathering flight trajectories of gliding uncontrolled flight in a capture volume.

In order to track each airplane, reflective markers were affixed to the MAVs, and the instrumented MAVs

were launched and tracked during flight tests to gather experimental data. The position and attitude

time history of each flight test was captured using a Vicon motion capture system, and from the time

history, aerodynamic forces and moments were determined throughout flight. Unpowered flights were used

to eliminate the complexity of propeller effects. Results for five gliders are included in this work.

2.1 Test Environment

Experimental data from MAV flights were gathered using a Vicon motion capture system capable of tracking

small retro-reflective markers using infrared cameras. In this research, a system with 8 to 16 Vicon T20

cameras was used, and the software provided by Vicon triangulated the location of the individual markers

within the capture volume (space visible to the cameras). Three to six reflective markers were placed on

each MAV in an asymmetric pattern on the wing and fuselage. The tracking system required an asymmetric

arrangement of markers to ensure proper triangulation. marker selection varied between each airplane and

was a combination of spherical markers [approximately 2-mm (0.08-in) to 5-mm (0.2-in) diameter] and

circular stickers [approximately 7-mm (0.3-in) to 10-mm (0.4-in) diameter]. From the reflections, skeletal

graphical models were constructed in the software to form objects defined as rigid sets of multiple markers.

From the skeleton model, the motion capture system recorded the position and attitude time history of the

test aircraft during each flight.

To gather test data, the instrumented MAVs were tracked during flights through the capture volume

which varied from approximately 3.6×6.1 m (12×20 ft) with a height of approximately 3 m (10 ft) to

7.6×10 m (25×35 ft) with a height of approximately 5 m (17 ft). In the smaller capture volume 8 cameras

were used. While in the larger capture volume 14 to 16 cameras were used. As the MAVs flew through the

capture volume, the corresponding set of markers or object was tracked, and the Earth-referenced position
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along with the Euler angles was recorded by the motion capture system at a rate of 200 Hz. The length of

the trajectory time histories was limited by the size of the capture volume, and the time histories usually

yielded 1–2 s of useful data for a given flight. When the system could not triangulate the object (because

enough markers were not visible to enough cameras), there was a measurement void in the trajectory time

history. Typically there were no voids, but sometimes measurements at one to five time steps were missing

from a flight. Flights with numerous missing measurements were not included in the results.

The aerodynamic characteristics of each aircraft were observed for numerous flights that covered a variety

of flight conditions. All of the tests were unpowered gliding flights that began with a hand launch, and

each MAV was tested over a range of aircraft configurations including different centers of gravity, elevator

deflections and launch conditions. Additionally, multiple flights for each configuration were performed to

increase the number of data points. By combining multiple tests over a variety of configurations, a broader

picture of the aerodynamic characteristics was observed.

From the experiments, the time histories of Earth-referenced position and Euler angles were measured by

the motion capture system for each MAV flight test. In order to determine the aerodynamic characteristics

of the MAVs, the velocity, forces, angular rates, and moments acting on the airplane were needed and

determined from the trajectory time history as explain in the next section.

2.2 Data Processing

Multiple steps were used to determine the aerodynamic characteristics of the MAV from the raw

measurements of the flight trajectory (position and attitude) which were recorded in the Earth-referenced

coordinate system. First, the raw measurements were smoothed and differentiated twice with respect

to time to determine the velocities and accelerations in the Earth-referenced axes system. Next, the

determined velocities and accelerations needed to be transformed to the body-fixed axes system. Then, the

forces and moments were determined using the aircraft mass and mass moments of inertia. Finally, the

forces and moments in the body-fixed axes system were used to calculate the aerodynamic characteristics

of the MAV in flight.

2.2.1 Approaches to Filtering and Differentiation

The raw measurements from the motion tracking system included uncertainty, noise, and scatter, so the raw

measurements of position and attitude need to be filtered to reduce the effect of noise. The velocity and
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acceleration for both the position and the Euler angles were required to determine the aerodynamic forces

and moments and were found using numerical differentiation.

Numerical differentiation increases the effect of any measurement noise because the difference between

two noisy measurements is taken and scaled by the time difference (sampling rate). For example, a first-order

finite difference method

ẋ =
x(t+ 1) − x(t)

∆t
(2.1)

increases the noise when applied to a time dependent variable with uncertainty. In this example, x represents

the time dependent variable, and it could be any of the Euler angles or components of the position vector.

The standard deviation σx(t) is used to represent the measurement uncertainty as a function of time. Noise

increases [24] due to the finite difference method as in

σẋ =
σx(t+1) + σx(t)

∆t
(2.2)

Assuming the standard deviation σx(t) is independent of time (σx(t+1) = σx(t)) results in

σẋ =
2σx
∆t

(2.3)

which shows the uncertainty in x doubles due to subtraction and scales with the time between measurements

∆t (the inverse of the sampling frequency). When taking the second derivative, the increase in uncertainty

is larger because four measurements are used and ∆t is squared. In order to reduce the noise in the final

results, filtering techniques are needed for the raw measurements, and the derivatives must be found using

methods to reduce the effect of numerical differentiation. Post-processing occurs after the flight is complete

so non-causal filters (often referred to as smoothing) can be used to take advantage of the complete time

history.

A number of filtering and smoothing methods were explored to determine accurate measurements for the

position and attitude time history as well as the velocities and accelerations for both the position and attitude.

Prior to smoothing, any time steps in the trajectory (the position and attitude) where the system was unable

to triangulate the aircraft were estimated using a linear regression on the neighboring points. After filling

in these few points (less than 1%), the raw measurements were smoothed and differentiated. A variety

of methods such as Kalman smoothing, low pass filtering, and higher-order finite difference methods were

explored. In the following paragraphs, results for the polynomial regression method, the robust smoothing

method and low pass filtering method are shown in more detail.
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Figure 2.1: An example using one axis of the
measured Earth-referenced position (xe) from a
single airplane flight to illustrate the three filtering
techniques that where explored in detail and the
residuals of each of the techniques.
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Figure 2.2: An example using one axis of the
measured Earth-referenced position (xe) from
a single airplane flight to illustrate the three
differentiation methods that were used to find the
Earth-referenced velocity vxe

and acceleration axe
.

Figure 2.1 shows a comparison of the selected smoothing and filtering techniques as applied to the

Earth-referenced x direction for a single flight recorded at 200 Hz. The polynomial regression results

used the Savitzky-Golay algorithm with a third-order polynomial and a moving time window of 33 raw

measurements [51, 72, 73]. Next, the robust smoothing method used a robust locally weighted scatter

plot smoothing which iteratively calculated a second-order polynomial over a moving time window while

minimizing the weight of outlying points [74]. The final method shown is an eighth-order low pass

Butterworth filter that was applied both backward and forward to eliminate time lag.

At both the beginning and end of the time history, the three methods often diverged from the raw

measurements and each other. This behavior is not unexpected, because at both ends of the data, the

smoothing and filtering methods have to use asymmetric windows of data. Through trial-and-error, it

was found that small adjustments to the beginning and end point of the window to be post-processed often

eliminated this behavior. Additionally, in some cases, the first or last few data points were trimmed from the

processed results to remove the divergent points. The results in Fig. 2.1 show that the three methods exhibit

few variations in the middle region of the test data (approximately 0.2–0.9 s) and the robust smoothing and

low-pass filter diverge at the end of the flight.
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In addition to filtering (or smoothing) the raw measurements, the velocity and acceleration need to be

determined for both the position and attitude. Figure 2.2 shows the derivatives found using the three different

methods for one Earth-referenced axis (xe) of an single airplane flight. Within the Savitzky-Golay algorithm,

the velocity and acceleration for the polynomial regression method was determined by differentiating the

polynomial for each time step. For the robust smoothing and the low-pass filter, a first-order finite difference

method was used on smoothed or filtered measurements to determine the velocity. The finite difference of

the velocity was used to determine the acceleration. As shown in Fig. 2.2, the results for the three methods

are almost the same for the velocity, and the three methods follow the same trends for acceleration but have

slight variations. Even though it is barely noticeable on the graph, the robust smoothing result has sharp

changes in acceleration, and the low-pass filter had some divergence at both ends. The polynomial regression

result for acceleration is continuous throughout the time history with minimal divergence at the ends.

The three methods provided a smoothed estimate of the Earth-referenced aircraft trajectory (xe, ye, ze,

φ, θ, and ψ) as well as the Earth-referenced velocity (ẋe, ẏe, że), acceleration (ẍe, ÿe, z̈e), angular velocity

(φ̇, θ̇, and ψ̇), and angular acceleration (φ̈, θ̈, and ψ̈) throughout the MAV flight tests. Fully processed

results were investigated with a variety of filtering techniques. However, polynomial regression smoothing

was selected for the results presented because the smoothed position and acceleration had less divergence at

the end points, and the smoothed acceleration data results were nearly continuous with little variation.

2.2.2 Calculating Aerodynamic Forces and Moments in the Body-Axes

System

The motion tracking data in the Earth-fixed frame was transformed to the airplane body-fixed frame (defined

by an axes system with x out the nose and y out the right wing) for aerodynamic analysis. In order to rotate

between the two axes systems, a standard rotation matrix through the three Euler angles (φ, θ, and ψ) was

used, that is

R =













cos θ cosψ cos θ sinψ − sin θ

sinφ sin θ cosψ − cosφ sinψ sinφ sin θ sinψ − cosφ cosψ sinφ cos θ

cosφ sin θ cosψ − sinφ sinψ cosφ sin θ sinψ − sinφ cosψ cosφ cos θ













(2.4)

Position, velocity, and acceleration vectors can be translated between the Earth-fixed and body-fixed frame

using the matrix in Eq. 2.4. The location on the airplane tracked by cameras did not correspond exactly to

the airplane center of gravity. A small rotational offset (three Euler angles) between the tracked orientation

and the body-fixed axes system generated an offset rotation matrix RTB using Eq. 2.4. The attitude of the
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airplane was found from

REB = RETRTB (2.5)

where RET is the attitude recorded at each time step. From the matrix REB, the Euler angles of the

airplane were calculated, and the angular velocity and acceleration in the Earth-fixed frame were found

using smoothing and numerical difference methods discussed in Section 2.2.1. Similar to the angular offset,

an offset vector r represented the measured distance from the tracked point to the center of gravity of the

airplane, and r was used when determining the velocity and acceleration.

The accelerations and velocity in the airplane body frame were determined using a set of transformations.

First, the body-fixed angular velocity ω was determined from the Euler angle rates given by













p

q

r













=













1 0 − sin θ

0 cosφ sinφ cos θ

0 − sinφ cosφ cos θ

























φ̇

θ̇

ψ̇













(2.6)

and next, the body-fixed angular acceleration ω̇ was determined using
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q̇

ṙ
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1 0 − sin θ
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0 − sinφ cosφ cos θ
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0 0 −θ̇ cos θ

0 −φ̇ sinφ −θ̇ sinφ sin θ + φ̇ cosφ cos θ

0 −φ̇ cosφ −θ̇ cosφ sin θ − φ̇ sinφ cos θ

























φ̇
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(2.7)

from the Euler angle rates and accelerations.

Third, the Earth-referenced accelerations [ẍe ÿe z̈e]
T were used to determine the acceleration in the

body-fixed frame at each time step, that is

ab = REB[ẍe ÿe z̈e]
T + ω̇ × r + ω × (ω × r) (2.8)

where ω represents the angular velocity (from Eq 2.6) and ab is the acceleration in the body-fixed frame

[ab,x ab,y ab,z ]
T . Finally, the velocity in the airplane body-fixed frame (u, v, and w) was determined using

[u v w]T = REB[ẋe ẏe że]
T + (ω × r) (2.9)

14



where [ẋe ẏe że]
T are the Earth-fixed velocities. The total inertial speed

V =
√

u2 + v2 + w2 (2.10)

was found from the three components of velocity, and V was used as the total airspeed because the air in

the test volume was assumed to be quiescent. With the angular velocity, angular acceleration, translational

velocity, and translational acceleration known in the body-fixed frame, the aerodynamic characteristics of

the MAV were determined as discussed next.

The angle of attack and sideslip angle were calculated from the inertial velocity components using

α = tan−1(w/u) (2.11a)

β = sin−1(v/V ) (2.11b)

because two assumptions were made. First, the air in the test volume was assumed to be quiescent (as was

already assumed with V in Eq. 2.10), and second, the induced flow effects are negligible. Time derivatives

of the angles were taken to yield α̇ and β̇.

Body-axes accelerations ab obtained from the motion track in Eq. 2.8 were used in

Fext = mab (2.12)

to determined the external force acting on the aircraft. By subtracting other forces such as gravity

FG = mg [− sin θ sinφ cos θ cosφ cos θ]T (2.13)

the aerodynamic force Faero acting on the aircraft was found using

Faero = Fext − FG (2.14)

The resulting force vector

Faero = [Faero,x Faero,y Faero,z ]
T (2.15)

contained the components of the aerodynamic force in the body-fixed frame (as previously defined with

x out the nose and y out the right wing) which were used to determine the aerodynamic loading on the

airplane. To calculate lift and drag, the forces in the body-fixed frame were transformed [42, 51, 75] to the
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wind referenced frame using

L = −Faero,z cosα+ Faero,x sinα (2.16a)

D = −Faero,z sinα cosβ − Faero,x cosβ cosα− Faero,y sinβ (2.16b)

The resulting lift and drag force in the wind axes were nondimensionalized to analyze the aircraft performance

throughout flight using

CL =
L

qSref
(2.17a)

CD =
D

qSref
(2.17b)

where Sref is the wing reference area for the airplane, and q is the dynamic pressure based on V .

The moments on the airplane were calculated from the changing attitude of the airplane using

d(Iω)

dt
= Mext (2.18)

Starting with the body-fixed angular velocity ω from Eq. 2.6, angular acceleration ω̇ from Eq.2.7 and

the inertia matrix I, the moments acting on the airplane were found using the rotational equations of

motion [24, 51],

Mext = Iω̇ + ω × Iω (2.19)

where Mext included all of the moments acting on the airplane. The roll, pitch, and yaw moment (L, M ,

and N , respectively) were the three components of the moment vector and were nondimensionalized

Cl =
L

qSref b
(2.20a)

Cm =
M

qSref c̄
(2.20b)

Cn =
N

qSref b
(2.20c)

using the wingspan b, the mean aerodynamic chord c̄, and the dynamic pressure q.

The resulting time histories of lift, drag, and moment coefficients were used to determine the aerodynamic

characteristics of the aircraft throughout flight. Multiple flights were used to ascertain general trends in the

aerodynamic characteristics across a variety of flight conditions and to reduce the effects of measurement

uncertainty from any one flight.
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Table 2.1: Physical Properties of the Five MAVs Tested

Vapor SU-26xp Model glider

Mass 14.44 g (0.5094 oz) 36.93 g (1.303 oz) 8.738 g (0.3082 oz)
Wing properties

Span 37.47 cm (14.75 in) 40.05 cm (15.76 in) 24.41 cm (9.61 in)
Area (Sref ) 546.3 cm2 (84.67 in2) 312.5 cm2 (48.42 in2) 144.00 cm2 (22.32 in2)

Chord (at root) 15.00 cm (5.90 in) 10.20 cm (4.00 in) 6.58 cm (2.59 in)

Aspect ratio (A) 2.56 5.12 4.13

Incidence angle 3.0 deg 2.0 deg 3.5 deg

Dihedral 9.5 deg 0 8.0 deg

Airfoil camber 6.7% 0% 0%

Length 38.74 cm (15.25 in) 34.93 cm (13.75 in) 31.32 cm (12.33 in)

Stabilator area (Sh) 175.9 cm2 (27.27 in2) 19.4 cm2 (3.01 in2)

Horizontal tail area (Sh) 79.87 cm2 (12.38 in2)
Elevator area 51.48 cm2 (7.979 in2)

Vertical fin area 99.87 cm2 (15.48 in2) 45.24 cm2 (7.012 in2) 11.1 cm2 (1.72 in2)

Ixx 369.9 g cm2 (2.022 oz in2) 1255. g cm2 (6.861 oz in2) 113.8 g cm2 (0.622 oz in2)

Iyy 1129. g cm2 (6.173 oz in2) 2461. g cm2 (13.45 oz in2) 658.4 g cm2 (3.600 oz in2)
Izz 1242. g cm2 (6.792 oz in2) 3569. g cm2 (19.51 oz in2) 761.2 g cm2 (4.161 oz in2)
Ixz 87.57 g cm2 (0.479 oz in2) 42.07 g cm2 (0.230 oz in2) 31.86 g cm2 (0.174 oz in2)

Balsa Glider (High A) Balsa Glider (Low A)
Mass 7.42 g (0.263 oz) 5.91 g (0.209 oz)
Wing properties

Span 35.56 cm (14.00 in) 25.02 cm (9.85 in)
Area (Sref ) 107.8 cm2 (16.71 in2) 103.1 cm2 (15.98 in2)

Chord (at root) 3.18 cm (1.25 in) 4.32 cm (1.70 in)

Aspect ratio (A) 11.7 6.07

Incidence angle 0 deg 0 deg

Polyhedral 15 deg 15 deg

Airfoil camber 3.1% 2.6 %

Length 23.01 cm (9.06 in) 22.90 cm (9.02 in)

Stabilator area (Sh) 19.4 cm2 (3.01 in2) 18.7 cm2 (2.91 in2)

Vertical fin area 3.98 cm2 (0.618 in2) 6.11 cm2 (0.947 in2)

Ixx 290.8 g cm2 (1.590 oz in2) 126.2 g cm2 (0.690 oz in2)
Iyy 275.7 g cm2 (1.507 oz in2) 280.7 g cm2 (1.535 oz in2)
Izz 561.4 g cm2 (3.069 oz in2) 402.0 g cm2 (2.198 oz in2)
Ixz 7.34 g cm2 (0.040 oz in2) 7.42 g cm2 (0.041 oz in2)

2.3 Test Aircraft

In the work presented in this dissertation, five different airplanes were tested to determine their aerodynamic

characteristics at low Reynolds number. Table 2.1 lists the physical properties of all five airplanes. The

geometric characteristics (wingspan, chord, etc,) of each airplane were measured using either a ruler or a

caliper, and each airplane was weighed. The mass moments of inertia were calculated by subdividing the

airplane into small parts and using the weight and location of each piece to determine the moments of inertia.

A brief description of each airplane follows:
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Figure 2.3: A three-view drawing showing the geometry of the Vapor aircraft.

Vapor: The Vapor is a commercially manufactured airplane [76] which has a 37.47-cm (14.75-in) wingspan

and weighs 14.44 g (0.5094 oz). A three-view drawing of the Vapor is shown in Fig. 2.3, and the

airplane has a nominal cruise Reynolds number based on the mean aerodynamic chord of approximately

22,000 [77]. The airframe was constructed with carbon fiber supports and cambered ribs for the main

wing. A thin plastic film was stretched over the wing and tail structures to form membrane aerodynamic

surfaces.

SU-26xp: The SU-26xp is another commercially manufactured RC airplane [78] and is shown in Fig. 2.4 with

reflective markers attached. It weighed 36.93 g (1.303 oz), had a wingspan of 40.05 cm (15.76 in) and

flew at a Reynolds number of approximately 26,000 [79]. It was constructed from expanded polystyrene

foam and had linearly tapered wing with an aspect ratio of 5.12 and an 11% thick symmetric airfoil.

The tail surfaces were thin flat plates and included an elevator and rudder that were actuated using

servos. In addition, the wing had actuated ailerons. A small battery-powered RC receiver controlled

servos for the four control surfaces and a speed controller for the miniature electric motor. Only glide
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tests were performed, so the propeller was removed while the motor remained in place so the center of

gravity would be close to the desired value.

Model Glider: Figure 2.5 shows the free-flight model glider with the reflective markers attached. The

model glider was constructed from 1 mm Depron foam and a balsa wood fuselage [79]. The incidence

angle of the horizontal tail could be adjusted, and the nominal flight Reynolds number was 15,000.

Balsa Gliders: Two balsa gliders were designed and constructed based on concepts for low Reynolds

number glider plans published by Frank Zaic [80, 81]. Both gliders had similar fuselage and tail

configurations with the vertical tail extending down below the horizontal tail as shown in Figs. 2.7

and 2.6. The downward extension of the vertical tail matched the plans, and the design decision is not

uncommon for MAVs. As a result of the downward direction of the vertical tail, the horizontal tail

could be positioned on top of the fuselage without physically interfering with the vertical tail. Both

wings had similar wing areas, but different aspect ratios—6.07 and 11.7. The wings had polyhedral

with the center portion being flat and the outboard section having dihedral. For the balsa gliders, the

nominal Reynolds numbers were 12,000 and 10,000 for an aspect ratio of 6.07 and 11,7, respectively.
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Chapter 3

Verification of the Motion Tracking

System

In order to understand the uncertainty in the aerodynamic characteristics determined from the captured

motion trajectories, the accuracy of the tracking system measurements was quantified experimentally through

a variety of tests. First, stationary tests were used to analyze the noise within the measurements of each

MAV. Second, a rotating rod attached to an optical encoder was used to verify angular measurements

during motion. Next, a sphere accelerating due to gravity was used to verify the acceleration measurements.

Finally, repeatability tests showed that the aerodynamic characteristics from a free-flight model glider were

consistent across repeated launches. The uncertainties in the final derived quantities (such as CL, α or CD)

varied between the different aircraft and were determined based on the uncertainty in the stationary noise

measurements of each MAV tested. While uncertainty exists within the final results, the tests showed the

system can accurately measure aerodynamic characteristics.

3.1 Analysis of Uncertainty in the Motion Capture Trajectories

A MAV with markers attached was positioned at rest in the motion capture volume in order to gather

stationary test results to analyze the variations in the measurement from the Vicon system. Figure 3.1

shows a time history of the position and attitude during a 2.5 s stationary test recorded at 200 Hz for

the Vapor aircraft. From the results, the standard deviation for the distance measurement was 0.079 mm

(0.0031 in), and the standard deviation for the norm of the Euler angle vector was 0.034 deg. The standard

deviation for all components of the position and attitude for the Vapor are listed in Table 3.1 along with the

results from a comparable noise analysis by Mettler [24] that showed similar uncertainties in the position

and slightly larger uncertainties in the attitude. The slight difference in the uncertainties was mostly due

to differences in marker separation because Mettler’s airplane was half the size of the Vapor MAV used in

this test. Additional causes for the difference include the setup of camera coverage, marker size, marker

visibility, and the distance between the cameras and the aircraft.
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Figure 3.1: The 2.5 s time history of the (a) position and (b) attitude of the stationary Vapor aircraft
showing minute measurement noise.

Similar stationary tests were completed for all of the aircraft listed in Section 2.3, and the results are

tabulated in Table 3.2. In all of the cases the noise was minute, and as shown in Fig. 3.2, there was a trend

with aircraft size—the larger aircraft had smaller uncertainties due to the greater marker separation and

the smaller aircraft had larger uncertainties. The two exceptions to the general trend in Fig. 3.2 were the

Vapor and SU-26xp. Both MAVs were tested with only eight cameras as opposed to 14–16 cameras for the

other MAVs. The uncertainty in the derived aerodynamic properties for each aircraft (see Section 3.3) will

be discussed after explaining the additional system verification tests.

In addition to the stationary test, a rotating rod was tracked to quantify the uncertainty of the motion

tracking system during simple motion. The rod rotated about an end that was attached an optical rotary

encoder which provided data for comparison to the captured motion trajectory. The data from the optical

encoder was recorded at 512 Hz using an US Digital H6-1800-I-S optical encoder that was accurate to

Table 3.1: Standard Deviation for the Position and Attitude Components for a Stationary 2.5 s Motion
Track Recorded at 200 Hz

Position (mm) x y z
Vapor Data 0.0650 0.0303 0.0329
Mettler Glider [24] 0.077 0.083 0.044
Attitude (deg) φ θ ψ
Vapor Data 0.0207 0.0175 0.0208
Mettler Glider [24] 0.051 0.022 0.038
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Table 3.2: Standard Deviation for the Position and Attitude Components for Six MAVs.

Position (mm) Attitude (deg) wingspan (cm)
Aircraft σx σy σz σφ σθ σψ b
Vapor 0.0650 0.0303 0.0329 0.0207 0.0175 0.0208 37.47
SU-26xp 0.0587 0.0382 0.0554 0.0314 0.0323 0.0231 40.05
Model Glider 0.0242 0.0463 0.0258 0.0207 0.0252 0.0172 24.41
Balsa Glider (A=11.7) 0.0250 0.0179 0.0251 0.0137 0.0172 0.0094 35.56
Balsa Glider (A=6.07) 0.0424 0.0261 0.0252 0.0221 0.0637 0.0237 25.02
Mettler Glider [24] 0.077 0.083 0.044 0.051 0.022 0.038 18
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Figure 3.2: The standard deviation for the position and attitude decreases with wingspan.

0.05 deg [82]. Reflective markers were attached to the center of rotation and the tip of the rod. The two

markers were measured to be 25.73 cm (10.13 in) apart. The motion track of the tip of the rod formed an

arc, and the relative angle was calculated from the captured trajectory.

Figure 3.3 shows a comparison of the angle measured by the optical encoder to the results from the

captured motion trajectory. During the stationary portion (the first 0.5 s), the residual is within ±0.04 deg.

The uncertainty range is similar to that for the attitude of the stationary aircraft which is shown in Fig. 3.1(b).

When the rod started to rotate, the residual peaked to 0.2 deg and was almost an order of magnitude larger

than the stationary tests. Once motion was established (after t ≈ 1 s), the residual decreased to ±0.06 deg

which is small but larger than what it was during the stationary portion of the test.

Next, the acceleration of a 5.4-kg (12-lb) cast iron sphere (shot put) in free fall was used to verify

the accelerations determined from the captured motion tracking trajectories. Two forces were acting on

the 11-cm (4.4-in) diameter sphere as it fell from approximately 1.6 m (5.3 ft)—the gravitation force

of approximately 53 N (12 lb) and aerodynamic drag. From theoretical steady-state spherical drag [83]

calculations, the drag force estimated was 0.01–0.07 N (0.003–0.02 lb) depending on the velocity of the

sphere which corresponded to a deceleration of 0.002–0.01 m/s2 (0.007–0.04 ft/s2) for the sphere.
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Figure 3.3: Angular measurements from the motion tracking system compare with measurements from an
optical rotary encoder.

Six circular sticker-type markers were placed on the sphere to allow the motion tracking system to

capture the free-fall trajectory. All of the visible markers at each time instance were used in a least squares

regression to locate the center of the sphere formed by the markers, and the time history of the center of

the sphere formed the trajectory. A second-order polynomial regression of each trajectory (height versus

time) was used to calculate the acceleration during five free fall tests. The trajectories were trimmed at

the beginning and the end to remove the effects of release and the impact with a deceleration system on

the floor. Figure 3.4 shows the raw trajectories normalized to match the initial time and height and the

residuals of the second-order polynomial regression for each test.

Figure 3.5 shows the constant acceleration determined from the second-order polynomial regression, the

mean of experiments, and the theoretical acceleration due to gravity. The error bars are used to illustrate

the sensitivity of each test to changing the start and end time for the second-order regression. The start

and endpoint were varied by 11 points (for up to 121 combinations) to show how changing the range

would modify the test results, and the error bars for each test show one standard deviation of the 121

different accelerations. The mean of tests results is 9.800 m/sec2 (32.152 ft/sec2) which is slightly less than

the local gravity taken from geodetic surveys of localized gravity [84, 85]. Local gravity was found to be

9.8012 m/sec2 (32.1562 ft/sec2) using Talbot Laboratory∗ as the location (the tests were conducted in the

basement) [86]. The mean of the five tests is slightly less than the local value of gravity, which is expected

∗located at 104 South Wright Street Urbana, IL 61801, N 40.111 deg, W -88.228 deg
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Figure 3.4: The trajectory as a function of time
during five free falls with the start time and
start height normalized, and the residuals of the
second-order regression.
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Figure 3.5: The acceleration determined from a
second-order polynomial regression for the free-fall
tests with the bars showing the sensitivity to the
start and end point selection.

because of aerodynamic drag. The measured gravity is within 0.01% of local gravity [within 0.0012 m/sec2

(0.0042 ft/sec2)] which shows that the captured motion trajectories are accurate enough to determine the

acceleration of an object and hence the forces acting on the object.

3.2 Repeatability of Flight Test Results

The final system verification method involved repeatability tests with a small model glider. The tests were

conducted using a rail launching system to achieve consistent initial flight conditions with the free-flight

model glider. The model glider weighed approximately 8.738 g (0.3082 oz) and operated at a cruise Reynolds

number of approximately 16,000 [79]. The launch rail was placed at an inclined angle, and a cart carrying

the airplane was accelerated down the track by a falling weight. At the end of the track the cart fell down

and separated from the airplane as the airplane started to glide. The launch conditions could be adjusted

by changing the acceleration of the cart and the angle of the track incline. By repeating launches with the

same conditions, a set of initial conditions could be repeated across multiple flights, and the repeatability

of measurements from the system could be gauged by examining the flight conditions and the determined

aerodynamic characteristics of the airplane.
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0 0.5 1 1.5 2
−5

0

5

x e (
m

)

0 0.5 1 1.5 2
−2

0

2

y e (
m

)

0 0.5 1 1.5 2
0

1

2

z e (
m

)

t (s)

Figure 3.7: The position track of six flights with
repeatable initial conditions.
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Figure 3.8: The attitude track of six flights with
repeatable initial conditions.

Figure 3.6 shows the height of the airplane as a function of the distance traveled during six rail-launched

flights. The small triangle approximates the beginning of the rail, and the small square approximates the

point where the airplane separated from the cart and started to glide. The color coding is consistent across

Figs. 3.6–3.10 for each flight. Each flight had the same launch conditions starting at a height of approximately

1.8 m (6 ft) and ending on or close to the floor. While all the flights showed a similar trend, there are some

differences in the flight paths. Figures 3.7 and 3.8 show the similarity of airplane trajectory in each axis and

direction across the six flights. The heading angle ψ had the most variation which was caused by the initial

yaw angle varying between −3 and −10 deg. Inconsistencies in the initial yaw angle caused the variation in

the flight path (illustrated by ye in Fig. 3.7) and in the yaw angle time history (illustrated by ψ in Fig. 3.8).

Figure 3.9 shows the velocity history of the airplane was consistent across the flights.
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Figure 3.9: The time history of the velocity from
six flights with repeatable initial conditions.

1 1.2 1.4 1.6 1.8
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

t (s)

C
L, C

D

 

 

C
L

C
D

Figure 3.10: The time history of the lift and drag
coefficients from six flights with repeatable initial
conditions.

6 7 8 9 10 11
0.55

0.6

0.65

0.7

0.75  

α (deg)

 

C
L

α 
(d

eg
/s

)

−9  

−6  

−3  

0   

3   

6   

9   

Figure 3.11: Lift coefficient as a function of angle of attack and rate of change of angle of attack for six
repeatability flights.

The lift and drag coefficients were found by processing the six flights and are shown in Fig. 3.10. A limited

time history was used for CL and CD to ignore the changing conditions immediately after launch and at the

end of each flight. Across the set of tests, CL varies between 0.6 and 0.7 while CD fluctuates close to 0.2.

Figure 3.11 shows the lift coefficient as a function of angle of attack which accounts for some of the variation.
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Figure 3.12: Experimental (a) drag polar and (b) lift curve for two sets of five flights with each set having
different initial conditions co-plotted with data from over 50 flight tests.

Variation due to unsteady effects of angle-of-attack rate α̇ is shown by the color of the markers in Fig. 3.11.

The points with increasing angle of attack (α̇ > 0) had a larger value of CL while points with decreasing

angle of attack (α̇ < 0) had lower values for CL. Unsteady effects of the angle-of-attack rate are expected

to cause variation in the lift. This set of repeatability flights presented a number of complete trajectories as

well as demonstrated the repeatability of the aerodynamic forces being measured by the system.

Another series of repeatability tests used 10 flights with two different launch conditions. After launch,

each flight had an angle of attack that was above trim, and the angle of attack decreased to the trim value

of approximately 4.5 deg. In Fig. 3.12, the first five flights are shown in blue with each flight designated by

a different marker. After the first five flights, the launch speed was increased for the second set of five flights

which are shown in Fig. 3.12 with green lines and different markers for each flight. The second five flights

covered a smaller angle of attack range than the first five flights because the initial angle of attack for the

second five flights was lower due to the increased forward velocity at launch.

In the background of Fig. 3.12, the lift and drag data from over 50 hand launched flights (over 10,000 data

points) are co-plotted with the repeatability results. While there is a greater spread in the hand-launched

results, the two sets of repeatability results are in agreement with the general trend of the 50 flights.

Figure 3.13, shows a 2D histogram from over 50 launches of the model glider. Each small colored square

shows how many data points are within each small bin of α and CL or CD and CL. Even though the flight
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Figure 3.13: A 2D histogram for the (a) drag polar and (b) lift curve where the color of each small square
represents the number of measurements recorded during 50 flight tests.

measurements are spread out and have outliers, the histograms in Fig. 3.13 show that the majority of data

points are clustered along the expected trend lines and some of the scatter in Fig. 3.12 is due to outliers.

3.3 Uncertainty Propagation

The uncertainties in the determined aerodynamic characteristics depend on the uncertainties of the measured

aircraft position and attitude. The standard deviation from the stationary tests (listed in Table 3.2), along

with measurement uncertainties for the physical properties of each MAV and for the density of the air, were

used to determine the uncertainty in each of the aerodynamic characteristics. The standard deviation for each

of the determined aerodynamic characteristics was found using the root-sum-square (RSS) method [87]. Each

determined quantity (such as α or CL) was a function (generically designated as R here) of the measurements

as outlined in Section 2.2.2 and the RSS method used the function for the determined quantity

R = f(x, y, z, φ, θ, ψ, b, c̄, Sref , ρ) (3.1)
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As outlined for the RSS method, the uncertainties were combined using partial derivatives of function R as

in

σ2
combined =

(

∂R

∂x
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)2
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(3.2)

By finding the partial derivatives in Eq. 3.2 based on the different equations in Section 2.2.2, the uncertainties

in all of the derived terms were found. For the flow angles (α and β), the partial derivatives from Eq. 2.11 were

used to find the flow angle uncertainties. Similarly, the partial derivatives of Eq. 2.10 were use to find σV .

The uncertainties for the nondimensional aerodynamic coefficients were found based on partial derivatives

of Eqs. 2.17 and 2.20, and the standard deviation for the determined quantities are tabulated in Table 3.3

for the five aircraft. No clear trend exists with aircraft scale as previously shown for the uncertainties of the

position and attitude measurements because the determined aerodynamic characteristics and flow conditions

include additional variables such as aircraft weight, moments of inertia, and reference dimensions (Sref , c̄,

and b) as well as the nominal flight speed and attitude. The resulting values in Table 3.3 show the standard

deviation in the determined aerodynamic coefficients caused by the uncertainty in the measured position,

attitude, physical properties, and the density of the air.

Aeroelastic deflections of the MAVs would increase the noise because the markers would move relative to

each other. If the markers were far enough out of place, the tracking system would be unable to triangulate

the object. Most of the aircraft were stiff so only minor deflections were observed, but the wing of the Vapor

are flexible and deflect under loads. Statically loading a wing with weights determined the deflections of the

wing for 2-g and 4-g loads to be 2 and 6 deg, respectively. Deflections on the order of 2 to 6 deg increased

the standard deviation of CL and the roll rate between 20% and 40%. The other coefficients were impacted

much less by wing deflections (5–10%). After analyzing the data, large g loads were not found even in the

aggressive dynamic stall results. Those flights had large values for CL and CD, but the g load was small

because the large values of the coefficients corresponded with small values for the velocity (and dynamic

pressure). Hence, the g loads remained small typically less than 1.5 or 2. As a result the effect of large

deflections on the uncertainty were not included in the analysis.
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Table 3.3: The Standard Deviation in the Determined Flow Conditions and Aerodynamic Characteristics
for each MAV.

Aircraft V (m/s) α (deg) β (deg) CL CD CY Cm Cl Cn

Vapor 0.015 0.0087 0.023 0.011 0.022 0.010 0.0060 0.00086 0.0028
SU-26xp 0.0036 0.0082 0.0014 0.028 0.029 0.020 0.030 0.0023 0.0049
Model Glider 0.0022 0.0065 0.0013 0.011 0.0097 0.017 0.023 0.00077 0.0041
Balsa Glider (A=11.7) 0.0017 0.0035 0.00062 0.010 0.0082 0.0058 0.013 0.00081 0.0012
Balsa Glider (A=6.07) 0.0050 0.021 0.0018 0.013 0.018 0.011 0.050 0.0012 0.0045

mean of all aircraft 0.0028 0.0096 0.0015 0.015 0.017 0.013 0.024 0.0012 0.0035

3.4 Discussion of System Verification

The analysis of the motion tracking system showed that the flight trajectories could be used to determine

the aerodynamic characteristics of MAVs. Testing stationary MAVs showed that the accuracy of the motion

tracking system for both the position and attitude measurements depended on the aircraft size and camera

coverage. Using comparison data from a rotational encoder, the changing angle between two tracked markers

was captured and showed the minute uncertainties for moving objects. Repeatedly dropping a dense sphere

showed that the motion tracking system accurately measured the acceleration of the sphere which had an

almost negligible drag force and a significant known gravitational force acting on it.

Testing an MAV under the same initial conditions showed the repeatability of the captured trajectories.

The determined aerodynamic characteristics were consistent across different repeatability flights and showed

some unsteady effects that can be attributed to the angle-of-attack rate. Additionally, two sets of five

repeatability flight tests showed that changing the initial conditions varied the initial flight angle of attack

as expected. From the uncertainty results, the accuracy of the trajectories captured by the motion tracking

system were quantified and the analysis showed that a motion tracking system can be used to accurately

determine the aerodynamic characteristics of small MAVs in free flight.

Propagating the standard deviation from the raw trajectory measurements to the determined

aerodynamic characteristics provided insight on the uncertainty within the reported results. The

uncertainties in the determined quantities varied between the airplanes because the uncertainties depended

on physical properties and flight characteristics, but they are generally small.
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Chapter 4

Quasi-Steady Flight Test Results

Flight tests in the nominal gliding regime were completed for the five airplanes discussed in Section 2.3 to

determine aerodynamic characteristics of each plane in quasi-steady flight. The lift and drag characteristics

for the Vapor, SU-26xp, and the two balsa gliders are shown in the nominal gliding regime, and the

longitudinal and some of the lateral stability terms are shown for the SU-26xp, the free-flight glider, and the

two balsa gliders.

4.1 Experimental Lift and Drag

The Vapor, SU-26xp, and the two balsa gliders (with different aspect ratios) were used to investigate the lift

and drag performance in quasi-steady nominal gliding flight. Complete time histories of 14 flight tests were

used to determine the flight characteristics of the Vapor aircraft. Results in these flights include an angle of

attack range between -5 and 20 deg.

For the Vapor, complete time histories of 14 flight tests were used where the angle of attack was below

stall for the airplane. For the SU-26xp, over 150 flight tests were used to analyze the lift and drag at different

trim conditions from an angle of attack of 0 to 20 deg with most flight tests close to stall. A large number of

flights (75 to 100) yielded aerodynamic data for the two balsa gliders for an angle of attack range of −2 and

16 deg. Additionally, the two balsa gliders were trimmed for quasi-stable deep stall flight to gather data at

angles of attack between 20 and 105 deg.

4.1.1 Vapor in Nominal Gliding Flight

Data from 14 quasi-steady flights covered a range of initial conditions were collected, and Fig. 4.1 shows the

trajectories of the hand-launched flights at the recording rate of 200 Hz. The trajectories were truncated

when the airplane either approached landing or flew out of the capture volume. During each quasi-steady

flight, the angle of attack and hence the lift and drag, varied as illustrated in Fig. 4.2. Unsteady aerodynamic

effects are present in the data and will be discussed later in this section.
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Figure 4.1: The quasi-steady flight trajectories of the MAV.
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Figure 4.2: Experimental (a) drag polar and (b) lift curve for the quasi-steady flights of the Vapor.

The trajectories were conditionally sampled so that only time history segments with lower angular rates

(< 30 deg/s) were used for a regression on the lift curve and drag polar. Quasi-steady data points with

relatively larger angular rates were removed to reduce the effect of angular rates on the lift curve and drag

polar. Figure 4.3 shows the conditionally-sampled low angular rate data with a least squares parabolic

regression for the drag polar and a linear regression for the lift curve. Figure 4.3(a) shows the drag polar

for the conditionally-sampled experimental data along with a parabolic drag polar regression in the form

CD = CDo
+KC2

L (4.1)

where KC2
L is the induced drag of the airplane, that is

CDi
= KC2

L (4.2)
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Figure 4.3: Conditionally-sampled (low angular rate) quasi-steady data for the Vapor including (a) drag
polar with a quadratic regression and (b) lift curve with a linear regression.

where

K =
1

πeoA (4.3)

which depends on the aspect ratio A and Oswald efficiency factor eo. The parabolic regression over the

CL range of 0 to 1.1 is CD = 0.054 + 0.26C2
L. With K known, Eq. 4.3 can be used to calculate the Oswald

efficiency factor using

eo =
1

πKA (4.4)

For the Vapor MAV tested, eo was determined to be 0.48 for the entire aircraft having an wing aspect ratio

of 2.56. The value is low and similar to other measurements at low Reynolds numbers. Specifically, Ref [13]

determined eo to be 0.53 from wind tunnel results for an aspect ratio 6 wing at Reynolds number of 20,000.

Wing Lift Calculations

All of the lift coefficient data shown previously were for the entire MAV and thereby included the aerodynamic

force of the stabilator. By calculating the lift coefficient for just the wing, the experimental lift curve slope

can be compared with results from theoretical calculations for the wing. The lift of the entire MAV depends

on both the wing and the stabilator [88], viz

CL = CLw
+ CLh

ηh
Sh
Sref

(4.5)
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where ηh is the dynamic pressure ratio at the tail and was taken to be 0.9, while the reference areas Sref

and Sh are given in Table 2.1. The pitching moment Cmcg
is given by

Cmcg
= Cmac,w

+ CLw
(xcg − xac,w) − CLh

ηh
Sh
Sref

(xac,h − xcg) (4.6)

where the center of gravity xcg was measured to be 36% of the wing root chord, and the aerodynamic center

of the wing xac,w and the tail xac,h were approximated to be located at 25% of the mean aerodynamic chord

for each respective surface. The pitching moment of the wing Cmac,w
was estimated to be −0.12 based

XFOIL† results for a generic thin 6.7% cambered airfoil and experimental results [11] for a thin cambered

airfoil (such as the GOE 417A). The values for Cmac,w
were found to vary from −0.09 to −0.15 depending

on the angle of attack and Reynolds number. The lift curve slope did not vary with different values of the

wing pitching moment. However, the wing lift coefficient at zero angle of attack depended on the value of

Cmac,w
.

During flight, Cmcg
and CL for the airplane were determined from the flight trajectory using Eqs 2.17a

and 2.20b. In Eqs. 4.5 and 4.6, the only remaining unknowns are the wing CLw
and the tail CLh

. Solving

the two equations simultaneously results in

CLh
=
Cmac,w

− Cmcg
+ CL(xcg − xac,w)

Sh

Sref
ηh(xac,h − xac,w)

(4.7a)

CLw
=
Cmcg

− Cmac,w
+ CL(xac,h − xcg)

(xac,h − xac,w)
(4.7b)

which can be used to find the lift coefficient of the wing and tail during flight tests.

Figure 4.4 shows CL for the entire aircraft and CLw
from Eq. 4.7(b) for the conditionally-sampled

quasi-steady flight data [previously shown in Fig. 4.3(b)]. A linear regression was used to determine the lift

curve slope for both cases. The lift curve slope for the entire aircraft is 2.21/rad [the line shown in Fig. 4.3(b)],

and the lift curve slope for the wing alone is 2.06/rad (the line shown in Fig. 4.4). The calculated lift of the

wing was less than the lift of the entire aircraft which indicates a lifting stabilator.

The measured wing lift curve slope of 2.06/rad can be compared with predictions using the wing aspect

ratio of 2.56. An ideal lift curve slope of 3.52/rad is obtained using finite wing approximations based on

lifting line theory for an elliptically loaded wing, that is

CLα
= 2π

( AA+ 2

)

(4.8)

†Drela, M., 2008, available at http://web.mit.edu/drela/Public/web/xfoil/, 22 November, 2013
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Figure 4.4: The lift coefficient of the wing compared with the lift coefficient for the entire airplane (Vapor)
during the conditionally-sampled quasi-steady flights.

However, a lower lift curve slope of 3.06/rad is found using the more applicable low-aspect ratio Helmbold

equation given by [60]

CLα
= 2π

( A
2 +

√
4 +A2

)

(4.9)

As expected, both of these results from theory (with Eq. 4.9 being more appropriate for the aspect ratio)

overpredict the lift curve slope primarily as a result of low Reynolds number viscous effects, and this result

is consistent with past measurements [13].

Effect of Quasi-Steady Lift

A component of the unsteady aerodynamics can be characterized by the reduced frequency given by

k =
α̇c

2V
(4.10)

As described in Refs. [38] and [40], the varying angle of attack during the unsteady motion produces an

effective camber that results in an incremental change in the lift coefficient expressed as

∆Cl,k = 2πk

(

1

2
− a

)

(4.11)

where a = −1 at the leading edge, 1 at the trailing edge, and thus a = −0.5 at the wing quarter chord, the

latter of which was used for the following calculations. The change in lift due to unsteady effects ∆Cl,k is
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Figure 4.5: The reduced frequency during the quasi-steady flights.

additive to the steady-state lift curve. Once the 2D unsteady lift is known, the 3D unsteady lift is found

using

∆CL,k =
CLα

Clα
∆Cl,k (4.12)

where Clα is 2π and CLα
is the lift curve slope for the entire aircraft. When combined with Eq. 4.11, Eq. 4.12

becomes

∆CL,k = CLα
k

(

1

2
− a

)

(4.13)

which uses the experimentally determined lift curve slope for the entire aircraft. While the result is based

on thin airfoil theory which overpredicts the lift curve slope at low Reynolds number, the method provides

an estimate of the incremental lift due to quasi-steady effects. In addition, the final result in Eq. 4.13 uses

the experimentally determined lift curve slope (of the entire aircraft) to avoid problems of overprediction.

In the following paragraph, an estimate of the change in lift ∆CL,k is found using Eq. 4.13, and the results

based on theory are compared with the experimental results.

Figure 4.5 shows the reduced frequency k as a function of the angle of attack during the quasi-steady

flights. A general observation is that while the excursions are within the range of k ≈ ±0.03, the range

of the reduced frequency increases with angle of attack, and this increase is primarily due to the flight

dynamics—smaller trajectory excursions at higher speeds (low α) and vice versa. The predicted ∆CL,k was

calculated using Eq. 4.12 along with the time histories of the reduced frequency.

Figure 4.6 shows the linear lift curve augmented with the unsteady effects (due to k) calculated from the

flight conditions for the complete time histories of the quasi-steady flights. The variation in the lift coefficient

in Fig. 4.6 can be compared with the previously shown quasi-steady experimental data [Fig. 4.2(b)]. While

both results have similar trends in the variation, the variation in the experimental results is larger than in
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Figure 4.6: The linear lift curve model augmented with ∆CL,k for the quasi-steady flights.

the predicted results. The standard deviation from the linear lift curve slope for the experimental results is

0.057 while for the theoretical results it is only 0.018. The results show how the effective camber model can

be used to estimate a component of the quasi-steady influence on MAV lift, but the model underpredicts

the influence because it does not include all of the effects of quasi-steady flow. Specifically, the effective

camber model used only included effects due to k and neglected additional unsteady effects such as time lag,

quasi-steady lift from the horizontal tail, and additional effects that might be attributed to low Reynolds

number separation bubble dynamics. The results show the influence α̇ has on the lift coefficient of MAVs

even in the quasi-steady regime and that the quasi-steady effective camber model does not predict all of the

quasi-steady influences on lift for MAVs.

4.1.2 SU-26xp in Nominal Gliding Flight

The time histories of the SU-26xp were analyzed to find the trim lift and drag for each flight instead of

using the complete time histories of CL and CD. By finding trim conditions for each flight, near-steady

state results were observed at angles of attack below stall as well as above stall for the SU-26xp. In order

to vary the trim speed during the more than 150 flights, the SU-26xp was flown with two different center of

gravity locations and nine elevator deflections. Each combination of center of gravity location and elevator

deflection was flown between 5 and 15 times.

For any flight, the trim point could be found by analyzing the pitching moment as a function of angle of

attack, and the lift and drag corresponding to that angle of attack could be subsequently found. Details of
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the method are first outlined using an representative example, and then the lift and drag results are analyzed

for the SU-26xp. The representative example illustrates how the method is applied to a set of 11 flights.

The trim angle of attack for each individual flight was determined first using a least squares regression for

the moment coefficient as a function of angle of attack. The functional form of the regression was assumed

to be linear in angle of attack,

Cm = Cmo
+ Cmα

α (4.14)

Figure 4.7 shows an example of the Cm versus α for a single short quasi-steady flight with the linear regression

line. Evaluating the regression at Cmcg
= 0 yielded the trim angle of attack αtrim for the flight and αtrim

is marked on Fig. 4.7 with the blue triangle. Repeating the analysis for many flights resulted in a large set

of trim points and similar trim angles of attack could be combined.

Second, flights with the same center of gravity and a similar trim angle of attack (within 0.75 deg) were

combined so variations between individual flights were removed. Figure 4.8(a) shows the pitching moment for

the illustrative example set of 11 flights. From a linear regression on moment coefficient for these combined

flights, the trim point for each flight was found and is indicated with the blue triangle (at α = 4.6 deg).

Next, a local lift curve was found using a linear regression on the lift coefficient versus angle of attack. Based

on the low angle of attack assumptions (linear lift curve), the functional form was assumed to be linear, viz

CL = CLo
+ CLα

α (4.15)

Continuing with the example, Fig. 4.8(b) shows the lift curve and the linear regression. Evaluating the

regression at the trim angle of attack resulted in the trim lift coefficient which is again indicated with the

blue triangle in Fig. 4.8(b). The determined result (CL = 0.46 at α = 4.6 deg) was used as an experimental

trim point.
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Figure 4.8: The trim point analysis for an example set of flights for the SU-26xp.

Finally, a regression on the drag polar in the form of

CD = CDo
+KC2

L (4.16)

was used to find the trim drag conditions. Figure 4.8(c) shows the drag polar for the example set of 11 flights.

Evaluating the drag polar at the trim conditions resulted in the trim drag coefficient for the specific flight

condition (CD = 0.088 at CL = 0.46 deg). The example set of 11 flights illustrated the trim method that

used functional forms based on linearized equations of motion to determine the trim point. The assumed

functional forms (linear moment and lift curves and a drag polar) will continue to hold at higher angles

of attack for small ranges of angle of attack. Applying the method to numerous flights with varying trim

conditions can be used to determine the aircraft characteristics over a range of flight conditions.

Applying the trim method to 150 flights of the SU-26xp results in 23 trim points where the example

illustrated through Fig. 4.8 is just one of the points. The lift and drag results from the trim method are

shown in Fig. 4.9. The drag results in Fig 4.9(a) are characterized by a parabolic polar at angles of attack

below stall. At approximately CD = 0.15, separation is indicated by the drag rise and the departure of the

trim points from the parabolic polar. After separation, the drag increases without a corresponding increase

in the lift coefficient.

Trim lift coefficients for the entire aircraft CL and just the wing CL,w are shown in Fig. 4.9(b). The lift

coefficient is not precisely zero at zero angle of attack because the wing incidence angle was 2 deg and both

ailerons drooped a couple of degrees. The wing lift coefficient is lower than the lift for the entire aircraft

which indicates a lifting tail. The difference between CL and CL,w increases with the angle of attack as the

tail generates a larger stabilizing force and contributes more to the aircraft lift. Both CL and CL,w follow
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Figure 4.9: Experimental (a) drag polar and (b) lift curve for the SU-26xp.

an almost-linear trend until an angle of attack of 8 deg which indicates stall. After stall, the lift decreases,

and the individual trim points have more variation as shown in Fig. 4.9(b).

To calculate the lift curve slope of the wing, a stall angle of 7.5 deg was assumed. Points above the

stall angle of attack were ignored because the lift curve is no longer linear, and a least squares regression

determined the wing lift curve slope to be 3.28/rad. The slope is less than the 4.51/rad predicted for an ideal

finite wing (via Eq. 4.8) for A = 5.12. As previously mentioned, the decrease is expected at low Reynolds

numbers.

By analyzing the aerodynamic characteristics at a variety of trim speeds, the lift and drag coefficients of

the SU-26xp were determined based on the quasi-steady flight trajectories. Across multiple flights, the trim

angle of attack was varied from below stall, to near stall and finally just above stall. From the trim conditions

of the flights, the steady lift and drag coefficients were determined as a function of trim angle of attack.

Instead of analyzing the complete flight trajectories (which were used to show the quasi-steady nature of

MAV flights in Section 4.1.1 and has been previously used by other researchers [14, 22–24]), the analysis of

the numerous trim points of the SU-26xp was used to determine the steady state characteristics over a range

of trim speeds—including post stall. Both methods can be used to assess the flight characteristics of MAVs

from flight trajectories.
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Table 4.1: Aerodynamic Characteristics of the Balsa Gliders

Parameter A= 6.07 A= 11.7
CDo

0.048 0.046
K 0.178 0.159
CLα

4.65 5.13
CLo

0.103 0.153
Wing Only
CLα

4.23 4.79
CLo

0.097 0.160

4.1.3 Balsa Gliders in Nominal Gliding Flight

The two balsa gliders with similar wing areas but different aspect ratios (11.7 and 6.07), as noted in Table 2.1

were constructed to investigate the aerodynamic characteristics of higher aspect ratio gliders. The lift and

drag results for the two gliders were found by locating the trim conditions from between 75 and 100 flights.

Figure 4.10 shows the lift and drag of the trim points for each aircraft and each wing alone with a least

squares regression for the lift curve and drag polar. The least squares regression was done for an angle of

attack range of 0 to 8 deg and 0 to 6.5 deg for the lower and higher aspect ratio gliders, respectively. The

upper bound was selected to approximately correspond to the stall angle as was observed in the experimental

results. Table 4.1 lists the values for the different constants for the linear lift curve slope and drag polar.

The drag polars appear close to parallel in Fig. 4.10, but the higher aspect ratio wing has a lower value

for the induced drag coefficient K (from Eq. 4.1) in Table 4.1. Above a CL of approximately 0.7, the drag

increases faster than the parabolic fit due to separation. The offset in minimum drag CDo
between the two

aircraft was due to minor differences in the two aircraft configurations and differences in Reynolds number.

For each aircraft, the fuselage, wing, tail, and marker placement were similar, but not identical, and each of

these components contributed to the drag of the airplane. Additionally, the two gliders operate at different

Reynolds numbers with the lower aspect ratio glider operating at approximately 12,000 and the larger aspect

ratio glider operating at approximately 8,900. The difference in Reynolds number was due to the wing of

each glider having a different mean aerodynamic chord while both gliders had similar weight and wing area

(see Table 2.1).

For the lift shown in Fig. 4.10(b), stall is indicated by the change in the lift curve slope at an angle

of attack of 8 and 6.5 deg for the lower and higher aspect ratio gliders, respectively. In each case, the lift

curve slope decreases after stall. By using the fact that at trim conditions the pitching moment is zero, the

lift curve slope of the wing for each airplane was found using Eq. 4.7. For both balsa gliders, the wing lift

curve is lower than the aircraft lift curve indicating lifting tails. The experimental results showed the lower
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Figure 4.10: Experimental (a) drag polar and (b) lift curve for the two balsa gliders.

Figure 4.11: A sketch representative of the thin airfoil used on the two balsa gliders.

aspect ratio wing had a lift curve slope of 4.73 while the higher aspect ratio wing had a lift curve slope of

5.36. These results can be compared with theoretical values based on the aspect ratio for each wing and

assuming an elliptically loaded wing. The experimental results are 90% and 89% of finite wing results for the

lower and higher aspect ratio wing, respectively. These percentages are significantly higher than observed

for the SU-26xp, model glider, or Vapor, and the difference may be due to the surface roughness of the

different wings and the airfoil shapes. Surface roughness can cause transition between laminar and turbulent

flow which has a significant effect on lift curve slopes of low Reynolds number airfoils [3]. The balsa wings

were unpainted and finished with 220-grit sandpaper. The wings for both balsa gliders were sanded using

methods and shapes discussed in Ref. [89]. The general airfoil shape for both of the balsa wings is sketched

in Fig. 4.11. The lower surface of the airfoil is flat and the upper surfaces is curved from a round leading

edge to the thickest point (approximately 7% thick at approximately 40% chord). Beyond the thickest point

of the airfoil, the upper surface had a linear incline to the blunt trailing edge.

Figure 4.12 shows the lift-to-drag ratio of the two gliders as a function of the angle of attack. For both

aircraft, the maximum lift-to-drag ratios are between 5 and 6 at an angle of attack a few degrees below

stall. The higher aspect ratio wing has a slightly higher peak L/D as is expected, but the difference was
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Figure 4.12: The lift-to-drag ratio of the two balsa gliders.

not significant because the higher aspect ratio glider flew at a lower Reynolds number than the lower aspect

ratio glider (12,000 vs. 10,000).

4.1.4 Balsa Gliders at Large Angles of Attack

Beyond stable low angle-of-attack flight, airplanes can descend nearly vertically at high angles of attack

in a deep stall descent. Deep stall descent is a stable flight condition at angles of attack higher than stall

(typically α > 30 deg). For full-sized aircraft, stable deep stall is considered dangerous and is generally

avoided [90, 91]. However, some MAVs and smaller UAVs use stable deep stall descent as a method to land

aircraft in confined areas [19, 20].

Flight tests were conducted with both balsa gliders in deep stall. To achieve quasi-steady deep stall flight,

the standard stabilator that could deflect only a few degrees was replaced with a similarly sized stabilator

shown in Fig. 4.13. The new high-deflection stabilator could deflect to incidence angles between 0 and more

than 90 deg, and numerous flight tests were conducted with different stabilator incidence angles between 8

and 60 deg. In the flights, the balsa gliders descended with a steep glide slope and a slow speed. During

the flights, the angle of attack varied around each trim point, and the magnitude of the reduced frequency

remained less than 0.03 as shown in Figs. 4.14 and 4.15. The values of k are compared to quasi-steady flight

values where |k| was less than 0.2.

To find the trim lift and drag for the aircraft in deep stall, the trim point analysis used previously was

applied to the quasi-steady deep stall trim points. The trim angles of attack for the different stabilator
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Figure 4.13: The (a) nominal stabilator, and the high-deflection stabilator at a (b) moderate and (c) high
deflection angle.
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Figure 4.14: The reduced frequency during the
quasi-steady deep-stall flights with the 11.07
aspect ratio balsa glider.
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Figure 4.15: The reduced frequency during the
quasi-steady deep-stall flights with the 6.70 aspect
ratio balsa glider.

deflections are shown in Figs. 4.16 and 4.17 for the two balsa gliders. For the balsa glider with an aspect

ratio of 11.7 (in Figs. 4.16) the trim points extend to 73 deg with a stabilator deflection of approximately

45 deg. The balsa glider with an aspect ratio of 6.07 (in Figs. 4.17) included higher deflection angles (up to

63 deg) and, thus, higher trim angles of attack (almost 90 deg) than for the other balsa glider.

Figure 4.18 shows the lift and drag at deep stall trim points for the balsa glider with an aspect ratio of

11.7. The drag coefficient [Fig. 4.18(a)] increases significantly from the pre-stall range, and the drag polar

shows the circular nature at extreme angles of attack. The drag coefficient peaks at 1.43 at an angle of
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Figure 4.16: The stabilator deflection angles for
the high angle-of-attack deep-stall trim points of
the balsa glider with an aspect ratio of 11.7.
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Figure 4.17: The stabilator deflection angles for
the high angle-of-attack deep-stall trim points of
the balsa glider with an aspect ratio of 6.07.

attack of 73 deg. Based on a finite flat plate at an angle of attack of 90 deg [64, 83], the drag of the wing

at α = 90 deg was estimated for comparison purposes using,

CD,90 = 1.11 + 0.018A (4.17)

The local angle of attack for the horizontal tail was much lower than 90 deg because of the high deflection

angle of the tail. Hence, the component of drag due to the tail could not be estimated using the method

for a finite flat plate at α = 90 deg. For the balsa glider with an aspect ratio of 11.7, the theoretical drag

coefficient at α = 90 deg was found to be 1.32. While the experimental results are only up to an angle of

attack of 73 deg, the observed trend in the experimental data can be extended to α = 90, and the extension

would be close to 1.5 which is just above the theoretical value of 1.32. The difference could be due to not

including the drag of the horizontal tail and fuselage. The lift coefficient shown in Fig. 4.18(b) plateaus at

approximately 0.9 between 30 and 50 deg before descending to 0.43 at 73 deg. Continuing the trend for CL,

lift would be zero at approximately α = 90 deg as would be expected.

Similar results for the lower aspect ratio glider (A = 6.07) are shown in Fig. 4.19. As shown in Fig. 4.17,

the stabilator was tested at higher deflection angles than with the other balsa glider which resulted in

experimental results at angles of attack close to 90 deg. Immediately after stall, the drag, and lift have more

variation with peak CL just above 1. As with the other balsa glider, the drag polar shown in Fig. 4.19(a)
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Figure 4.18: Experimental quasi-steady high angle-of-attack (a) drag polar and (b) lift curve results for
the 11.7 aspect ratio glider with the results from the low angle-of-attack trim point analysis (circles) from
Fig. 4.10.
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Figure 4.19: Experimental quasi-steady high angle-of-attack (a) drag polar and (b) lift curve results for
the 6.07 aspect ratio glider with the results from the low angle-of-attack trim point analysis (circles) from
Fig. 4.10.

looks circular over the large angle of attack range. Between an angle of attack of 80 and 90 deg, CD varies

between 1.4–1.5 with the largest value of 1.49 at an angle of attack of 87 deg. Theoretical drag for a wing

with an aspect ratio of 6.07 at an angle of attack of 90 deg is 1.22 based on Eq. 4.17. As before, the calculated
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value is less than that observed experimentally, and, again, the difference is due to not including the drag

of the horizontal tail and fuselage in the model.

Figure 4.19(b) shows the lift coefficient has variation just after stall and follows a fairly linear trend

above 45 deg angle of attack with zero lift occurring at an angle of attack of approximately 97 deg. Positive

lift at an angle of attack of 90 deg is expected from the wing due to the curved leading edge and sharp

trailing edge. In addition, the stabilator was set at a high incidence angle which resulted in the local angle of

attack being significantly smaller than the angle of attack of the aircraft so the stabilator generated a force

perpendicular (lift) to the flow. The deep stall experimental results show the aerodynamic characteristics of

the balsa gliders during quasi-steady post stall flight at angles of attack between 15 and 100 deg.

4.2 Static Stability Derivatives

Aerodynamic moments acting on an airplane govern the stability and are used to control the airplane.

Understanding the stability and control of MAVs is important to dynamics modeling, designing controllers,

and trajectory planning for MAVs. The model glider (previously discussed in the repeatability tests), the

SU-26xp (previously shown with the trim lift and drag analysis), and the two balsa gliders were analyzed

to show stability and control characteristics of MAVs determined from the flight trajectories [79]. Both the

static longitudinal and lateral stability were explored for the aircraft, and the phugoid mode is shown for

the two balsa gliders.

4.2.1 Longitudinal Stability

Longitudinal stability ensures the airplane returns to a trim angle of attack when it is perturbed. The

experimental pitching moment coefficient Cm about the center of gravity versus angle of attack for the

SU-26xp is shown in Fig. 4.20 for four different elevator deflections (but the same center of gravity), and the

slope Cmα
is changing with the trim angle of attack. The variation of slope could be caused by changing

aerodynamic characteristics of the wing and horizontal tail, and a number of aerodynamic causes will be

discussed in detail after outlining the factors that contribute to longitudinal stability and analyzing the

neutral point location.

The change in Cmα
at different trim conditions, seen in Fig. 4.20, can be further explained when analyzing

the neutral point location. The neutral point is the aerodynamic center of the airplane and is found from

Cmα
, CLα

, and the measured location of the center of gravity. Using the experimental lift curve slope for
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Figure 4.20: Experimental pitching moment versus angle of attack for the SU-26xp with the center of gravity
at 42% of the root chord.

the wing (3.28/rad) and the static margin SM , the experimental neutral point can be found from

Cmα
= CLα

(SM) (4.18)

where the static margin is the nondimensionalized distance between the neutral point x̄np and the known

center of gravity x̄cg. The neutral point was measured from the wing root leading edge and normalized by

the wing root chord.

Figure 4.21 shows the experimentally-determined neutral point as a function of angle of attack for two

different center of gravity locations. Trim speed and αtrim were changed by varying the elevator deflection.

The range of elevator deflections was limited to 5 to −6 deg to avoid extreme flight attitudes. At an elevator

deflection of −6 deg, the aircraft was just past stall at an angle of attack of 12 deg.

The theoretical neutral point is found using [59, 60]

x̄np =
CLα,w

x̄ac,w + x̄ac,hCLα,h
ηh

Sh

Sref
(1 − ∂ε

∂α
)

CLα,w
+ CLα,h

ηt
Sh

Sref
(1 − ∂ε

∂α
)

(4.19)

where the subscripts of w and h represent the values of different variables for wing and horizontal tail

respectively. The distance normalized by the wing root chord from the aerodynamic center of each surface

to a reference point is x̄ac, and Sref and Sh are the surface areas of the wing and tail, respectively. Downwash

from the main wing at the tail and the velocity deficit ratio caused by the wake of the main wing at the tail
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Figure 4.21: Experimentally-determined neutral
point (percentage root chord from the wing
leading edge) versus trim angle of attack for the
SU-26xp.
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Figure 4.22: Effect of the elevator deflection on
the trim angle of attack for the SU-26xp.

are the ∂ε/∂α and ηh terms, respectively. The neutral point x̄np is measured from the wing root leading

edge and is in percentage of wing root chord.

As outlined in Eq. 4.19, the neutral point depends on both the lift curve slope of the wing and tail as well

as the aerodynamic center of each. Additionally, the wake from the wing affects the lift of the horizontal tail.

In the angle of attack range where both lift curve slopes are linear, the neutral point theoretically remains

constant. From Eq. 4.19, the theoretical value was calculated to be ≈35–45% which corresponds to the

experimental neutral point (Fig. 4.21) only at low angles of attack. At higher angles of attack, the neutral

point moves aft which implies that the tail becomes more effective with respect to the wing. The shift aft

could be caused by a number of different effects changing the aerodynamic characteristics, particularly the

lift curve slope of the wing and/or horizontal tail.

First, Eq. 4.19 assumes that the wing and tail lift curve slopes are linear, and any nonlinearity would

cause the neutral point to change. A decrease in the wing lift curve slope would shift the neutral point aft

while a decrease in the tail lift curve slope would shift the neutral point forward. Second, the induced flow

effects from the wake of the main wing on the horizontal tail affects the neutral point. The downwash ∂ε/∂α

and the velocity deficit ηh are caused by the wake of the main wing changing the flow at the horizontal tail.

In the theoretical calculations ∂ε/∂α was set to ≈0.45 and ηh was set to ≈0.8. The theoretical formulation

53



−2 0 2 4 6 8 10 12
0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

α (deg)

x N
P

 

 
AR = 11.7, CG at 50%
AR = 6.07, CG at 63%
AR = 6.07, CG at 56%

Figure 4.23: Experimentally-determined neutral point (percentage root chord from the wing leading edge)
versus trim angle of attack for the two balsa gliders.

includes a ∂ε/∂α term that assumes the downwash effect is linear with the angle of attack. As the flight

conditions (particularly α) change, the vertical location of the wake of the main wing at the tail can move up

or down and the effect on the horizontal tail can change. The observed shift aft of the neutral point location

could be caused by changes in the downwash and velocity deficit due to angle of attack changes. Thus, ∂ε/∂α

and ηt need to depend on the angle of attack in the theoretical results. Finally, the aerodynamic center

of the wing (x̄ac,w) and tail (x̄ac,h) move aft as the angle of attack increases because the quarter-chord

assumption rarely holds for low Reynolds number airfoils [7, 8, 92]. In the theoretical models used, the

aerodynamic center of each surface is assumed to stay at the quarter chord. However, if the wing and tail

aerodynamic centers move aft with increased angle of attack, the shift needs to be included for each surface

in the theoretical calculations. While none of these effects can fully explain the neutral point shift, the

combination of all the effects can explain the shift.

Figure 4.22 shows the effect of the elevator deflection on the trim angle of attack for the SU-26xp. The

SU-26xp elevator was 65% of the horizontal tail area with a deflection range of ±20 deg, but only a range of

5 to −10 deg was tested to limit the flight regime of the airplane. Increasing positive elevator (trailing edge

down) caused the airplane to fly at lower angles of attack.

For the two balsa gliders, the neutral point did not move significantly until after the stall angle of attack

as shown in Fig. 4.23. The balsa glider with an aspect ratio of 11.7 has a calculated neutral point of

approximately 55% which is close to the experimental values of between 50% and 57% based on Eq. 4.19.
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The variation of the neutral point increases just before an angle of attack of 6 deg which is just before

the stall angle of approximately 6.5 deg. For the balsa glider with an aspect ratio of 6.07, two different

center of gravity positions were tested, and Fig. 4.23 shows the experimental neutral point in the range of

60–67% which is comparable to the theoretical result of 61%. Again at angles of attack just before stall,

which occurred at an angle of attack of approximately 8.5 deg, the neutral point shifts aft. For the balsa

gliders, the neutral point is practically stationary until just before the stall angle of attack at which stage

the neutral point starts to shift aft. This contrasts with the SU-26xp, where the neutral point shifted aft

gradually beginning before stall (see Fig. 4.21).

4.2.2 Lateral Stability

For lateral stability, results from the model glider, the SU-26xp, and the two balsa gliders are presented. The

model glider has 4.5 deg dihedral and a high wing configuration which contrasts with the 0 deg dihedral,

mid-body wing of the SU-26xp, and the two balsa gliders had polyhedral, high wing and their vertical

stabilizer extended down from the fuselage below the horizontal tail. Least squares regression was used to

calculate the lateral stability terms using β, p, r, δa, δr, and φ as the independent variables.

Static yaw stability of an airplane is ensured by the vertical tail and measured by the yawing moment

generated by the sideslip angle Cnβ
. A positive Cnβ

ensures the aircraft is stable and any sideslip will damp

out. First, all of the flights for each airplane were combined and analyzed using the least squares regression.

The results for the model glider, the SU-26xp, and the two balsa gliders are in Table 4.2 along with the 95%

confidence intervals for the Cnβ
regression. The model glider had a Cnβ

of 0.0843 which was greater than

the SU-26xp value of 0.0400. The difference between the two geometrically similar balsa gliders resulted

from different vertical tail areas and hence different vertical tail volume coefficients. The balsa glider with an

aspect ratio of 6.07 had a vertical tail volume coefficient of 0.036 while the higher aspect ratio glider had a

vertical tail volume coefficient of 0.017. Second, the flights were separated into groups by the flight settings

(center of gravity and elevator/stabilator angle) to show weather vane stability as a function of the angle of

attack. Figure 4.24 shows that the weather vane stability does not have a clear trend with the angle of attack

for either the Vapor or the model glider. For the separated groups, the 95% confidence bounds were larger

and had an average value of ±0.0470 and ±0.0512 for the SU-26xp and the model glider, respectively. The

wider confidence bounds for the separated groups of flights was due to the significantly fewer data points

for each group. From the results in Fig. 4.25, Cnβ
for the balsa gliders increases with the angle of attack,

and the averaged 95% confidence bounds for the regression were ±0.00879 and ±0.00269 for the aspect ratio

6.07 and 11.7, respectively. The increasing stability with the angle of attack is caused by the vertical tail
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Table 4.2: Lateral Stability Characteristics of the SU-26xp, the Model Glider, and the Balsa Gliders

Cnβ
95% Confidence Clβ 95% Confidence

SU-26xp 0.0400 ±0.00494 −0.00176 ±0.00187
Model Glider 0.0843 ±0.00785 −0.0136 ±0.00234
Balsa Glider A=6.07 0.0472 ±0.00157 −0.0109 ±0.00075
Balsa Glider A=11.7 0.0285 ±0.00058 −0.00325 ±0.00043
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Figure 4.24: Experimental weather vane stability
Cnβ

for the SU-26xp and the model glider as a
function of trim angle of attack.
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Figure 4.25: Experimental weather vane stability
Cnβ

for the balsa gliders as a function of trim angle
of attack.

extending downward below the horizontal tail. In this position, the flow on the vertical tail is less influenced

by the main wing and fuselage as the angle of attack increases.

Roll due to yaw Clβ is the other major lateral stability derivative for an airplane and is often referred to

as the dihedral effect. Negative values of Clβ along with other stability terms, ensure stability so that when

the airplane is perturbed it returns to zero sideslip. Table 4.2 lists the dihedral effect for the four airplanes

based on the complete set of tests for both airplanes. The value of Clβ for the SU-26xp is almost zero which

is expected from the mid-body wing with no dihedral. For the model glider Clβ is negative (stable) which

is expected because of the high wing with 4.5 deg of dihedral. The balsa glider with an aspect ratio of 6.07

has a Clβ that is more negative than the higher aspect ratio glider. Variations between the two planforms

cause the observed differences in roll due to yaw. Some key variations include the polyhedral, the vertical

position of the center of gravity, the vertical tail size and the fuselage cross-section distribution.
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Figure 4.26: Experimental roll stability Clβ for the SU-26xp and model glider as a function of the trim angle
of attack.

Separating the flights by trim settings shows that Clβ has a trend with the angle of attack for the SU-26xp

and the model glider but not for the two balsa gliders which will not be shown. Figure 4.26 shows that

Clβ for the model glider and the SU-26xp becomes more negative (increasing dihedral effect) with increased

angle of attack. For the SU-26xp, at low angles of attack Clβ is slightly positive (marginally unstable). The

averaged 95% confidence bounds for the separated groups was ±0.0197 and ±0.0151 for the SU-26xp and

the model glider, respectively.

The results show how motion trajectories can be used to determined stability characteristics of different

MAVs at low Reynolds numbers. Flight trajectories of four airplanes were used to determined the moment

coefficients throughout flight, and subsequently, the stability characteristics. The longitudinal stability was

analyzed for three airplanes, and one showed that the neutral point shifted gradually as a function of angle

of attack while the other two only shifted with the onset of stall. The shifting neutral point indicated that

at least some of the linear assumptions in the neutral point calculations (Eq. 4.19) are not holding for the

SU-26xp. Lateral stability characteristics were also determined and indicated that the model glider had

higher lateral stability than the aerobatic SU-26xp as expected from their respective wing configurations.

The SU-26xp and model glider showed that Clβ increased with the angle of attack, while their Cnβ
did not

change with the angle of attack. However, the opposite trend was observed for the two balsa gliders. For

each balsa glider, Cnβ
increased with the angle of attack, and Clβ did not change with the angle of attack.

The differences for the lateral stability terms can be traced to the different aircraft planforms. Overall, the

57



results showed how motion trajectories could be used to determine low Reynolds number stability coefficients

which are crucial to designing controllers and path planning for MAVs.

4.3 Dynamic Stability

The dynamic stability of an aircraft governs the transient response of the aircraft to small perturbations [59,

88]. In the longitudinal direction, a key component of dynamic stability is the phugoid motion which

involves the airplane exchanging altitude for airspeed as the flight path stabilizes. The aircraft climbs and

loses airspeed, and then it descends and gains airspeed. The pitch of the airplane changes so the motion

occurs at approximately a constant angle of attack. From the linearized longitudinal equations of motion,

the frequency of the phugoid period is estimated using

ωn,ph =
g

V

√
2 (4.20)

which depends on the gravitational constant g and velocity V [88]. From this relationship, the slower

velocities of MAVs shortens the phugoid period as compared to faster full-sized aircraft. Determining the

dynamic stability of the MAV from a flight trajectory was difficult because of the short length of the test.

However, the dynamic response for the balsa gliders showed that the phugoid could be observed in the flight

trajectories. Fig. 4.27 shows a typical time history for the balsa glider with an aspect ratio of 11.7 as it

exchanges altitude for airspeed. The squares with cross-hatches indicate local extrema in the deviation of

the altitude from a linear glide slope and the deviation of the velocity from a linear trend line. Just before

0.6 s, velocity reaches a minimum, and, just after 0.6 s, the altitude deviation reaches a maximum. Toward

the end of the flight (1.3 s), velocity is at a maximum, but the flight track ends before the altitude can reach

a minimum. As in this example, most flights were too short to have multiple extrema that could be used to

find the period of the phugoid motion.

However in some cases, it was possible to observe a half period of the oscillation. Figure 4.28 shows a

flight time history for the higher aspect ratio balsa glider with the extrema marked by the squares. The

time between the extrema corresponds to the half period, and it is approximately 0.6 s which results in a full

period of approximately 1.2 s. Based on the linearized longitudinal equations of motion (see Eq. 4.20), the

undamped natural frequency was found to be approximately 1.9 s which is longer than the 1.2 s observed

experimentally. Similarly, for the lower aspect ratio glider shown in Fig. 4.29, the time between the peaks

is approximately 0.7 s so the full period is approximately 1.4 s. From the linearized equations of motion,

the undamped natural frequency had a period of 1.55 s which is again longer than observed experimentally.

58



0 0.2 0.4 0.6 0.8 1 1.2 1.4
−0.6

−0.4

−0.2

0

0.2

∆ 
z 

(m
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
2

4

6

V
 (

m
/s

)

t (s)

Figure 4.27: An example time history for the aspect ratio 11.7 balsa glider with the mark indicating extrema
in the deviation of altitude from a linear glide slope and airspeed from a linear trend line.
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Figure 4.28: A time history for the aspect ratio 11.7 balsa glider with the marks indicating extrema in the
deviation of altitude from a linear glide slope and airspeed from a linear trend line.

For both balsa gliders, the experimental results show the phugoid period to be less than predicted based on

the linearized longitudinal equations of motion (from Eq. 4.20), but some variation from predicted results

is expected [93]. Additional modes, such as the short period, were not definitively observed in the data.

Typically, the short period is shorter than the phugoid and highly damped which makes the short period

difficult to observe.
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Figure 4.29: A time history for the aspect ratio 6.07 balsa glider with the marks indicating extrema in the
deviation of altitude from a linear glide slope and airspeed from a linear trend line.

4.4 Discussion of Quasi-Steady Results

MAV flight in the quasi-steady flight regime was explored and studied using off-board motion tracking.

Analyzing the full time histories of 14 Vapor flights showed the effect of unsteady aerodynamics on the

measured lift and drag during quasi-steady flight. By analyzing the trim points from numerous flights for

the SU-26xp and two balsa gliders, a lift curve and drag polar closer to steady state results were found from

the quasi-steady results. In addition, the lift coefficient for the whole aircraft was separated out into the

wing and tail lift using the moment coefficient as in Eq. 4.7(b). Results indicated that the MAVs had lifting

tails and the wing lift curve slopes were generally less than theoretical values for an ideal wing as would be

expected at such low Reynolds numbers. The two balsa gliders which were based on low Reynolds number

designs, had lift curve slopes close to that of an ideal wing (elliptically loaded).

At angles of attack well past stall, results for the two balsa gliders in deep stall descent showed the lift

and drag over an angle of attack range of 15–90 deg. Both lift and drag showed variation toward the lower

portion of angles of attack (15–40 deg). Lift peaked between an angle of attack of 30 and 45 deg before

decreasing to 0 just above an angle of attack of 90 deg. The drag polar began to take the shape of a circle

with maximum drag occurring at zero lift and perpendicular flow.

Analyzing the moment coefficient time histories yielded the longitudinal stability and lateral stability for

the different MAVs. For longitudinal stability, the neutral point shifted aft with increased angle of attack

for the Vapor, which illustrated some of the shortcomings of using a linear dynamics model for low Reynolds

number aircraft. On the other hand, the two balsa gliders had only small shifts in their neutral points until

stall which indicates that the aerodynamics of the balsa gliders is closer to the assumptions behind the linear
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dynamics models. It is also noted that the lift curve slopes of the two balsa gliders are also closer to the ideal

wing results than the Vapor. These two observations indicate that the linear dynamics model assumptions

are more applicable to the two balsa gliders as opposed to the Vapor. For the lateral stability, the weather

vane stability and roll stability was shown for four aircraft. Some of the aircraft exhibited stability trends

with angle of attack such as the weather vane stability increasing with angle of attack for the two balsa

gliders, and the trend can be ascribe to the downward direction of their vertical tail.

Finally, the dynamic stability was investigated using the flight trajectories and it proved difficult due to

the current capture volume and the limited duration of the flight trajectories. In a few of the flights for the

two balsa gliders, a half period of the phugoid mode was observed and could be used to approximate the

full phugoid period. The experimental phugoid period results were shorter than the approximations based

on the linearized longitudinal equations of motion.
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Chapter 5

Unsteady High Angle-of-Attack Flight

Test Results

In addition to the quasi-steady flight tests, unsteady flights were recorded for the Vapor and two balsa gliders

(see Figs. 2.3, 2.7, and 2.7). The recorded flights covered a wide flight regime to determine the lift, drag,

and moment characteristics at angles of attack up to 90 deg. Both mild and aggressive stalls were observed.

The flights included brief excursions to high angles of attack and unsteady conditions (due to changing

angle of attack, translational acceleration, and rotational acceleration). MAVs operate in unsteady high

angle-of-attack conditions as observed for these tests when undergoing rapid maneuvers such as perching,

deep stall descent, and highly dynamic maneuvers in confined spaces.

5.1 Unsteady Aerodynamic Characteristics for the Vapor

The unsteady flight results depended on the angle-of-attack rate α̇, and, from Fig. 5.1, it is clear that the

reduced frequency k (nondimensional α̇—see Eq. 4.10) covers a much larger range (−0.2 to 0.4) than for

the quasi-steady flights (−0.03 to 0.03 in Fig. 4.5). In Fig. 5.1, the arrows indicate the direction the flight

progresses beginning at low angles of attack (5 to 20 deg). As expected from the unsteady nature of the

flights and the large range of k, Fig. 5.2(b) shows that CL varies for a given angle of attack. Each flight began

with increasing angle of attack (positive k) that led to stall, and the CL values were larger with positive k

than during the subsequent stall recovery with negative k. The unsteady nature of the flights resulted in a

dynamic stall hysteresis loop illustrated by the flights in Fig. 5.2(b)—particularly the single selected flight

which will be explained in detail below. In Fig. 5.3, the large positive values of k (pitch up) increased CL,

while the negative values of k during stall recoveries (pitch down) decreased CL as expected from theoretical

solutions to highly unsteady flow[40].

Figure 5.2(a) shows CD varying from less than 0.1 during nominal gliding flight to above 2.0 during a

number flights that included aggressive high angle-of-attack stall maneuvers. While nominal steady state

drag for a finite flat plate perpendicular to the flow is approximately 1.5 [64, 83], unsteady effects have been

shown to increase the drag coefficient [94]. For the moment coefficient shown in Fig. 5.2(c), the unsteady
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Figure 5.1: Reduced frequency as a function of angle of attack for unsteady flights that include mild to
aggressive stalls of the Vapor.

effects cause a hysteresis loop in the counter clockwise direction. During the portions of flight with increasing

angle of attack, the moment was more negative than during stall recovery.

One flight was selected to show the progression of an unsteady Vapor flight with an aggressive stall,

and, in Figs 5.1 and 5.2, the flight is indicated by yellow diamonds. The single flight begins at an angle

of attack of approximately 10 deg and progresses in the clockwise direction on the plot through a dynamic

stall hysteresis loop. Figure 5.4 shows the trajectory and time history of selected flight parameters. As seen

in the trajectory, the airplane entered an aggressive stall with the angle of attack increasing rapidly while

the airspeed decreased. At 0.6 s, CL peaked at a value of just less than 2, and at 0.66 s, k peaked at 0.35.

The angle of attack continued to increase, but CL decreased because the wing began to enter deep stall.

From 0.75 to 1 s, the angle of attack was near 90 deg, which caused CL to approach zero. After reaching the

peak angle of attack (near 0.8 s), CL began to increase during the stall recovery dive. The flight had large

variation in CL in the aggressive stall portion of flight illustrating the influence that large unsteady effects

can have on the lift coefficient for high angular rate, high angle-of-attack flight.

For the selected flight, the progression of CD during the initial rapid increase in angle of attack follows

a parabolic trend [Fig. 5.2(a)] as a function of lift. After the peak CL at 0.6 s (Fig. 5.4), the drag remains

high as the lift decreases as the angle of attack continues to increase. The trend observed is most likely due

to highly separated flow. Figure 5.4 shows that the CD peak lags behind the reduced frequency, and that,

during the stall recovery, the drag coefficient remains high. The drag remains high as the flow transitions
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Figure 5.2: Experimental (a) drag, (b) lift, and (c) moment coefficient for unsteady flights of the Vapor.

from completely separated at high angles of attack to reattached at low angles of attack. Once the unsteady

effects become small as both the reduced frequency and the angle of attack neared zero (≈1.25 s), the drag

returns to steady-state CD.

The moment coefficient decreases as the angle of attack begins to increase rapidly at approximately 0.4 s

(see Fig. 5.4) in the selected flight, and Cm reaches at minimum of −0.33. The moment coefficient becomes

positive at 0.9 s, which is during the recovery, and finally settles close to zero after the stall recovery.
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Figure 5.3: Lift coefficient increases with k for the unsteady flights of the Vapor.

Mettler [24] used a small glider with an aspect ratio of approximately 3 to explore unsteady high

angle-of-attack flight and showed results for CD, CL, and Cm for one flight. The flight included rapid

stall and a stall recovery similar to the unsteady Vapor flights. The small glider used by Mettler operated

around a Reynolds number of 10,000 which is smaller than the Reynolds number range of 12,000-26,000

observed for the Vapor (see Fig. 5.4). In Fig. 5.5(a), the drag, lift, and moment results from Mettler include

dynamic stall hysteresis loops and are compared with the results from the Vapor flights. The data set for the

Vapor is larger than the data set in Mettler’s work which allows the unsteady effects to be better analyzed.

In order to better understand the unsteady effects on lift, the lift coefficient data in Fig. 5.2(b) can

alternatively be plotted as a smoothed contour as a function of angle of attack and reduced frequency, as

in Fig. 5.6. For k = 0 in Fig. 5.6 (α̇ = 0 as α̇ transitions from positive to negative), CL increases with

the angle of attack until approximately 45 deg where CL is 1.2, after which CL decreases to almost zero

at an angle of attack of 90 deg. The lift behavior described follows the expected CL versus α curve for

steady-state conditions, but, as previously mentioned, when including the large unsteady effects, the range

of CL values becomes much larger and depends on k. For example, at an angle of attack of approximately

35 deg, Fig. 5.2(b) shows that CL varies from approximately 0.3 to 2.5, and Fig. 5.6 shows that the CL

variation for the same angle of attack depends on the reduced frequency k which varies from approximately

−0.22 to 0.30. Figure 5.6 also shows that the range of reduced frequency, and the influence of k, changes

with the angle of attack during the maneuver. Even at lower angles of attack, the increased range of k

in the unsteady flight data over the previously shown quasi-steady flight data is seen when comparing the

variation of CL. For example during the unsteady flights at an angle of attack of 10 deg, the range of k is
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Figure 5.4: The flight trajectory of the single flight of the Vapor along with the time history of various
parameters.

larger (−0.15 to 0.15) than was seen in the quasi-steady flights (−0.03 to 0.03), and subsequently CL varies

from zero to almost 1.6, which is quite large when compared with the quasi-steady results.

MAV flight can cover a larger flight envelope than full-sized airplanes and can include high angle-of-attack

flight similar to the unsteady results shown here during agile maneuvers. The unsteady results in Fig. 5.2

highlights the significant influence that unsteady aerodynamics can have on both airplane lift and drag

during rapid maneuvers. Figure 5.6 shows that, during stall maneuvers, the unsteady effects of reduced

frequency are largest close to the stall angle of attack and CLmax
. In the range from α = 20 to 50 deg,

unsteady effects can have a large influence on lift as illustrated by the maximum CL which was ≈1.2 in the
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Figure 5.5: Comparison between the current results for the (a) drag, (b) lift, and (c) moment coefficient for
the unsteady flights of the Vapor and Mettler’s small glider.

steady state condition and increased to well above 2.0 in the unsteady case. However, the influence of k

diminished during high angle-of-attack flight in deep stall (α > 70 deg). Figure 5.6 shows that the range

of CL becomes smaller at high angles of attack and that the CL variation as a function of k reduces as the

angle of attack approaches 90 deg.
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Figure 5.6: CL as a function of α and k for the unsteady flights of the Vapor.
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Figure 5.7: Reduced frequency as a function of
angle of attack for the unsteady flights of the balsa
glider with an aspect ratio of 11.7.
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Figure 5.8: Reduced frequency as a function of
angle of attack for the unsteady flights of the balsa
glider with an aspect ratio of 6.07.

5.2 Unsteady Aerodynamic Characteristics for the Balsa Gliders

For the two balsa gliders, tests were conducted and data were collected for unsteady high angle-of-attack

flight. The flights included aggressive stalls with the angle of attack exceeding 90 deg and large values of the

reduced frequency as shown in Figs 5.7 and 5.8 for the 11.7 and 6.07 aspect ratio balsa glider, respectively.

The balsa gliders have a smaller range for reduced frequency (maximum k of ≈0.1) than was observed for
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Figure 5.9: Experimental (a) drag, (b) lift, and (c) moment coefficient for the unsteady flights for the balsa
glider with an aspect ratio of 6.07 (the trajectories for the highlighted flights are shown in Fig. 5.11).

the Vapor (maximum k of approximately 0.4). Even with the smaller values of reduced frequency, both of

the gliders exhibit dynamic stall characteristics similar to the Vapor.

Figure 5.9 shows the drag, lift, and moment coefficient for the 6.07 aspect ratio glider in unsteady flight.

The angle of attack exceeded 100 deg during two flights with aggressive stalls while other flights had lower

values for angle of attack. The experimental results show a range of stalls from mild to aggressive. The

two highlighted flights in Fig. 5.9 illustrate a more aggressive stall as well as a gentler stall (as compared
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to the more aggressive example). The two flights were selected to compare the aerodynamic time histories

of the flights. For all of the aerodynamic coefficients, hysteresis loops existed with differences between the

portions of flight with increasing and decreasing angle of attack. As with the Vapor, drag in Fig. 5.9(a)

follows a parabolic curve. For the lift coefficient data shown in Fig. 5.9(b), the degree of unsteadiness of

the stalls (reduced frequency) had a large effect from stall until an angle of attack of 60–70 deg after which

there is only a small difference in CL between the portions of flight with increasing and decreasing angle of

attack. Figure 5.9(c) shows a negative pitching-moment during the high angle-of-attack flight with some of

the flights having a periodic variation and the two highlighted flights being relatively smooth.

In Fig. 5.9, the two highlighted flights were arbitrarily selected as representative flights with one being

a more aggressive stall and the other being a gentler stall. The aggressive flight has a peak angle of attack

of 96 deg while for the gentler flight the peak angle of attack is 54 deg. The reduced frequency range for

the aggressive flight is −0.038 to 0.075 while the gentler flight has a reduced frequency range of −0.025 to

0.025 (shown in Fig. 5.8). The difference in degree of unsteadiness causes the hysteresis loops in the gentler

case to have less separation between the portions of the flight with increasing and decreasing angle of attack

(Fig. 5.9).

Figure 5.10 shows the trajectories and time histories of various parameters for the two highlighted flights

from Fig. 5.9. The two plots have different axes limits and, thus, the two flights are co-plotted in Fig. 5.11

to allow comparison between the results. In Fig. 5.11, the flight with the more aggressive stall (dashed

lines) has a larger increase in height, a slower minimum velocity and a steeper stall recovery dive than the

gentler flight (solid lines). Both flights begin at a similar angle of attack below stall before the angle of

attack rapidly increases to above 90 and 50 deg for the more aggressive and gentler stall, respectively. For

the more aggressive flight, the angle of attack increases faster, which causes the difference in peak angle

of attack (96 deg versus 54 deg) and the more dramatic variations in the time history of the aerodynamic

characteristics. Hence, the lift coefficient in the more aggressive flight increases to a larger value and

then decreases to a negative value. On the contrary, the lift coefficient changes more gradually, covers a

smaller range and never becomes negative. Similarly, the drag coefficient is larger during the more aggressive

stall—almost double at the peak. The moment coefficient becomes more negative during the more aggressive

stall. For both flights the angle of attack is large, but the reduced frequency is much larger for the more

aggressive flight which results in significantly different aerodynamic characteristics during the dynamic stall

and stall recovery phases of flight. It is noted that the time between the initial increase in angle of attack

and the return to low angle-of-attack flight is approximately the the same for both flights.
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Figure 5.10: A flight trajectory along with the time history of various parameters for the highlighted flights
for (a) the ‘aggressive’ stall and (b) for the ‘gentler’ stall of the balsa glider with an aspect ratio of 6.07.

Results for the 11.7 aspect ratio balsa glider are similar to the results shown for the 6.07 aspect ratio

balsa glider. Figure 5.12 shows the lift, drag, and moment for the higher aspect ratio glider. Again, two

flights are shown: one with an aggressive stall and one with a gentler stall are highlighted. Figure 5.12(a)

shows a hysteresis loop for drag even at high angles of attack. For lift, the differences between the portions

of flight with increasing and decreasing angle of attack is mostly before an angle of attack of 80 deg as shown

in Fig. 5.12(b). After an angle of attack of 80 deg, the hysteresis effect is diminished and above an angle

of attack of 90 deg there is little discernible difference between the portion of flight with increasing and

decreasing angle of attack. The moment coefficient in Fig. 5.12(c) has differences between the portions of
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Figure 5.11: A comparison between the time history of various parameters for an aggressive stall (dashed
line) and a gentler stall (solid line) for the balsa glider with an aspect ratio of 6.07.

flight with increasing and decreasing angle of attack throughout the angle of attack range just as with the

drag.

Flight trajectories for the two flights that were highlighted in Fig. 5.12 are shown in Fig. 5.13, and the

steepness of the stall recovery dives can be seen for the two flights of the balsa glider with an aspect ratio

11.7. The more aggressive stall [Fig. 5.13(a)] has a higher peak angle of attack, a larger |k|, and, as a result,

a larger range for the aerodynamic coefficients than the gentler stall [Fig. 5.13(b)]. The two flights show

some of the variation within the unsteady flights.
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Figure 5.12: Experimental (a) drag, (b) lift, and (c) moment coefficient for the unsteady flights for the balsa
glider with an aspect ratio of 11.7.

5.3 Discussion of Unsteady High Angle-of-Attack Results

The unsteady tests demonstrated the ability of the motion capture system to determine aircraft aerodynamic

characteristics in unsteady flight without additional instrumentation or equipment. Specifically, the

aerodynamic characteristics of the Vapor were shown for mild to aggressive stalls where the peak angle of

attack was almost 90 deg, and the results included hysteresis loops for the lift, drag, and moment coefficient
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Figure 5.13: A flight trajectory along with the time history of various parameters for the highlighted flights
for (a) the ‘aggressive’ stall and (b) for the ‘gentler’ stall of the balsa glider with an aspect ratio of 11.7.

as well as large drag coefficients due to unsteady flow. The two balsa gliders demonstrated aggressive stalls

with angles of attack exceeding 90 deg as well as less aggressive stalls that also exhibited dynamic stall

effects. With the balsa gliders, the differences in the lift coefficient between the portions of flight increasing

and decreasing angle of attack were largest at angles of attack below 75 deg. Above an angle of attack

of 90 deg, the lift coefficient barely changed between the portions of flight with increasing and decreasing

angle of attack. On the other hand, the drag, and moment coefficients had differences between the portions

of flight with increasing and decreasing angle of attack that remained over the full range of angles of attack.
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The experimental results exhibited the influence and complexity of the unsteady flow on the aerodynamic

characteristics of MAVs.
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Chapter 6

Modeling Unsteady High

Angle-of-Attack Flight

The approach used for modeling the unsteady aerodynamics is based on the expanded state-space method

of Goman and Khrabrov [29, 30]. In this work, the method was applied to model the unsteady fixed-wing

MAV flight data shown in Chapter 5. Modeling the Vapor and the two balsa gliders required extending the

method to unsteady low Reynolds number MAV flight that included angles of attack on the order of 90 deg

and dynamic stall hysteresis loops.

6.1 Approach to Unsteady Modeling

In order to model unsteady aerodynamics, Goman and Khrabrov [29, 30] used an additional state variable

to track the degree of flow separation during unsteady motion. In their model, the additional variable is

referred to as the separation parameter x, and the equations for the aerodynamic characteristics (CL, CD,

and Cm), that normally depend only on the angle of attack, are expanded to include a dependence on the

separation parameter. The separation parameter ranges from 0 to 1 with the two extremes representing fully

separated and fully attached flow, respectively. As part of the model, a curve for the separation parameter

as a function of the angle of attack is required, and it represents the steady-state location of the separation

parameter as a function of angle of attack xo = f(α). At angles of attack below stall, the separation point is

1 indicating fully attached until the trailing edge, and, above stall, x moves forward and eventually reaching

0 when the flow is fully separated (up to the leading edge). Even though the separation parameter is based

on the idea of the separation point which could be measured experimentally or computationally, the xo curve

is not the separation point but is generally determined to match experimental coefficient data e.g., tune xo

using the CL vs. α curve.

In unsteady flight, the separation parameter lags the xo result for the instantaneous α, and the lag

accounts for the hysteresis in the aerodynamic coefficients. Figure 6.1 is used by Goman and Khrabrov [29, 30]

to illustrate results for the lift curve with the state-space method as well as the separation parameter for a

representative airfoil. The steady-state separation xo in Fig. 6.1 is a function of the angle of attack with stall
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Figure 6.1: The steady and unsteady lift coefficient depending different values for the separation parameter
(taken from [29]).

occurring at approximately 14 deg. In unsteady motion (α̇ > 0 and α̇ < 0), x lags behind the steady values

so with increasing angle of attack x is larger than steady-state while x is smaller with decreasing angle of

attack. To model CL, the lift curve is a function of α and x, which means that the steady-state lift curve

is CL with xo, and Fig. 6.1 shows a steady-state lift curve through stall and post stall to an angle of attack

of 30 deg. In unsteady motion with increasing angle of attack, x is greater than xo, so the lift coefficient is

greater than the steady-state lift coefficient. During the subsequent decrease in angle of attack, x is smaller

than xo which decreases the lift coefficient.

In the state-space model, the lag of the separation parameter, which accounts for the overall effects of

the unsteady flow on the entire aircraft, depends on the angle of attack and angle-of-attack rate. The value

of the separation parameter is governed by a first-order lag equation,

τ1
dx

dt
+ x = xf (6.1)

where xf is a forcing function

xf = f(αdelayed) (6.2)

and

αdelayed = α− τ2α̇ (6.3)

77



The first-order lag time constant τ1 and the second time constant τ2 scale with the characteristic time c̄/V .

The time constants have some association with physical phenomenal of unsteady flow but are not directly

related to flow properties. The forcing function xf evaluates the steady-state xo at αdelayed that depends on

the instantaneous angle of attack as well as α̇ and adds some delay in the response. The first-order lag time

constant τ1 can be loosely interpreted as representing the lag associated with the vortex shedding process.

However, neither time constant is based on empirical measurements or first principles, and both parameters

are tunable within the model, i.e. varied to best match unsteady experimental data.

Applying Eq. 6.1 to an case with increasing angle of attack results in the separation parameter lagging

behind (and being larger than) the steady-state xo curve. When the separation parameter is larger than the

steady-state value for a given angle of attack, it indicates that the flow is more attached than xo resulting

in a larger value of CL. The example in Fig. 6.1 has CL reaching almost 2.0 when α̇ is positive before

settling at the steady-state value with α = 30. As the angle of attack decreases, the separation parameter

lags and is smaller than xo; consequently, CL remains below the steady-state curve until the flow becomes

fully attached at an angle of attack and approximately 6 deg.

For the lift, drag, and moment coefficients, semi-empirical formulations were developed in this work based

on the unsteady flight test data for the Vapor and the two balsa gliders. The semi-empirical formulations

were based on the low angle-of-attack assumptions and included terms for the linear lift curve, the drag polar,

and the linear pitching moment. In addition to the low angle-of-attack assumptions, the formulations also

depended on the separation parameter x and additional terms to capture the unsteady high angle-of-attack

behavior. Specifically, functional forms for CL, CD, and Cm are given by

CL(α, x, k) = CLα
[(1 +

√
x)/2]2 cosα · sinα+ CLo

x2 + CLk
k (6.4a)

CD(α, x, CL) = CDo
+ b1C

2
L + b2 sin2 α+ b3 x cosα · (1 − cosα) + b4 x sinα · (1 − cosα) (6.4b)

Cm(α, x, CL, CD) = Cmo
+ Cmα

α+ c1

√

C2
L + C2

D + c2 [(1 +
√
x)/2]2 + c3 k (6.4c)

In Eq. 6.4(a), the first term accounts for the linear portion of the lift curve having a slope of CLα
for

the aircraft. In this work, an experimentally-determined lift curve slope for each MAV is used, but more

generally, the lift curve slope can be adjusted to match computational or experimental results for a specific

aircraft. To account for lift at high angles of attack, the trigonometric term cosα · sinα is used so that

CL peaks at an angle of attack of approximately 45 deg and decreases to zero at an angle of attack of

approximately 90 deg which is consistent with flat plate theory. At small angles of attack, cosα ≈ 1 and
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sinα ≈ α, so the linear lift curve can be used with this specific trigonometric term as originally proposed in

Ref. [62]. Previously, the functional form of the lift coefficient model in the state-space approach [29] used

the sinα term that is only accurate to an angle of attack of approximately 40 deg, while, in the current work,

the cosα · sinα term is used for angles of attack up to 90 deg [34, 62]. The second term, CLo
x2, accounts

for the lift at zero angle of attack due to the wing camber, and the effect of camber decreases at post-stall

angles of attack as separation approaches the leading edge (x = 0). Finally, the stability derivative term

CLk
accounts for lift due to the instantaneous reduced frequency k.

Within the lift formulation [Eq. 6.4(a)], an apparent mass term is not explicitly included because during

the flights, the apparent mass force was not significant, and, hence, was not needed in the formulation. It

was observed to be generally on the order of 1–2% of the aircraft weight. There were short periods of time

where the apparent mass was up to 5–10% of the aircraft weight. These small values are expected for fixed

wing aircraft which, unlike flapping wing aircraft, have almost no acceleration perpendicular to the wings.

As a result, including apparent mass effects did not influence the resulting fit lines for CL, and, as such,

Eq. 6.4(a) does not include an apparent mass term.

For the drag and pitching moment [Eqs. 6.4(b,c)], the first two terms are based on the low angle-of-attack

assumptions—a parabolic drag polar and a linear moment curve. The drag equation includes the drag polar

fit (CDo
and b1) that was determined from low angle-of-attack flight data in Section 4.1.1, while, for the

pitching moment, the assumption is a linear pitching moment behavior described by the slope Cmα
and

intercept Cmo
. At a steady-state angle of attack of 90 deg, the drag coefficient for the wing and horizontal

tail was estimated using Eq. 4.17 as in Section 4.1.4, viz

CD,90 = 1.11 + 0.018A (6.5)

using the aspect ratio of the main wing and horizontal tail [64]. The total drag for the aircraft at α = 90 deg

was

CD,aircraft,90 = CD,w,90 + CD,tail,90
St
Sref

(6.6)

where CD,w was the drag due to the wing at α = 90 deg. The drag of the tail CD,tail was changed from

being nondimensionalized by the tail reference area St to being nondimensionalized by the wing reference

area Sref . The drag of the tail was included in this case because the horizontal tail deflection angle was low

which meant the local angle of attack for the tail was close to the aircraft angle of attack (90 deg). The

total aircraft drag at α = 90 deg from Eq. 6.6 was used in the b2 term to represent the steady-state drag at

an angle of attack of 90 deg. The next two terms, b3 and b4, were based on existing works [69–71] that were
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found to be applicable to the MAV test data, particularly the high angle of attack flights. The coefficients

c1 and c2 in Eq. 6.4(c) account for the moment at high angles of attack and c3 captures the instantaneous

unsteady effects.

Based on the unsteady flight data, the values of the semi-empirical coefficients in Eqs. 6.4(a–c), together

with the curve for the separation parameter (xo) and model time constants τ1 and τ2, were determined

for each MAV. First, the terms characterizing flight at angles of attack below stall were determined

experimentally by analyzing the quasi-steady flight results as shown in Chapter 4. These terms included the

linear portion of the lift curve (CLo
and CLα

) and the drag polar (CDo
and the induced drag term). Over

the range of α below the experimentally-deduced stall angle, the separation parameter was set to be x = 1

which corresponded to attached flow. The development of the separation parameter curve continued with

the separation parameter beginning to move toward the leading edge just before stall, thereby following the

reduction in the measured lift curve slope. After stall, steady-state CL should peak at α ≈ 45 deg before

decreasing to zero at α ≈ 90 deg (x = 0). Using these key points, x as a function of the angle of attack was

generally defined, but some final adjustments were later made to provide the best agreement with flight

test results. For the two balsa gliders, the steady-state results from the model for high angle-of-attack flight

were verified with the deep stall results from Section 4.1.4.

For the three MAVs (Vapor and two balsa gliders), the same formulation is used with different time

constants and coefficients. In order to determined the time constants and coefficients, a subset of selected

flights was used where the selected flights covered both the quasi-steady and unsteady flight regimes. To

find the two time constants (τ1 and τ2) and CLk
, all three were concurrently varied, and the resulting CL

from the model was compared with the experimental CL for the selected flights. The best value of the

time constants and CLk
was used in the model. Once the time constants were determined, the unsteady

separation parameter x was calculated throughout the selected flights and the coefficients in Eqs. 6.4(b–c)

were determined by linear least squares regression using the same set of selected flights. After applying the

regression, all of the terms in Eqs. 6.4(a–c) were known. For each MAV, the development of the model is

shown starting with xo, then the regression results, and finally the results of applying the model to a number

of flights—both quasi-steady and unsteady.

6.2 Application of Modeling to the Vapor

For the Vapor, flight test results were presented in two groups. The low angle-of-attack quasi-steady results

were presented in Section 4.1.1 and unsteady results high angle-of-attack results were presented in Section 5.1.
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Figure 6.2: Experimental (a) lift, (b) drag, and (c) moment coefficient for the unsteady Vapor flights.

The flights classified as quasi-steady had |k| < 0.05 and were generally had angles of attack at or below stall.

For the flights referred to as unsteady, the maximum angle of attack was well above stall and |k| was larger

than with the quasi-steady results. During each quasi-steady flight, the angle of attack had small variations

on the order of 5 to 10 deg, while the unsteady flights included angle of attack excursions in the range of

20 to 90 deg.

The modeling method was developed to be applicable to the full range of lift, drag, and moment coefficient

data shown in Fig. 6.2 (previously shown in Chapter 5 in Fig. 5.2). In the flights, the aerodynamic

characteristics followed hysteresis loops that are easiest to observed in the single highlighted flight (see

Fig. 6.2). The hysteresis loops illustrate the difference between the portions of flight with increasing and

decreasing angle of attack, and the magnitude of the difference depends on the reduced frequency. For the

lift and drag, the hysteresis loops proceed in the clockwise direction, and the larger values of lift and drag

occur when k is positive (increasing α). For the moment coefficient data, the hysteresis loop goes in the

counterclockwise direction, and the smaller values of moment occur when k is positive (increasing α).

In Fig. 6.2, the single highlighted flight (different from the single flight in Chapter 5) presents a fairly

typical unsteady flight where the initial angle of attack was low and increased to a peak value before

decreasing. Figure 6.3 shows the trajectory and time history data for the single highlighted flight with

dynamic stall. The flight begins with decreasing height [see Figs. 6.3(a,b)], followed by an increase in height

as the angle of attack increases and the velocity decreases [see Fig. 6.3(c)]. During the dynamic stall (shown

in Fig. 6.2), the lift, drag, and moment coefficient data covered a large range of values and depended on the

time history of the angle of attack as well as the angle-of-attack rate. Other flights with more aggressive

stalls followed similar trends except with higher k values and a larger range for α, CL, and CD, while the

gentler stalls had smaller ranges for k, α, CL, and CD.
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Figure 6.3: A single Vapor flight demonstrating an aggressive stall: (a) 3-D trajectory, (b) 2-D trajectory,
and (c) time history data.

6.2.1 Development of the Vapor Model

From the data, it is clear that the model for the Vapor MAV must be applicable to a wide range of flight

conditions from quasi-steady flight to unsteady high angle-of-attack flight. Figure 6.4 shows the maximum

angle of attack and the maximum reduced frequency observed in each of the Vapor flights. The aggressive

stalls have higher values for α and k, while the milder stalls have lower values of each. The flights that

remain below the static stall angle of attack (experimentally-observed at ≈18 deg) with values for |k| < 0.05

are referred to as quasi-steady flights, as previously mentioned. The ten flights marked with pluses in Fig. 6.4

were used to determine the coefficients and time constants within the model, and the ten flights covered

both the quasi-steady and unsteady flight regimes. Later, the results of the model will be shown for the

flights with letter labels (A, B, C, and D). Flight A corresponds to the single flight highlighted in Fig. 6.3,

and flight B corresponds to the single flight in Fig. 5.2 (from Chapter 5).

The first step in finding the model was to set the values in Eqs. 6.4(a–c) that were based on the low

angle-of-attack flight regime. As such, the linear lift curve slope and the drag polar as found in Section 4.1.1

was used. Next, the semi-empirical xo = f(α) curve as shown in Fig 6.5 was developed for the Vapor
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on the Vapor MAV.

MAV. For low angles of attack, the separation parameter was set to be xo = 1 corresponding to flow fully

“attached” until the trailing edge. Just before stall near α ≈ 15 deg, the separation parameter begins to

move forward (xo decreases from 1). The decrease in xo corresponds to the decrease in the lift curve slope

associated with stall. After stall, the steady-state lift curve is known to peak at α ≈ 45 deg before decreasing

to zero at α ≈ 90 deg (x = 0). Based on these key values, xo as a function of the angle of attack curve was

formed, but later, some adjustments were made between 60 and 90 deg to improve the agreement with flight

test results.

The next step was to find the best values for the time constants and CLk
coefficient for the lift coefficient

in Eq. 6.4(a). Together, the three terms were varied while minimizing the difference between the predicted

and experimental CL, and the best result for the ten selected flights was achieved using τ1 = 2.46 c̄/V ,

τ2 = 0.384 c̄/V , and CLk
= 1.60. With the time constants known, the separation parameter was calculated

throughout the ten flights, and then the remaining coefficients in Eqs. 6.4(b–c) were found with a linear
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least squares regression. After applying the regression, Eqs. 6.4(a–c) for lift, drag, and moment become

CL(α, x, k) = 2.21 [(1 +
√
x)/2]2 cosα · sinα+ 0.38 x2 + 1.6 k (6.7a)

CD(α, x, CL) = 0.054 + 0.26C2
L + 1.5 sin2 α− 1.11 x cosα · (1 − cosα) + 1.59 x sinα · (1 − cosα)

(6.7b)

Cm(α, x, CL, CD) = 0.464− 0.571α+ 0.212
√

C2
L + C2

D − 0.541 [(1 +
√
x)/2]2 − 0.871 k (6.7c)

In order to better illustrate the model, details of the model will be shown, including the aerodynamic

coefficients for angles of attack of 0–90 deg and the effects of varying lag. First, the sensitivity of the

aerodynamic coefficients to the separation parameter is shown in Fig. 6.6 for CL, CD, and Cm. The

coefficients are plotted for values of the separation parameter corresponding to fully “attached” (x = 1),

steady-state (x = xo), and fully “separated” (x = 0). For the lift shown in Fig. 6.6(a), the curve for the

steady-state and the curve for the case x = 1 match for angles of attack below static stall. The steady-state

lift curve decreases for the case of x = 1 at an angle of attack of approximately 18 deg which corresponds

to wing stall deduced from flight test measurements. All three cases peak near an angle of attack of 45 deg

and approach zero at an angle of attack of 90 deg. Figure 6.6(b) shows the drag curves, and the x = 1 curve

matches the steady-state curve until separation. After static stall, the drag for the x = 1 case grows the

fastest of the three cases because x = 1 has the largest lift coefficient, and consequently the highest induced

drag. At high angles of attack, the steady-state drag coefficient approaches 1.5, which corresponds to the

drag of the wing and tail in perpendicular (α = 90 deg) flow. The steady-state moment coefficient curve is

shown in Fig. 6.6(c), and at low angles of attack, the moment curve is linear; and static stability is indicted

by the negative Cmα
.

Second, the effects of the time constants are illustrated using the time history data from Flight A. The

velocity and angle of attack time history are in Fig 6.3(c). From Eq. 6.1, the separation parameter time

history was calculated for three values of τ1, while τ2 remained constant at the baseline value, and then τ2

varied while τ1 remained constant. The baseline values for the time constants were the best values determined

from the ten selected flights, and as previously stated they were τ1 = 2.46 c̄/V or τ2 = 0.384 c̄/V . Figure 6.7

shows the progression of x during the flight for the different values of the time constants along with the

steady-state curve (xo). The lag associated with Eq. 6.1 depends on the time constants, and, as expected,

the larger time constants, particularly τ1, result in a slower response, while smaller time constants result in

x more closely tracking the steady-state curve. While the second time constant τ2 (from the forcing function

Eq. 6.2) does not effect the lag of x as much as τ1, it influences the time where x starts to decrease. For
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Figure 6.6: The (a) lift, (b) drag, and (c) moment coefficient curves for the Vapor MAV for the separation
parameter values: fully “attached”(x = 1), steady state (x = xo), and fully “separated” (x = 0).
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Figure 6.7: The separation parameter time history for flight A of the Vapor for (a) τ1 = 1 c̄/V , 2.46 c̄/V
(baseline), and 9 c̄/V with τ2 = 0.384 c̄/V (baseline) and for (b) τ2 = 0.01 c̄/V , 0.384 c̄/V (baseline), and
1.2 c̄/V with τ1 = 2.46 c̄/V (baseline).

the three values of τ2 in Fig. 6.7(b), the time instance (and hence angle of attack) at which x first starts to

decrease depends on τ2 while barely changing with the different values of τ1.

Changes in the progression of x impact the aerodynamic coefficients as shown in Figs. 6.8 and 6.9 which

plots CL, CD, and Cm for different values of τ1 and τ2. The hysteresis loops observed in Figs. 6.8 and 6.9

depend on the lag in x which depends on the time constants. Increased values of τ1 create larger hysteresis

loops with greater values of CL and CD, while smaller values of τ1 create smaller hysteresis loops as illustrated

in Fig. 6.8. In Fig. 6.9(a), the effect of τ2 is illustrated by the different angles of attack (between 20 and

30 deg) where the lift curve slope begins to decrease. Similarly, in Fig. 6.9(b-c), the drag and moment curves

change at different values of angle of attack depending on τ2.
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Figure 6.8: The modeling results for flight A of the Vapor for the (a) lift, (b) drag, and (c) moment coefficient
for τ1 = 1 c̄/V , 2.46 c̄/V , and 9 c̄/V with τ2 = 0.384 c̄/V .
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Figure 6.9: The modeling results for flight A of the Vapor for the (a) lift, (b) drag, and (c) moment coefficient
for τ2 = 0.01 c̄/V , 0.384 c̄/V , and 1.2 c̄/V with τ1 = 2.46 c̄/V .

Additionally, the amount of overshoot in the aerodynamic characteristics depend their sensitivity to x,

e.g., ∂CL/∂x. As a result, any changes in the terms in formula for CL as in Eq. 6.4(a) will impact the

selected values for the time constants. While some correlation with fluid dynamics has been ascribed to

the time constants, they are only semi-empirically based on physical flow properties and the lag observed in

experimental data. As a result, the time constants vary within the literature [29, 33, 65] for different sets of

unsteady test data.

6.2.2 Modeling Results for the Vapor

Using the model for the Vapor MAV developed and explained in the preceding section, it is possible to

compare simulated results from the model with experimental results. The comparison was completed for

four flights identified as A, B, C, and D that were first shown in Figure 6.4. Table 2 lists the angle of attack
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Table 6.1: Characteristics of the Four Representative Flights of the Vapor

Flight
α range k range

lower, upper (deg) lower, upper
A −1, 46 −0.10, 0.10
B 4, 90 −0.20, 0.40
C −2, 19 −0.03, 0.04
D −1, 6 −0.01, 0.01

and reduced frequency range for each flight. The flights included both unsteady (A and B) and quasi-steady

(C and D) flights.

The flight 2-D trajectory of flight A in Fig. 6.10(a) shows a highly dynamic flight where the speed increases

up to stall followed by steep descent. Figure 6.10(b) shows the time history of the various experimental

parameters (black lines with markers) and the model predictions (green lines) for CL, CD, and Cm. The

symbols (experimental results) are plotted at a rate of 20 Hz, while the actual experimental data was taken

at a rate of 200 Hz. Overall, there is good agreement between the predictions and experiment for this

highly dynamic flight with peak angle of attack of 46 deg. As previously shown in Fig. 6.8, the separation

parameter corresponds to “fully” attached flow (x = 1) until the angle of attack increases to approximately

25 deg (which is above the static stall of ≈ 18 deg). Above 25 deg, the separation parameter decreases and

CL continues to increase until just above an angle of attack of 35 deg. Figure 6.11 presents the aerodynamic

coefficient data as a function of angle of attack, and, in this format, the dynamic stall hysteresis loops are

evident in both the experiment and model predictions. For lift, the model tracks the CL dynamic stall loop

well during the rapid increase of α to ≈ 45 deg (positive k). The drag model slightly overpredicts CD during

the initial increase in the angle of attack, and the predictions improve during the recovery. Figure 6.10

shows the moment time history, and the modeling results track the general trend but underpredict the peak

magnitude at approximately 0.8 s and do not capture most of the detailed variations. Flight A illustrates

the applicability of the model to flights with dynamic stall.

Flight B for the Vapor follows a similar trajectory to that of flight A. Figure 6.12(a) shows the trajectory

including a climb, decrease in airspeed, and stall followed by a steep recovered dive. Flight B had larger

values of the reduced frequency and the angle of attack than that of flight A. Even with the larger range of

angle of attack, Fig. 6.12(b) shows that the model track the experimental coefficients fairly well. Just past

stall (0.6 s), the predicted CL lags behind the experimental lift coefficient. Similarly, the predicted CD lags

behind the experimental CD starting at 0.7 s and the maximum value of CD is underpredicted. The model

for Cm matches the magnitude during the maneuver but overpredicts the maximum excursion (negative Cm)

during the peak in angle of attack at approximately 0.75 s. In Fig. 6.13, the predictions follow the overall
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Figure 6.10: The (a) ground track and (b) time history of the modeling results (green lines) for flight A of
the Vapor (corresponds to the flight seen in Fig. 6.3) compared with experiment (black markers).
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Figure 6.11: The modeling results (green lines) for flight A of the Vapor (corresponds to the flight seen in
Fig. 6.3) for the (a) lift, (b) drag, and (c) moment coefficient compared with experiment (black markers).

trends of the measurements with both having large dynamic stall hysteresis loops, but some of the variations

are not captured. Overall, it is shown that the model adequately captures the hysteresis loops observed in

two highly dynamic and agile flights (A and B). The state-space model captures the differences between

the two flights even though it is a reduced-order modeling method. Most of the existing variation between
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Figure 6.12: The (a) ground track and (b) time history of the modeling results (green lines) for flight B of
the Vapor (corresponds to the flight seen in Fig. 5.4) compared with experiment (black markers).
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Figure 6.13: The modeling results (green lines) for flight B of the Vapor (corresponds to the flight seen in
Fig. 5.4) for the (a) lift, (b) drag, and (c) moment coefficient compared with experiment (black markers).

measurements and predictions can be ascribed to higher-order dynamics and, as a result, some variations

are expected given the limitations of the state-space method.

Initially, the influence of the trigonometric terms (b3 and b4) on Eq. 6.4(b) is not clear, but their effect

on the drag prediction can be illustrated using the results from Flight B. Eliminating the terms from the

model degrades the modeling results for CD particularly at angles of attack above 45 deg. Figure 6.14 shows
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Figure 6.14: The effect of setting coefficients b3 and b4 in the drag model to zero as compared to nominal
values of −1.11 and 1.59, respectively, for flight B of the Vapor.

the modeling results for CD with b3 and b4 set to zero together and individually. The modeling results for

flight B of the Vapor with both b3 and b4 set to zero is the blue line in Fig. 6.14, and, with the two terms

set to zero, the hysteresis loop in the drag polar is not as large as in the experimental data. With just b4 set

to the nominal value, the hysteresis loop of the model starts to resemble the experimental results. With the

addition of b3, the modeling results more closely match the experimental results. The results of Fig. 6.14

show how the two trigonometric terms which were based on ideas from Refs. 69–71 influence results for CD

from the model particularly at high angles of attack.

In flight C, the angle of attack slightly exceeds static stall with the peak angle of attack of 19 deg.

The time history in Fig. 6.15 shows the separation parameter decreasing only slightly from 1. After the

initial increase in height [Fig 6.15(a)], the flight trajectory transitions to a near-steady glide path with

increasing speed without any large values of k. Throughout the time history of the flight, the model is in

close agreement with the experiment. Figure 6.16(a) shows the experimental lift curve with only a small

difference between the portions of flight with increasing and decreasing angle of attack, and most of the

differences are captured in the CL model. The smaller hysteresis loop is due to the gentler stall and is in

contrast to the large hysteresis loops seen previously in flights A and B. For drag [see Fig. 6.16(b)], the model

follows the experimental results during the portion of the flight with increasing angle of attack but lacks the

variations that occur with stall (between an angle of attack of 15 and 20 deg). Figure 6.16(c) confirms that

the moment model captures the general trend and some of the variations in Cm. Flight C covers an angle

of attack range where the linear steady-state flight model would hold, but with high quasi-steady values for
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Figure 6.15: The (a) ground track and (b) time history of the modeling results (green lines) for flight C of
the Vapor compared with experiment (black markers).
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Figure 6.16: The modeling results (green lines) for flight C of the Vapor for the (a) lift, (b) drag, and (c)
moment coefficient compared with experiment (black markers).

|k| (up to 0.04). Hence, the experimental results include some unsteady effects, and the model accurately

predicts most of the unsteady effects on the lift and drag.

The final flight D covers the angle of attack range of −1 to 6 deg with the maximum |k| limited to ≈0.01.

The time history is shown in Fig. 6.17 and is representative of the gentler quasi-steady flights. The flight

consists of a fairly steady glide with slightly decreasing speed and subsequently increasing angle of attack.
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Figure 6.17: The (a) ground track and (b) time history of the modeling results (green lines) for flight D of
the Vapor compared with experiment (black markers).
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Figure 6.18: The modeling results (green lines) for flight D of the Vapor for the (a) lift, (b) drag, and (c)
moment coefficient compared with experiment (black markers).

Figure 6.18 shows the estimates for the aerodynamic coefficients follow the trend lines of the measurements

but do not capture the full degree of variations in the experimental data.

Results of the four flights show the applicability of the model to flights ranging from quasi-steady to

unsteady. The model for lift, drag, and moment captured the hysteresis loops in the unsteady flights of

the Vapor MAV as well as the smaller variations observed in the quasi-steady flights. From the results,
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the longitudinal model was shown to be applicable to MAV flights ranging from dynamic agile flights to

quasi-steady flights.

6.3 Modeling Results for the Balsa Gliders

The state-space method that was used with the Vapor was also applied to the unsteady flight results of the

two balsa gliders from Section 5.2. Both of the gliders had similar geometry and wings with almost the same

wing area, but one had a larger aspect ratio than the other (11.7 vs. 6.07) due to different wing chords. The

same formulation (Eq. 6.4) for CL, CD, and Cm is used with the same lag equation (Eq. 6.1) as was used in

the Vapor model. From the test data for each of the balsa gliders, the best values of the time constants and

coefficients were determined through concurrently varying the terms. Moreover, the steady-state separation

parameter xo as a function of angle of attack was determined for each MAV, as the xo curve was unique for

each aircraft. This section will outline the model for both of the balsa gliders without going into the same

detail as was done with the Vapor.

Figure 6.19 shows the separation parameter for each of the gliders, and the curve follows a similar trend

for both gliders. The value of xo is 1 at low angles of attack and decreases in value as the stall angle is

approached. From the experimental results, the glider with an aspect ratio of 6.07 was observed to stall

at a higher angle of attack (8 vs. 6.5 deg) than the glider with an aspect ratio of 11.7. Above stall, the

separation parameter for both aircraft decreases rapidly to less than 0.2 by an angle of attack of 20 deg

before essentially reaching zero close to an angle of attack of 60 deg. The steady-state separation parameter

decreases faster at higher angles of attack than with the Vapor (see Fig. 6.5). The difference is ascribed to

the variation in aspect ratio. At angles of attack past stall, the lift behavior of low aspect ratio wing such

as the Vapor wing with A = 2.56 will be different because of vortex lift.

The coefficients in Eq. 6.4 were found for each MAV individually. From the low angle-of-attack results

in Section 4.1.3, the linear lift curve and drag polar terms in Eq. 6.4 were determined based on the values

listed Table 4.1. For the unsteady terms, a set of quasi-steady and unsteady flights for each aircraft was

used to find the coefficients and time constants—14 flights for the lower aspect ratio glider and 12 for the

higher aspect ratio glider. Once the flights were selected, the coefficients were found starting with the time

constants (τ1 and τ2) and CLk
. The three terms were concurrently varied for each glider, and the values

that resulted in the closest match between predicted and experimental CL were selected.

For the balsa glider with an aspect ratio of 6.07 the values were τ1 = 5.11 c̄/V , τ2 = 0.634 c̄/V and

CLk
= 0.511. The remaining terms were found using a linear least squares regression, and the formulations
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Figure 6.19: The curve showing the change in the separation parameter with the angle of attack for the two
balsa gliders together with a representative thin airfoil.

for the aerodynamic coefficients for the lower aspect ratio glider are

CL(α, x, k) = 4.65
[

(1 +
√
x)/2

]2
cosα · sinα+ 0.103 x2 + 0.511 k (6.8a)

CD(α, x, CL) = 0.048 + 0.178C2
L + 1.46 sin2 α− 2.38 x cosα · (1 − cosα) + 8.03 x sinα · (1 − cosα)

(6.8b)

Cm(α, x, CL, CD) = 0.222 − 0.266α− 0.016
√

(C2
L + C2

D) − 0.019 [(1 +
√
x)/2]2 − 2.55 k (6.8c)

For the balsa glider with an aspect ratio of 11.7 the best match between experimental CL was with

τ1 = 3.33 c̄/V , τ2 = 0.375 c̄/V and CLk
= 2.48. After finding the remaining terms via a linear least squares

regression the aerodynamic coefficients are

CL(α, x, k) = 5.13
[

(1 +
√
x)/2

]2
cosα · sinα+ 0.153 x2 + 2.48 k (6.9a)

CD(α, x, CL) = 0.046 + 0.159C2
L + 1.55 sin2 α− 7.96 x cosα · (1 − cosα) + 22.63 x sinα · (1 − cosα)

(6.9b)

Cm(α, x, CL, CD) = 0.313 − 0.238α− 0.160
√

(C2
L + C2

D) − 0.215 [(1 +
√
x)/2]2 − 3.67 k (6.9c)
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Figure 6.20: Quasi-steady high angle-of-attack experimental results for the 6.07 aspect ratio balsa glider for
(a) lift, (b) drag, and (c) moment coefficient along with the curves for the models shown with different values
of the separation parameter: x = 1 (fully “attached”), x = 0 (fully “separated”), and x = xo (steady-state).
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Figure 6.21: Quasi-steady high angle-of-attack experimental results for the 11.7 aspect ratio balsa glider for
(a) lift, (b) drag, and (c) moment coefficient along with the curves for the models shown with different values
of the separation parameter: x = 1 (fully “attached”), x = 0 (fully “separated”), and x = xo (steady-state).

Results for CL, CD, and Cm for three values of the separation parameter are shown in Fig. 6.20 and 6.21

for an angle of attack range of 0 to 100 deg. Just as with the Vapor, the separation parameter values are fully

“attached,” fully “separated,” and steady state xo. As with the Vapor, the results show the sensitivity of the

aerodynamic coefficients to the separation parameter. Additionally, the lift and drag results in Fig. 6.20(a–b)

and 6.21(a–b) include the experimental deep-stall results from Section 4.1.4 which are for quasi-steady high

angle-of-attack flight. The steady-state results of the model can be compared with quasi-steady experimental

results in the post-stall regime to further validate and tune the model. After comparing modeling results

to the experimental data, the initial xo curve was modified to better match experimental results. Thus,

the experimental and modeling results closely match for the lift and drag shown for the two gliders in

Fig. 6.20(a–b) and Fig. 6.21(a–b).
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Table 6.2: Characteristics of the Representative Flights for the Balsa Gliders

Flight
α range k range A of

lower, upper (deg) lower, upper balsa glider
E 1, 96 −0.04, 0.07 6.07
F 4, 54 −0.02, 0.02 6.07
G 6, 8 −0.001, 0.002 6.07
H 4, 95 −0.03, 0.06 11.7
I 3, 54 −0.02, 0.03 11.7
J 3, 4 ≈0, ≈0 11.7

The influence of the two trigonometric terms (b3 and b4) in the drag formulation [Eq. 6.4(b)] observed

for the Vapor MAV continued with the two balsa gliders. For all three aircraft, including the two terms in

the drag model increased CD during the portion of flight with increasing angle of attack and, hence, better

matched the pronounced hysteresis loops observed in the experimental CD. Overall, the trigonometric terms

have slightly larger influence on CD for the two balsa gliders than with the Vapor MAV.

In the next two sections, the model will be applied to three flights for both of the balsa gliders. The

results cover unsteady and quasi-steady flights and the details of the flights are listed in Table 6.2. With

each balsa glider, the first two flights have varying degrees of unsteadiness and include flight at high angles

of attack, while the final flight for both gliders covers low angle-of-attack flight in the quasi-steady regime.
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6.3.1 Results for Flights of the Balsa Glider with an Aspect Ratio of 6.07

The comparison between the modeling results and the experimental results for the balsa glider with an

aspect ratio of 6.07 begins with flight E which corresponds to the flight labeled as the ‘aggressive stall’ in

Fig. 5.11. Figure 6.22(a) shows the trajectory of flight E which begins with a increase in altitude, then a

stall with the angle of attack peaking at almost 100 deg followed by a steep stall recovery dive. As before,

Fig. 6.22(b) shows the time history of the experimental results with the black markers plotted at 20 Hz and

the predictions plotted as green lines. The flight is similar to flight B for the Vapor (see Fig. 6.13), and it

is noted that the separation parameter decreases from 1 all the way to 0 during the recovery dive where the

angle of attack is almost 100 deg. The results for the model track the time history of the experimental data.

In Fig. 6.23, the model predicts the hysteresis loops in the aerodynamic coefficients. With CL, the model

overpredicts the lift toward the end of the recovery, but the model captures the limited difference between

CL with positive and negative k at angles of attack above 80 deg while showing the hysteresis effects at

lower angles of attack.

The flight labeled as the ‘gentler stall’ in Fig. 5.11 is flight F, and the results of the prediction are

presented in Fig. 6.24. Again, the flight begins with a slight climb followed by a stall and dive. The dive is

shallower than in Flight E and the separation parameter is above 0 throughout the flight. Again, the model

follows the time history for the aerodynamic coefficients. In Fig. 6.25, the dynamic stall hysteresis loops are

shown, and, throughout the flight, the model switches between overpredicting and underpredicting CL. For

CD and Cm, the model captures the hysteresis loops with more accuracy in CD then Cm. Flight F and E

both have dynamic stall with E being aggressive and F being gentler. Results for the flights show the model

can predict a variety of unsteady high angle-of-attack flights with differing stall characteristics.

The final flight labeled G covers the low angle-of-attack regime staying just below stall. The trajectory

of the glide shown in Fig. 6.26(a) was a steady descent at near-constant speed. Figure 6.26 shows the time

history of the model closely matching the experiment. In Fig. 6.27, variations in the experimental coefficients

are observed, and the model follows the mean trend while missing most of the instantaneous variations. Flight

G was included to show the model accurately predicts longitudinal flight in the low angle-of-attack regime.
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Figure 6.22: The (a) ground track and (b) time history of the modeling results (green lines) for flight E
of the balsa glider with an aspect ratio of 6.07 [corresponds to the ‘aggressive’ flight seen in Fig. 5.10(b)]
compared with experiment (black markers).
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Figure 6.23: The modeling results (green lines) for flight E of the balsa glider with an aspect ratio of 6.07
[corresponds to the ‘aggressive’ flight seen in Fig. 5.10(b)] for the (a) lift, (b) drag, and (c) moment coefficient
compared with experiment (black markers).
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Figure 6.24: The (a) ground track and (b) time history of the modeling results (green lines) for flight F of
the balsa glider with an aspect ratio of 6.07 [corresponds to the ‘gentler’ flight seen in Fig. 5.10(a)] compared
with experiment (black markers).
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Figure 6.25: The modeling results (green lines) for flight F of the balsa glider with an aspect ratio of 6.07
[corresponds to the ‘gentler’ flight seen in Fig. 5.10(b)] for the (a) lift, (b) drag, and (c) moment coefficient
compared with experiment (black markers).
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Figure 6.26: The (a) ground track and (b) time history of the modeling results (green lines) for flight G of
the balsa glider with an aspect ratio of 6.07 compared with experiment (black markers).
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Figure 6.27: The modeling results (green lines) for flight G of the balsa glider with an aspect ratio of 6.07
for the (a) lift, (b) drag, and (c) moment coefficient compared with experiment (black markers).
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6.3.2 Results for Flights of the Balsa Glider with an Aspect Ratio of 11.7

For the balsa glider with an aspect ratio of 11.7, the three flights are shown, and they covered a similar

flight regime to the three flights with the lower aspect ratio glider. Flight H, which is shown in Fig. 6.28,

has an aggressive stall similar to flight E, and the results for the model are similar—x reaches 0 and large

dynamic stall hysteresis loops exist. For flight E in Fig. 6.29, the dynamic stall hysteresis loops are captured

by the model and the results appear similar to the results for flight E of the lower aspect ratio model glider

(shown in Fig. 6.22). Flight I has a shallower stall recovery dive (similar to flight F), and the separation

parameter only reaches 0 for a moment as illustrated in Fig 6.30. In Fig. 6.30(b), the predictions for the

coefficients have a slight lag and CL varies around the trend line. Figure 6.31 shows the model capturing

the experimental hysteresis loops, but the prediction for CL varies around the experimental results. The

final result in Fig. 6.32 is for flight J which is a steady glide at near constant angle of attack well below

the stall angle. Again, the model predicts the averaged aerodynamic coefficients, but does not include the

higher-order variations seen in Fig. 6.33.

6.4 Discussion of Modeling Results

Modeling unsteady high angle-of-attack flight is highly applicable to MAVs because they operate over a

large flight envelope that includes rapid changes in angle of attack and high angle-of-attack rates. Accurate

modeling of unsteady flight cannot be achieved using only the linear flight regime assumptions, but must

account for the lag in the unsteady aerodynamic coefficients which depend on the time history of the angle

of attack and the angle-of-attack rate. In order to model the lag, the state-space representation for the

coefficients was expanded to include a separation parameter that accounted for nonlinear time-dependent

effects. The value of the separation parameter was controlled by a first-order differential equation that

accounted for the lag. By including the separation parameter and additional terms in the equations for lift,

drag, and moment, the model was found to be applicable to a full range of flight conditions.

Within the model for each MAV, the coefficient and constant terms were determined based on

experimental results from quasi-steady and unsteady flights. While the modeling approach was completed

using experimental results, parts of the model can be determined without experimental results or from

limited experimental results. The initial guess for the steady-state separation curve for each MAV was fairly

accurate based on the stall angle of attack. The balsa gliders have larger aspect ratio wings than compared

with the Vapor, and xo was steeper after stall and quickly approached zero. In contrast, xo decreased

gradually after stall for the low aspect ratio wing of the Vapor. A number of coefficients in the model were
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Figure 6.28: The (a) ground track and (b) time history of the modeling results (green lines) for flight H of
the balsa glider with an aspect ratio of 11.7 compared with experiment (black markers).
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Figure 6.29: The (a) ground track and (b) time history of the modeling results (green lines) for flight H of
the balsa glider with an aspect ratio of 11.7 compared with experiment (black markers).

standard low angle-of-attack coefficients (linear lift curve, drag polar, and linear moment curve) which can

be easily found. Using these coefficients, a limited number of terms can be found to build a limited model

without experimental data, but it would have significant shortcomings. The results in this dissertation do

not show enough trends to select the additional terms. Selecting initial values for additional terms would

involve looking at the results of the unsteady model and comparing the results from the limited model
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Figure 6.30: The (a) ground track and (b) time history of the modeling results (green lines) for flight I of
the balsa glider with an aspect ratio of 11.7 compared with experiment (black markers).
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Figure 6.31: The modeling results (green lines) for flight I of the balsa glider with an aspect ratio of 11.7 for
the (a) lift, (b) drag, and (c) moment coefficient compared with experiment (black markers).

with expected results. Expected results could involve Computational Fluid Dynamics (CFD) data, any

partial experimental results, or simple intuition. In general, data for the unsteady high angle-of-attack

aerodynamic characteristics are needed because terms in the model are specific to each aircraft. The

steady-state separation parameter varies with each aircraft, as do the coefficients depending on x. However,
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Figure 6.32: The (a) ground track and (b) time history of the modeling results (green lines) for flight J of
the balsa glider with an aspect ratio of 11.7 compared with experiment (black markers).
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Figure 6.33: The modeling results (green lines) for flight J of the balsa glider with an aspect ratio of 11.7
for the (a) lift, (b) drag, and (c) moment coefficient compared with experiment (black markers).

the functional form of the model was applicable to three different aircraft so, given experimental data, it

should be possible to apply the method to more MAVs.

Modeling results from ten representative flights show the applicability of the model to unsteady high

angle-of-attack flight with varying degrees of unsteadiness. Results for each MAV showed an aggressive stall

with the maximum angle of attack close to or above 90 deg as well as a stall with a lower maximum
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angle of attack. The final flight for each MAV showed the model was also applicable to quasi-steady

low angle-of-attack flight. In the unsteady flights, the model captured a range of hysteresis loops in

the coefficients, but sometimes the predictions included lag, overpredictions, or underpredictions. In the

quasi-steady cases, the model captured the general average of the experimental coefficients and lacked

the higher order variations which is expected with a reduced-order modeling method. The new modeling

approach is a reduced-order method most applicable to work with simulator or control law design and

validation, and the results in unsteady flight at high angles of attack confirmed the model captured the

effects of dynamic stall as would occur in rapid maneuvers such as perching, deep stall descent, and agile

maneuvering in confined spaces. Results show that the model is applicable not only to MAVs during rapid

maneuvers but is also applicable during nominal glide low angle-of-attack flight.
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Chapter 7

Summary, Conclusions, and

Recommendations

7.1 Summary

The work presented in this dissertation explored the aerodynamic characteristics of MAVs in flight. Results

from flight tests were recorded using off-board motion tracking which generated a time history of each

flight trajectory (Earth-referenced position and attitude). From the trajectories, the body-fixed forces and

moments were calculated, and the results showed that off-board measurements could be used to determine the

aerodynamic characteristics of MAVs during flight. An uncertainty analysis was completed and showed the

off-board motion tracking system was accurate with a standard deviation on the order of 0.1 mm (0.004 in)

and 0.05 deg for stationary MAVs. During simple motion the noise increased slightly, and the acceleration

of a heavy falling sphere was accurately determined from the captured trajectory. Repeatability flights

which used a launcher showed a small glider had a similar trajectory and the same characteristics across

multiple flights. The results from ten repeatability flights followed the same trend as a larger set of over 50

hand-launched flights. While the hand-launched flights had greater variations, the data followed a trend line

and most of the data points were clustered close to the trend line.

After outlining and verifying the method used to gather and process MAV flight trajectories, experimental

results were recorded and presented for low Reynolds number flight. Lift and drag results for small angles

of attack were presented for four low Reynolds number gliders. First, quasi-steady flights with the Vapor

showed the lift and drag data throughout 14 flights. The lift curve was linear with angle of attack and the

drag curve was well described by the parabolic drag polar. By using the pitching moment, the lift curve of

just the wing was found and the slope was less than that of an ideal finite wing because of the low Reynolds

number effects. The quasi-steady nature of the Vapor flights resulted in variations along the linear lift curve

as was expected. After the Vapor, the SU-26xp was tested at different trim conditions across numerous

flights. Instead of analyzing complete time histories, the trim points of the flights were used to find the

quasi-steady lift and drag curve. The trim point analysis was also completed for the two balsa gliders. From

the trim points, the lift curves and drag polars were found at angles of attack below as well as above stall,
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and the method was applied to three aircraft (SU-26xp and the two balsa gliders). From the results, the

linear lift curve slopes and parabolic drag polars for each MAV were found. Just above the stall angle of

attack, the trim analysis for the three aircraft captured the lift decrease and drag increase expected after

stall. The two balsa gliders were tested at trim conditions at high angles of attack (up to 105 deg), and the

resulting lift and drag curves showed the aerodynamic characteristics of the two gliders in quasi-steady deep

stall.

Some of the static stability terms for the model glider, the SU-26xp, and the balsa gliders were determined

from the time history of the moment coefficients. The neutral point, which is a function of the longitudinal

stability, varied with angle of attack for the SU-26xp, but for the two balsa gliders the neutral point stayed

essentially constant until stall. The varying neutral point for the SU-26xp indicates that some of the linear

assumptions in the calculations (Eq. 4.19) do not always hold at low Reynolds numbers. The relatively

constant neutral point for the two balsa gliders show the thin, stiff, balsa wings follow the linear lift curve

assumptions (up to stall) that are in the neutral point calculations. For lateral stability, the weather vane,

and roll due to sideslip were shown for the SU-26xp, the model glider, and the two balsa gliders. All of

the aircraft were statically stable and some of the lateral stability terms changed at different trim angles of

attack. In the case of the weather vane stability, the two balsa gliders had increased stability at higher angles

of attack, while the roll stability for the SU-26xp and model glider increased with angle of attack. Finally, the

dynamic stability was explored for the two balsa gliders. Because the short flights limited the time history,

only half periods of the phugoid mode were observed. For both balsa gliders, the experimental phugoid mode

was shorter than the estimates from the linearized equations of motion. The experimental results presented

used the moment coefficient data from flight trajectories to explore the stability characteristics of MAVs at

low Reynolds numbers.

Testing was completed for unsteady high angle-of-attack flights for the Vapor and two balsa gliders.

During the unsteady flights, the aircraft would enter a stall while the angle of attack was rapidly increasing,

which delayed stall and generated large lift coefficients. The nondimensionalized angle-of-attack rate, or

reduced frequency, during the Vapor flights peaked at 0.4 indicating highly unsteady flow. The unsteadiness

in the flights caused the lift, drag, and moment curves to have hysteresis loops with differences between the

portion of the flights with increasing and decreasing angle of attack. From the numerous unsteady flights

for the three aircraft, additional details and trends can be observed within the data. The largest values of

the reduced frequency (k = 0.4) were observed for the Vapor which also had the largest values of CL and

CD. The two balsa gliders had smaller values of reduced frequency (on the order of 0.1), lower values of

peak angle of attack and had smaller values for both CL and CD. Both balsa gliders exhibited aggressive
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stalls where the angle of attack exceeded 100 deg as well as gentler unsteady stalls with lower values of

reduced frequency, peak angle of attack, and smaller increases in CL and CD. The test results showed highly

unsteady MAV flight data and show the effect of the unsteadiness on the aerodynamic characteristics during

rapid maneuvers over a large flight envelope.

An unsteady model was developed and refined based on existing unsteady modeling approaches, and the

model was found to be applicable to the captured unsteady flight data for the Vapor and two balsa gliders.

The influence of the rapidly changing angle of attack on the aerodynamic coefficients was modeled using an

additional variable called the separation parameter, and it depended on a first-order lag equation that was

a function of the angle of attack and the angle-of-attack rate. Expanding on work in literature, a variety

of formulations for the lift, drag, and moment coefficient based on the separation parameter were explored

before developing the presented modeling method that had a formulation applicable to all three aircraft.

First-order lag in the separation parameter was included in the model as well as additional coefficient terms

to account for the high angle of attack and instantaneous angle-of-attack rate. For each aircraft, the different

parameters in the model were determined based on a limited number of flights over a wide range of flight

conditions. The results of the model were shown for a number of flights of each aircraft, and the modeling

results for the lift, drag, and moment coefficient had good agreement with the experimental data. Results

from the flights showed the model was applicable to a wide variety of flight conditions including unsteady

high angle-of-attack flights, flights with less unsteadiness, and lower angles of attack, and quasi-steady low

angle-of-attack flight. The developed models are applicable to MAVs flying over a large flight envelope

ranging from low angle-of-attack nominal gliding flight to unsteady flight at angles of attack exceeding

90 deg.

7.2 Conclusions

Motion tracking of MAV flights was used to gather experimental data over a large range of angles of attack

(0–100 deg). The flight test results demonstrated the wide range and depth of aerodynamic data that can be

determined from MAV flight trajectories. Based on the data, a modeling methodology applicable to the large

flight envelopes of MAVs was developed, and the model was able to track the aerodynamic characteristics

during unsteady and quasi-steady MAV flight.

• This research outlined the methodology to gather experimental MAV flight test data using modern

motion-tracking techniques. Prior to this dissertation, the feasibility of using motion tracking to
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gather aerodynamic data had been shown, but large data sets had not been gathered or studied from

an aerodynamic point of view.

• Flight test results at low angles of attack (below stall) were gathered and analyzed. The results showed

that the flights included a small degree of unsteadiness which was considered quasi-steady. In order to

decrease the effect of the quasi-steady nature of the flights, a novel method that analyzed trim points

across multiple flights was developed and applied to the MAVs. With the trim point analysis, the

data from the flights at different angles of attack closely followed a trend line and did not exhibit the

variation caused by the quasi-steady nature of the flights.

• Results from the quasi-steady flights were obtained for lift and drag in the low angle-of-attack regime

where the lift coefficient was linear and the drag coefficient was well described by the classical polar.

Additionally, quasi-steady results were obtained at high angles of attack (approximately 30–90 deg) in

deep stall descent. The methodology to gather these new data was developed, and the results showed

the aerodynamic characteristics of MAVs in deep stall descent.

• Numerous unsteady high angle-of-attack flights showed the effect of changing angle of attack during

dynamic maneuvers—specifically a large increase in lift and drag relative to steady-state values.

Additionally, during the unsteady flights, the lift, drag, and moment had hysteresis loops due to

dynamic stall. The flights covered a range of unsteadiness and a range of peak angle of attack

(30-110 deg) so the varying effect of unsteadiness in the aerodynamic coefficients was illustrated.

• From the large set of unsteady flight tests, a modeling formulation applicable to three MAVs was

developed based on a time lagged separation parameter. Terms within the model were determined

based on experimental results for each of the MAVs. The model was applied to experimental flights

that covered a wide range of conditions from quasi-steady low angle-of-attack to unsteady high

angle-of-attack. Results from the model were compared with experimental results for the three

airplanes, and the comparison showed that the model can accurately track the hysteresis loops in a

variety of unsteady flights. The model was also capable of tracking the experimental results in the

low angle-of-attack nominal gliding flight regime. Overall, the work showed how to apply the new

model to a MAV and that the new model was capable of estimating the longitudinal characteristics

of MAVs in agile flight.

• While the modeling approach for the MAVs was developed using unsteady high angle-of-attack data,

certain terms within the model can be estimated without experimental results. These include the
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linear lift curves, the parabolic drag polar, and the linear moment curve. Additionally, the steady-state

separation parameter can be estimated based on the general stall characteristics of the wing and the

steady-state high angle-of-attack lift curve. The complete model can only be estimated with unsteady

experimental data (or perhaps CFD). However, the formulation of the model was applicable to three

different MAVs, and thus it should be applicable to additional MAVs.

7.3 Recommendations

In the course of this research, the framework for studying MAV flight dynamics with motion tracking was

developed and shown to be applicable to a wide variety of flight conditions. During the testing, ideas for a

number of future studies that could be completed with motion tracking became clear. Additionally, further

refinements for the modeling approach also exist. The recommendations for future research are:

• In this work, motion tracking was used to gather data in the Reynolds number range of approximately

8,000 to 30,000, but future studies should explore even lower Reynolds numbers using even smaller

gliders.

• Beyond gliding flights, the exploration of powered flight would further the understanding of MAV

aerodynamics. In powered flight, the propeller wake effects the aerodynamics during steady level flight,

and the additional force from the propeller further expands the flight envelope into unsteady and high

angle-of-attack maneuvers. A previous study investigated MAVs in powered steady-level flight [95], but

it did not use the trim methodology to understand the varying flight conditions. Further refinement

in the processing and presentation of results for powered flight is needed to more completely show

the performance of powered MAV flight. MAV performance would be more fully understood with

experimental data and modeling results for powered flight.

• An additional step is to move beyond uncontrolled glides. Flight testing while controlling the airplane

would allow additional flight conditions to be explored. Obviously, control surface effectiveness and

control derivatives could be determined. Additionally, gathering data during controlled flight at high

angles of attack would allow complex unstable 3-D flight such as hovering to be analyzed. These

data would result in further model refinement and a better understanding of the complex dynamics of

controlled high angle-of-attack flight.

• Within the constraints of the current testing facility, the dynamic stability was difficult to observe

because of the short test length. Further testing in a larger facility (or with a slower aircraft) would
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allow more data to be gather and the dynamic stability modes of MAVs to be better understood.

Further dynamic stability modes (such as the short period and dutch roll) could be observed by

varying the control surfaces in flight. Another dynamic mode, aircraft spin, could be analyzed in a

more vertical capture volume.

• The current modeling approach treats the whole aircraft as one unit and is limited to lift, drag, and

pitching moment, while the yawing moment, rolling moment, and the side force are not modeled. The

current method calculates the forces and pitching moment for the whole aircraft and is unable to model

differences between the left and right wing which is key to determining the roll and yaw moments.

By modeling the stall delay of individual components (left wing, right wing, horizontal tail, vertical

tail) and then using a build-up approach the determine the overall forces and moments, all of the

forces and moments can be determined. The complexity of this approach may require unsteady testing

of individual subcomponents in order to determine the numerous parameters before assembling the

results for the whole aircraft.

• The development of the unsteady model was based on experimental data, as was done with most of

the work in the literature. Incorporating unsteady CFD results into the model development, by basing

the coefficients and time constants on CFD results, would allow the modeling approach to be applied

independent of experimental results. Subsequent validation of a model with CFD-tuned coefficients

against experimental data would allow unsteady models to be applied earlier in the design process.

• In the literature various techniques for fixed-wing perching have been demonstrated, but in general

the models for tuning the controller and running the path planning algorithms have not included the

unsteady aerodynamics. By using a model for unsteady flight, as was outlined in this dissertation,

the aerodynamic model will be more accurate, particularly, during the unsteady high angle-of-attack

terminal portion of a perching maneuver.
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Appendix A

Test Data for the Vapor

Appendix A lists the data for selected flights of the Vapor MAV. The data is downsampled from the recording

rate of 200 Hz to 40 Hz. Flights A, B, C, and D (as listed in Table 6.1) are included as well as the ten

regression flights. The tables include some of the specific test conditions and a time history of the important

parameters.

The trajectory and determined quantities tabulated for flight A of the Vapor which is shown in Figs. 6.10

and 6.11.

Test Conditions

aircraft Vapor flight A

test number 2437

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.1367 -0.6602 1.6744 -5.000 -4.692 20.277 -0.07 15.40 4.065 0.370 0.087 -0.016

0.025 -1.0420 -0.6287 1.6676 -5.672 -3.152 20.705 0.11 -7.85 4.024 0.382 0.083 -0.010

0.050 -0.9486 -0.5967 1.6634 -6.316 -1.754 21.227 -0.10 -12.19 3.952 0.398 0.090 -0.003

0.075 -0.8567 -0.5646 1.6615 -6.967 -0.525 21.813 -0.94 -2.53 3.862 0.423 0.098 0.007

0.100 -0.7672 -0.5331 1.6627 -6.546 1.038 21.853 -0.25 8.94 3.791 0.412 0.091 0.001

0.125 -0.6794 -0.5021 1.6655 -6.480 2.474 21.947 0.05 11.87 3.717 0.433 0.089 0.005

0.150 -0.5937 -0.4712 1.6706 -6.279 4.071 22.018 0.09 7.51 3.633 0.447 0.091 0.002

0.175 -0.5100 -0.4412 1.6775 -6.081 5.665 21.948 0.36 15.93 3.553 0.460 0.092 0.000

0.200 -0.4287 -0.4114 1.6863 -5.839 7.306 21.979 0.90 23.41 3.467 0.463 0.095 -0.004

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.225 -0.3498 -0.3820 1.6964 -5.690 8.847 22.135 1.58 22.96 3.366 0.481 0.102 -0.004

0.250 -0.2732 -0.3535 1.7076 -5.525 10.332 22.209 2.07 19.85 3.275 0.500 0.107 -0.004

0.275 -0.1991 -0.3254 1.7197 -5.416 11.714 22.336 2.46 16.89 3.181 0.528 0.118 -0.001

0.300 -0.1278 -0.2981 1.7328 -5.100 13.134 22.308 3.05 20.54 3.070 0.552 0.129 -0.003

0.325 -0.0592 -0.2718 1.7466 -4.801 14.491 22.240 3.44 25.01 2.949 0.583 0.130 -0.005

0.350 0.0064 -0.2461 1.7608 -4.486 15.812 22.169 4.28 28.62 2.838 0.605 0.125 -0.010

0.375 0.0695 -0.2208 1.7752 -4.202 16.986 22.173 4.89 29.83 2.750 0.623 0.113 -0.011

0.400 0.1302 -0.1961 1.7896 -3.856 18.070 22.157 5.74 27.83 2.654 0.648 0.136 -0.009

0.425 0.1883 -0.1717 1.8037 -3.565 19.032 22.212 6.41 33.12 2.539 0.696 0.166 -0.001

0.450 0.2436 -0.1480 1.8174 -2.436 20.076 21.328 7.27 44.17 2.416 0.734 0.175 -0.019

0.475 0.2964 -0.1253 1.8305 -1.201 21.078 20.174 8.62 58.20 2.307 0.746 0.171 -0.042

0.500 0.3471 -0.1039 1.8423 -0.875 21.767 19.907 10.21 61.92 2.217 0.775 0.170 -0.044

0.525 0.3959 -0.0832 1.8528 -1.383 22.126 20.670 11.72 48.11 2.128 0.832 0.207 -0.044

0.550 0.4427 -0.0632 1.8620 -2.150 22.290 21.699 12.80 34.55 2.029 0.923 0.249 -0.030

0.575 0.4873 -0.0439 1.8700 -2.941 22.370 22.773 13.46 40.53 1.927 1.008 0.284 -0.002

0.600 0.5296 -0.0245 1.8769 -2.690 22.516 22.766 14.67 64.26 1.830 1.056 0.312 -0.026

0.625 0.5699 -0.0059 1.8823 -2.480 22.550 22.782 16.71 80.87 1.747 1.103 0.367 -0.037

0.650 0.6084 0.0120 1.8858 -2.679 22.379 23.226 18.93 83.89 1.665 1.185 0.439 -0.027

0.675 0.6448 0.0300 1.8877 -1.849 22.192 22.666 20.71 87.04 1.577 1.270 0.493 -0.055

0.700 0.6796 0.0480 1.8876 -0.843 21.793 22.092 23.13 98.58 1.513 1.337 0.585 -0.087

0.725 0.7127 0.0650 1.8857 -0.586 21.161 22.205 25.78 108.50 1.452 1.394 0.714 -0.084

0.750 0.7443 0.0814 1.8817 -0.728 20.277 22.741 28.55 103.60 1.395 1.461 0.880 -0.103

0.775 0.7743 0.0974 1.8758 -1.000 19.173 23.460 31.06 102.52 1.330 1.563 1.089 -0.086

0.800 0.8029 0.1119 1.8679 -2.180 17.840 24.861 33.29 109.89 1.266 1.688 1.281 -0.028

0.825 0.8298 0.1257 1.8584 -2.120 16.617 24.582 36.52 118.75 1.243 1.587 1.269 -0.134

0.850 0.8555 0.1389 1.8467 -2.757 15.044 25.038 39.45 115.93 1.211 1.583 1.322 -0.173

0.875 0.8802 0.1518 1.8328 -3.736 13.143 25.880 42.11 90.05 1.230 1.465 1.205 -0.191

0.900 0.9041 0.1660 1.8165 -4.518 10.834 26.958 44.04 57.72 1.274 1.342 1.330 -0.156

0.925 0.9270 0.1802 1.7982 -5.098 8.211 27.961 44.93 32.87 1.278 1.310 1.493 -0.126

0.950 0.9492 0.1938 1.7781 -5.855 5.329 28.884 45.47 13.40 1.275 1.278 1.606 -0.100

0.975 0.9709 0.2065 1.7562 -6.671 2.210 29.536 45.82 -9.95 1.281 1.228 1.591 -0.087

1.000 0.9921 0.2181 1.7328 -7.500 -1.053 29.779 45.05 -39.58 1.332 1.154 1.290 -0.120

1.025 1.0135 0.2297 1.7072 -8.834 -4.643 30.243 43.60 -67.49 1.408 1.030 1.179 -0.120

1.050 1.0350 0.2418 1.6795 -8.948 -8.658 30.606 41.70 -92.14 1.448 0.984 1.062 -0.087

1.075 1.0569 0.2536 1.6497 -9.560 -12.882 31.106 39.10 -122.95 1.534 0.902 0.865 -0.055

1.100 1.0795 0.2653 1.6176 -10.676 -17.272 31.826 35.62 -150.91 1.630 0.838 0.736 -0.020

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.125 1.1031 0.2770 1.5831 -12.134 -21.746 32.708 31.54 -162.20 1.730 0.763 0.614 0.011

1.150 1.1278 0.2887 1.5464 -13.869 -26.060 33.759 27.51 -154.86 1.840 0.641 0.485 0.012

1.175 1.1537 0.3007 1.5067 -15.984 -30.305 35.101 23.77 -143.30 1.943 0.547 0.416 0.022

1.200 1.1805 0.3133 1.4642 -16.527 -34.487 36.252 20.42 -144.16 2.097 0.474 0.290 0.028

1.225 1.2086 0.3261 1.4182 -18.027 -38.482 37.769 16.74 -155.66 2.243 0.443 0.247 0.040

1.250 1.2383 0.3393 1.3690 -19.645 -42.231 39.440 12.71 -157.36 2.387 0.419 0.217 0.061

1.275 1.2698 0.3530 1.3168 -20.979 -45.539 41.120 8.84 -126.74 2.528 0.379 0.189 0.081

1.300 1.3030 0.3668 1.2618 -21.715 -48.061 42.407 6.24 -77.57 2.670 0.307 0.150 0.073

1.325 1.3374 0.3814 1.2034 -22.271 -49.854 43.458 5.00 -45.74 2.824 0.272 0.129 0.053

1.350 1.3728 0.3968 1.1415 -22.822 -51.108 44.319 4.12 -48.07 2.982 0.303 0.132 0.041

1.375 1.4102 0.4133 1.0767 -22.901 -51.857 44.896 2.61 -60.97 3.124 0.337 0.138 0.028

1.400 1.4503 0.4311 1.0099 -21.518 -52.330 45.435 0.94 -48.97 3.242 0.356 0.133 0.026

1.425 1.4936 0.4500 0.9414 -18.722 -52.584 45.781 0.03 -19.06 3.364 0.355 0.118 0.031

1.450 1.5403 0.4699 0.8718 -14.861 -52.347 45.457 0.09 -5.47 3.503 0.322 0.083 0.027

1.475 1.5893 0.4918 0.7997 -13.049 -51.776 44.497 -0.01 -10.91 3.673 0.326 0.081 0.030

1.500 1.6413 0.5156 0.7264 -12.720 -50.604 42.696 -0.76 -19.53 3.808 0.330 0.094 0.021

1.525 1.6966 0.5412 0.6528 -12.863 -49.034 40.502 -1.12 -13.35 3.899 0.324 0.107 0.003

1.550 1.7556 0.5681 0.5797 -12.181 -47.380 38.437 -1.29 5.48 3.968 0.298 0.092 -0.015
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The trajectory and determined quantities tabulated for flight B of the Vapor which is shown in

Figs. 5.4, 6.12, and 6.13.

Test Conditions

aircraft Vapor flight B

test number 2453

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 11.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.7026 -0.4697 1.8471 -7.989 -27.871 12.935 11.57 -136.66 3.084 0.848 0.149 0.223

0.025 -1.6423 -0.4626 1.7997 -10.328 -26.153 11.842 8.67 -57.46 3.152 0.799 0.159 0.145

0.050 -1.5785 -0.4530 1.7568 -12.193 -22.378 11.331 8.19 -0.85 3.195 0.782 0.180 0.080

0.075 -1.5119 -0.4421 1.7188 -13.539 -17.349 11.307 9.00 33.15 3.207 0.792 0.206 0.022

0.100 -1.4430 -0.4307 1.6858 -14.405 -12.000 11.762 9.43 40.64 3.187 0.817 0.225 -0.017

0.125 -1.3723 -0.4195 1.6589 -14.154 -6.984 12.224 10.68 17.30 3.130 0.805 0.251 -0.047

0.150 -1.3009 -0.4089 1.6366 -13.912 -2.962 12.959 11.08 -8.23 3.056 0.854 0.282 -0.028

0.175 -1.2298 -0.4001 1.6197 -13.022 0.372 13.176 9.89 -19.34 2.983 0.893 0.253 0.006

0.200 -1.1596 -0.3907 1.6086 -10.942 3.867 12.481 9.93 8.91 2.891 0.891 0.234 -0.000

0.225 -1.0907 -0.3815 1.6017 -9.292 7.362 11.993 10.48 46.18 2.813 0.887 0.238 -0.011

0.250 -1.0238 -0.3736 1.5984 -7.732 10.838 11.077 11.98 49.21 2.716 0.894 0.243 -0.035

0.275 -0.9589 -0.3660 1.5980 -6.498 13.988 10.243 13.26 34.65 2.622 0.909 0.244 -0.046

0.300 -0.8961 -0.3581 1.5998 -6.187 16.587 10.235 13.55 15.30 2.527 0.968 0.260 -0.031

0.325 -0.8360 -0.3503 1.6040 -6.011 18.967 10.323 13.97 13.86 2.428 1.011 0.290 -0.015

0.350 -0.7789 -0.3420 1.6103 -5.604 21.295 10.318 14.29 17.89 2.301 1.067 0.334 -0.013

0.375 -0.7251 -0.3346 1.6178 -5.142 23.491 9.911 15.38 30.13 2.156 1.147 0.391 -0.014

0.400 -0.6750 -0.3276 1.6261 -4.526 25.699 9.283 15.81 53.14 2.025 1.209 0.381 -0.035

0.425 -0.6283 -0.3206 1.6349 -3.879 27.792 8.587 17.73 79.17 1.897 1.218 0.391 -0.074

0.450 -0.5842 -0.3136 1.6428 -3.439 29.442 8.231 19.91 102.36 1.781 1.263 0.446 -0.087

0.475 -0.5427 -0.3067 1.6497 -3.164 30.707 8.077 22.50 101.76 1.667 1.336 0.554 -0.081

0.500 -0.5040 -0.3002 1.6551 -3.003 31.692 7.935 25.40 111.21 1.548 1.424 0.704 -0.074

0.525 -0.4678 -0.2944 1.6586 -3.021 32.364 7.779 27.78 137.79 1.421 1.624 0.894 -0.053

0.550 -0.4347 -0.2884 1.6605 -3.119 33.058 7.910 32.14 175.47 1.301 1.668 1.112 -0.114
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.4039 -0.2831 1.6599 -3.369 33.404 7.925 37.09 210.67 1.209 1.779 1.388 -0.115

0.600 -0.3757 -0.2780 1.6569 -3.730 33.579 8.124 42.51 237.67 1.118 1.844 1.745 -0.141

0.625 -0.3498 -0.2734 1.6514 -4.201 33.515 8.383 48.67 271.53 1.036 1.855 2.104 -0.186

0.650 -0.3261 -0.2690 1.6431 -4.726 33.220 8.737 55.99 295.90 0.993 1.637 2.301 -0.268

0.675 -0.3043 -0.2648 1.6320 -5.324 32.579 9.078 63.56 291.15 0.987 1.303 2.342 -0.329

0.700 -0.2839 -0.2608 1.6176 -6.058 31.485 9.548 70.47 263.00 1.007 0.975 2.404 -0.315

0.725 -0.2650 -0.2570 1.6001 -6.867 29.908 9.962 76.46 226.31 1.033 0.656 2.546 -0.263

0.750 -0.2477 -0.2535 1.5798 -7.326 27.956 9.801 81.71 181.63 1.065 0.377 2.552 -0.244

0.775 -0.2321 -0.2506 1.5568 -7.344 25.592 8.985 85.66 126.95 1.105 0.223 2.398 -0.286

0.800 -0.2179 -0.2482 1.5311 -7.971 22.771 8.724 87.98 69.84 1.165 0.108 2.297 -0.266

0.825 -0.2052 -0.2465 1.5031 -9.090 19.526 8.932 89.00 21.80 1.221 0.043 2.248 -0.258

0.850 -0.1937 -0.2455 1.4734 -10.317 15.813 9.215 89.01 -22.22 1.262 0.022 2.171 -0.259

0.875 -0.1833 -0.2452 1.4419 -11.756 11.596 9.817 87.91 -78.34 1.302 0.008 2.038 -0.235

0.900 -0.1737 -0.2453 1.4086 -12.599 6.683 9.885 85.30 -143.67 1.362 0.085 1.848 -0.234

0.925 -0.1645 -0.2456 1.3736 -12.769 1.086 9.519 80.78 -197.82 1.437 0.185 1.655 -0.198

0.950 -0.1553 -0.2459 1.3369 -13.103 -5.037 9.712 75.18 -234.85 1.490 0.208 1.498 -0.151

0.975 -0.1461 -0.2472 1.2982 -13.275 -11.684 9.994 69.15 -265.68 1.561 0.284 1.306 -0.092

1.000 -0.1367 -0.2493 1.2575 -13.356 -18.620 10.392 62.10 -305.08 1.655 0.398 1.105 -0.034

1.025 -0.1264 -0.2517 1.2147 -13.437 -25.601 11.100 53.99 -340.44 1.756 0.485 0.918 0.014

1.050 -0.1148 -0.2541 1.1696 -13.477 -32.499 12.172 45.26 -338.82 1.853 0.535 0.758 0.063

1.075 -0.1016 -0.2562 1.1221 -13.512 -38.999 13.728 36.87 -304.79 1.961 0.498 0.573 0.090

1.100 -0.0869 -0.2580 1.0719 -13.852 -44.957 15.730 30.12 -269.95 2.111 0.409 0.403 0.107

1.125 -0.0709 -0.2603 1.0181 -14.709 -50.383 17.908 23.92 -244.35 2.272 0.417 0.322 0.147

1.150 -0.0528 -0.2624 0.9612 -15.854 -54.614 20.163 17.79 -205.31 2.428 0.363 0.252 0.148

1.175 -0.0331 -0.2640 0.9009 -17.099 -57.609 22.514 13.40 -126.08 2.587 0.300 0.214 0.136

1.200 -0.0121 -0.2653 0.8372 -17.806 -59.256 24.478 11.26 -49.22 2.744 0.257 0.195 0.106

1.225 0.0100 -0.2665 0.7701 -17.816 -59.788 25.730 10.99 -35.18 2.899 0.280 0.194 0.070

1.250 0.0338 -0.2679 0.6997 -17.212 -59.880 26.255 9.99 -64.84 3.037 0.394 0.199 0.070

1.275 0.0613 -0.2691 0.6275 -15.782 -59.136 25.869 7.35 -82.10 3.164 0.472 0.177 0.067

1.300 0.0939 -0.2693 0.5539 -14.006 -57.524 24.854 5.63 -51.08 3.303 0.492 0.162 0.063

1.325 0.1317 -0.2686 0.4796 -12.399 -55.031 23.223 4.98 -7.78 3.431 0.504 0.161 0.056

1.350 0.1750 -0.2671 0.4054 -11.390 -51.530 20.972 5.30 7.85 3.538 0.521 0.169 0.035

1.375 0.2236 -0.2648 0.3320 -11.310 -47.464 18.366 5.26 -2.01 3.624 0.578 0.166 0.015

1.400 0.2786 -0.2618 0.2610 -11.942 -43.180 15.835 4.81 -34.81 3.703 0.633 0.147 -0.006
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The trajectory and determined quantities tabulated for flight C of the Vapor which is shown in Figs. 6.15

and 6.16.

Test Conditions

aircraft Vapor flight C

test number 2419

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) -2.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.1719 -0.9630 1.6095 -12.422 -5.150 25.583 -0.55 1.54 3.386 0.376 0.084 -0.005

0.025 -1.0912 -0.9407 1.5997 -12.051 -5.259 24.987 -0.57 -3.87 3.355 0.393 0.100 -0.000

0.050 -1.0112 -0.9191 1.5900 -11.685 -5.386 24.272 -0.73 -1.53 3.305 0.413 0.100 0.001

0.075 -0.9320 -0.8981 1.5808 -11.085 -5.460 23.402 -0.71 -0.15 3.280 0.419 0.089 -0.000

0.100 -0.8531 -0.8781 1.5714 -11.124 -5.605 22.625 -0.60 -0.61 3.265 0.434 0.088 0.008

0.125 -0.7748 -0.8578 1.5626 -9.172 -5.674 21.140 -0.70 4.19 3.238 0.439 0.078 0.000

0.150 -0.6968 -0.8374 1.5543 -7.291 -5.607 19.776 -0.54 15.90 3.223 0.420 0.076 -0.008

0.175 -0.6192 -0.8176 1.5457 -6.227 -5.532 18.749 0.12 25.08 3.203 0.411 0.083 -0.006

0.200 -0.5422 -0.7985 1.5368 -5.948 -5.504 18.008 0.69 12.55 3.192 0.417 0.087 -0.003

0.225 -0.4655 -0.7801 1.5278 -6.470 -5.470 17.632 0.95 -3.22 3.162 0.433 0.102 -0.001

0.250 -0.3895 -0.7626 1.5186 -7.796 -5.462 17.540 0.39 -2.05 3.128 0.455 0.099 0.004

0.275 -0.3141 -0.7449 1.5098 -7.248 -5.403 16.862 0.64 10.06 3.110 0.440 0.089 -0.001

0.300 -0.2392 -0.7274 1.5007 -7.334 -5.314 16.526 1.18 17.03 3.092 0.439 0.093 -0.002

0.325 -0.1647 -0.7102 1.4914 -7.475 -5.267 16.279 1.46 9.28 3.074 0.450 0.098 -0.000

0.350 -0.0907 -0.6932 1.4818 -7.503 -5.241 16.082 1.55 2.99 3.050 0.467 0.101 0.003

0.375 -0.0173 -0.6759 1.4723 -7.823 -5.125 16.229 1.64 3.72 3.032 0.476 0.105 0.004

0.400 0.0554 -0.6584 1.4631 -7.178 -4.925 16.152 1.77 11.00 3.005 0.479 0.108 0.001

0.425 0.1276 -0.6408 1.4538 -5.428 -4.739 15.771 2.11 21.83 2.977 0.469 0.101 -0.008

0.450 0.1994 -0.6238 1.4441 -4.623 -4.592 15.725 2.82 27.68 2.965 0.458 0.098 -0.010

0.475 0.2708 -0.6075 1.4338 -4.723 -4.581 15.936 3.52 14.32 2.955 0.469 0.108 -0.008

0.500 0.3419 -0.5919 1.4230 -6.343 -4.615 16.655 3.73 -6.97 2.949 0.500 0.125 -0.013

0.525 0.4124 -0.5762 1.4122 -7.270 -4.701 17.101 3.17 -11.81 2.913 0.527 0.131 0.007

0.550 0.4825 -0.5603 1.4017 -5.987 -4.776 16.614 2.88 2.05 2.880 0.529 0.116 -0.005
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.5521 -0.5446 1.3912 -4.761 -4.793 16.152 3.37 15.66 2.873 0.517 0.110 -0.000

0.600 0.6214 -0.5295 1.3805 -4.862 -4.764 16.204 3.75 7.21 2.866 0.519 0.118 -0.004

0.625 0.6902 -0.5149 1.3696 -5.913 -4.762 16.537 3.70 -7.93 2.848 0.544 0.125 -0.006

0.650 0.7587 -0.5007 1.3588 -7.796 -4.747 17.163 3.27 -11.50 2.821 0.563 0.134 0.002

0.675 0.8267 -0.4863 1.3482 -7.820 -4.769 17.026 3.14 -4.80 2.805 0.559 0.125 -0.000

0.700 0.8943 -0.4718 1.3378 -7.555 -4.805 16.802 3.16 2.36 2.790 0.560 0.123 -0.002

0.725 0.9615 -0.4572 1.3273 -7.408 -4.861 16.691 3.20 1.57 2.773 0.566 0.121 -0.001

0.750 1.0283 -0.4425 1.3170 -7.230 -4.900 16.653 3.19 -0.65 2.756 0.575 0.121 -0.001

0.775 1.0948 -0.4280 1.3066 -7.004 -4.958 16.575 3.14 1.48 2.747 0.570 0.115 -0.002

0.800 1.1611 -0.4133 1.2962 -6.837 -5.060 16.602 3.20 2.93 2.739 0.573 0.121 0.002

0.825 1.2269 -0.3988 1.2856 -6.885 -5.149 16.632 3.41 -2.13 2.720 0.600 0.125 0.008

0.850 1.2924 -0.3839 1.2752 -6.365 -5.143 16.467 3.20 -7.98 2.708 0.617 0.117 0.009

0.875 1.3577 -0.3688 1.2652 -5.352 -5.032 16.132 2.91 0.11 2.704 0.612 0.112 0.003

0.900 1.4227 -0.3539 1.2554 -4.721 -4.814 15.907 3.09 20.46 2.697 0.579 0.117 -0.009

0.925 1.4874 -0.3392 1.2454 -4.669 -4.714 15.902 3.91 25.32 2.682 0.559 0.131 -0.014

0.950 1.5517 -0.3246 1.2348 -5.295 -4.779 16.231 4.60 7.88 2.660 0.582 0.149 -0.009

0.975 1.6156 -0.3109 1.2237 -6.537 -4.928 16.523 4.17 -8.48 2.643 0.620 0.136 0.005

1.000 1.6792 -0.2972 1.2128 -7.010 -5.007 16.457 3.85 -1.28 2.634 0.611 0.123 0.002

1.025 1.7427 -0.2834 1.2017 -6.935 -5.073 16.223 4.18 16.32 2.634 0.585 0.116 -0.006

1.050 1.8060 -0.2697 1.1902 -7.349 -5.140 16.207 4.87 14.73 2.633 0.575 0.116 -0.015

1.075 1.8694 -0.2556 1.1779 -7.774 -5.445 16.559 5.06 -4.96 2.640 0.589 0.137 -0.005

1.100 1.9325 -0.2415 1.1653 -8.105 -5.774 17.036 4.58 -13.96 2.628 0.619 0.153 0.010

1.125 1.9954 -0.2280 1.1529 -8.226 -5.924 17.203 4.16 -2.71 2.608 0.609 0.149 0.004

1.150 2.0580 -0.2148 1.1403 -8.317 -6.050 17.256 4.54 15.37 2.599 0.584 0.142 -0.007

1.175 2.1202 -0.2014 1.1271 -8.276 -6.193 17.386 5.02 19.99 2.597 0.568 0.125 -0.020

1.200 2.1825 -0.1879 1.1133 -8.129 -6.489 17.589 5.49 10.45 2.613 0.544 0.104 -0.030
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The trajectory and determined quantities tabulated for flight D of the Vapor which is shown in Figs. 6.17

and 6.18.

Test Conditions

aircraft Vapor flight D

test number 2420

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) -2.4

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.6585 -0.7180 1.8843 -6.834 10.039 19.571 1.06 17.07 2.982 0.461 0.080 0.002

0.025 -0.5882 -0.6994 1.8949 -6.591 10.269 19.130 1.51 22.74 2.897 0.495 0.098 0.003

0.050 -0.5199 -0.6815 1.9052 -6.105 10.624 18.574 2.06 40.82 2.812 0.488 0.101 -0.010

0.075 -0.4533 -0.6645 1.9142 -5.935 10.831 18.223 3.36 45.39 2.748 0.486 0.099 -0.017

0.100 -0.3879 -0.6480 1.9217 -6.169 10.830 18.238 4.53 30.14 2.678 0.539 0.127 -0.011

0.125 -0.3244 -0.6319 1.9284 -6.490 10.756 18.314 4.78 4.35 2.597 0.596 0.144 -0.004

0.150 -0.2624 -0.6167 1.9341 -6.908 10.525 18.389 4.84 0.78 2.519 0.664 0.158 0.014

0.175 -0.2026 -0.6021 1.9397 -6.840 10.549 18.081 4.78 16.81 2.434 0.688 0.139 0.007

0.200 -0.1443 -0.5877 1.9448 -6.648 10.616 17.837 5.76 34.41 2.380 0.685 0.130 -0.003

0.225 -0.0873 -0.5736 1.9489 -6.389 10.696 17.650 6.65 46.22 2.330 0.679 0.131 -0.016

0.250 -0.0314 -0.5600 1.9517 -6.343 10.562 17.661 7.81 36.49 2.279 0.716 0.159 -0.012

0.275 0.0232 -0.5467 1.9536 -6.373 10.415 17.785 8.79 32.31 2.220 0.750 0.192 -0.009

0.300 0.0767 -0.5341 1.9542 -6.644 10.127 17.975 8.81 28.40 2.153 0.823 0.211 -0.002

0.325 0.1286 -0.5221 1.9542 -6.466 9.903 17.765 10.11 30.02 2.109 0.809 0.214 -0.021

0.350 0.1796 -0.5102 1.9526 -6.580 9.428 17.824 10.64 30.80 2.052 0.901 0.267 0.000

0.375 0.2291 -0.4992 1.9507 -5.950 9.092 17.112 11.52 28.88 1.995 0.907 0.263 -0.023

0.400 0.2778 -0.4889 1.9471 -5.633 8.459 16.491 12.26 32.87 1.957 0.968 0.267 -0.009

0.425 0.3256 -0.4788 1.9427 -5.423 7.839 15.934 13.22 25.31 1.933 1.015 0.301 0.004

0.450 0.3722 -0.4691 1.9378 -4.770 7.334 15.100 13.74 15.38 1.895 1.039 0.310 -0.003

0.475 0.4180 -0.4593 1.9319 -4.077 6.774 14.402 14.03 25.16 1.855 1.067 0.322 -0.012

0.500 0.4630 -0.4496 1.9251 -3.307 6.188 13.716 14.67 47.08 1.820 1.061 0.316 -0.035

0.525 0.5071 -0.4405 1.9175 -2.827 5.634 13.058 16.59 57.02 1.823 0.961 0.279 -0.063

0.550 0.5509 -0.4302 1.9080 -1.220 4.686 12.183 17.68 47.23 1.824 0.939 0.257 -0.074

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.5948 -0.4191 1.8965 -1.206 3.337 12.581 18.45 23.37 1.837 0.965 0.323 -0.047

0.600 0.6382 -0.4082 1.8836 -1.972 1.827 13.468 18.91 -5.26 1.850 0.987 0.409 -0.043

0.625 0.6812 -0.3975 1.8696 -3.353 0.165 14.694 18.45 -31.17 1.832 1.072 0.499 -0.020

0.650 0.7238 -0.3875 1.8549 -4.976 -1.461 15.887 17.19 -29.54 1.800 1.130 0.557 0.027

0.675 0.7656 -0.3791 1.8397 -6.242 -2.900 16.175 16.73 -11.68 1.771 1.136 0.508 0.016

0.700 0.8070 -0.3704 1.8237 -5.652 -4.295 15.302 16.96 -8.48 1.790 1.093 0.382 -0.016

0.725 0.8487 -0.3615 1.8065 -5.886 -5.820 15.111 16.44 -26.52 1.827 1.087 0.347 -0.016

0.750 0.8910 -0.3523 1.7886 -6.116 -7.338 15.076 15.38 -36.60 1.867 1.020 0.322 -0.029

0.775 0.9336 -0.3422 1.7696 -6.302 -9.017 15.434 14.51 -25.52 1.904 0.951 0.331 -0.027

0.800 0.9768 -0.3316 1.7495 -6.404 -10.834 16.020 14.08 -23.20 1.922 0.882 0.363 -0.019

0.825 1.0201 -0.3212 1.7279 -6.519 -12.844 16.503 13.67 -37.90 1.957 0.890 0.343 0.018

0.850 1.0639 -0.3110 1.7053 -6.423 -14.649 16.840 12.32 -41.54 2.004 0.846 0.293 0.030

0.875 1.1084 -0.3007 1.6816 -6.208 -16.243 17.177 11.14 -21.04 2.050 0.765 0.257 0.014

0.900 1.1536 -0.2905 1.6563 -6.009 -17.705 17.421 11.25 -0.10 2.114 0.666 0.229 -0.022

0.925 1.1994 -0.2795 1.6290 -5.816 -19.367 17.937 11.37 -14.85 2.183 0.648 0.219 -0.022

0.950 1.2463 -0.2682 1.6000 -5.599 -21.124 18.487 10.58 -45.27 2.256 0.609 0.198 -0.020

0.975 1.2942 -0.2563 1.5689 -5.568 -23.168 19.233 8.81 -55.94 2.328 0.607 0.179 0.002

1.000 1.3435 -0.2443 1.5365 -5.570 -25.115 19.932 7.65 -49.66 2.411 0.556 0.158 0.006

1.025 1.3940 -0.2320 1.5024 -5.698 -26.999 20.600 6.62 -48.75 2.499 0.512 0.143 0.010

1.050 1.4459 -0.2194 1.4663 -5.949 -28.817 21.237 5.35 -52.79 2.590 0.489 0.129 0.018

1.075 1.4991 -0.2059 1.4285 -6.193 -30.517 21.947 3.78 -48.81 2.681 0.471 0.117 0.026

1.100 1.5538 -0.1920 1.3891 -6.369 -31.893 22.552 2.91 -39.47 2.779 0.438 0.108 0.025

1.125 1.6101 -0.1774 1.3480 -6.572 -33.021 23.156 2.02 -34.03 2.877 0.420 0.102 0.024

1.150 1.6680 -0.1623 1.3054 -6.767 -33.868 23.737 1.20 -28.48 2.972 0.403 0.095 0.022

1.175 1.7276 -0.1464 1.2614 -6.940 -34.396 24.295 0.55 -13.46 3.069 0.370 0.090 0.011

1.200 1.7889 -0.1300 1.2160 -7.110 -34.772 24.805 0.43 -2.00 3.166 0.326 0.087 -0.003

1.225 1.8516 -0.1126 1.1684 -7.439 -35.331 25.532 0.47 -9.64 3.262 0.321 0.094 0.002

1.250 1.9158 -0.0946 1.1193 -7.808 -35.865 26.267 0.07 -29.90 3.351 0.338 0.097 0.011

1.275 1.9818 -0.0760 1.0694 -7.947 -36.146 26.888 -1.03 -29.35 3.430 0.334 0.087 0.011

1.300 2.0498 -0.0570 1.0187 -8.041 -36.207 27.230 -1.76 -7.39 3.518 0.294 0.077 -0.003

1.325 2.1194 -0.0374 0.9666 -8.280 -36.345 27.641 -1.33 1.50 3.607 0.266 0.070 -0.013

1.350 2.1907 -0.0170 0.9132 -8.523 -36.663 28.178 -1.25 -13.77 3.705 0.254 0.056 -0.015
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The trajectory and determined quantities tabulated for the ten regression flights of the Vapor which are

identified in Figs. 6.4. The tables include the specific test conditions and a time history of the important

parameters for each of the ten flights.

Test Conditions

aircraft Vapor flight regression 1

test number 2418

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) -3.3

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.3969 -0.5720 1.5111 -4.508 -10.463 16.198 2.04 11.59 2.970 0.459 0.105 -0.011

0.025 -1.3257 -0.5580 1.4943 -3.932 -10.634 15.864 2.23 5.51 2.975 0.460 0.104 -0.008

0.050 -1.2545 -0.5438 1.4772 -3.588 -10.889 15.729 2.29 0.39 2.981 0.459 0.103 -0.006

0.075 -1.1832 -0.5294 1.4597 -3.335 -11.208 15.705 2.25 -3.77 2.988 0.459 0.101 -0.004

0.100 -1.1118 -0.5147 1.4418 -3.002 -11.572 15.678 2.21 -7.64 2.996 0.462 0.098 0.001

0.125 -1.0403 -0.4996 1.4237 -2.357 -11.909 15.592 1.85 -2.97 3.008 0.455 0.092 0.001

0.150 -0.9687 -0.4840 1.4053 -2.083 -12.187 15.665 1.93 3.18 3.025 0.433 0.094 -0.002

0.175 -0.8969 -0.4683 1.3863 -2.779 -12.491 16.014 2.13 4.26 3.041 0.427 0.107 -0.006

0.200 -0.8251 -0.4529 1.3667 -4.408 -12.846 16.544 2.06 -6.42 3.040 0.436 0.114 -0.002

0.225 -0.7533 -0.4371 1.3467 -4.929 -13.258 16.773 1.88 -13.69 3.044 0.443 0.106 0.002

0.250 -0.6814 -0.4212 1.3262 -5.735 -13.626 17.075 1.30 -13.05 3.057 0.451 0.096 0.004

0.275 -0.6091 -0.4046 1.3059 -5.278 -13.924 17.124 1.19 -6.18 3.083 0.432 0.088 0.001

0.300 -0.5365 -0.3875 1.2851 -5.145 -14.214 17.347 1.08 2.59 3.106 0.411 0.092 0.000

0.325 -0.4636 -0.3702 1.2638 -5.024 -14.492 17.594 1.28 6.13 3.113 0.401 0.099 -0.000

0.350 -0.3906 -0.3527 1.2418 -4.946 -14.775 17.828 1.45 5.82 3.129 0.395 0.097 -0.001

0.375 -0.3174 -0.3350 1.2193 -4.963 -15.071 18.038 1.54 0.73 3.147 0.391 0.092 -0.004

0.400 -0.2439 -0.3169 1.1959 -5.106 -15.426 18.311 1.45 -2.96 3.175 0.388 0.092 -0.004

0.425 -0.1700 -0.2987 1.1720 -5.226 -15.872 18.506 1.39 -4.53 3.196 0.385 0.091 0.001

0.450 -0.0958 -0.2799 1.1476 -5.348 -16.301 18.841 1.30 -3.73 3.217 0.382 0.095 0.006

0.475 -0.0213 -0.2605 1.1226 -5.550 -16.587 19.237 1.15 -3.58 3.242 0.382 0.103 0.006

0.500 0.0533 -0.2411 1.0971 -5.768 -16.797 19.428 1.10 -5.34 3.253 0.391 0.108 0.002

0.525 0.1282 -0.2219 1.0715 -5.877 -17.011 19.391 0.94 -9.43 3.263 0.398 0.103 0.001

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.550 0.2037 -0.2026 1.0458 -5.914 -17.222 19.229 0.63 -12.58 3.277 0.400 0.099 0.002

0.575 0.2795 -0.1835 1.0200 -5.912 -17.440 18.981 0.27 -11.06 3.307 0.397 0.086 0.004

0.600 0.3558 -0.1635 0.9942 -5.957 -17.568 19.096 0.06 -9.24 3.334 0.395 0.087 0.004

0.625 0.4327 -0.1430 0.9686 -6.000 -17.559 19.414 -0.09 -8.58 3.349 0.389 0.093 -0.000

0.650 0.5099 -0.1223 0.9430 -5.995 -17.570 19.776 -0.38 -6.56 3.366 0.381 0.091 -0.002

0.675 0.5876 -0.1014 0.9175 -5.890 -17.638 20.149 -0.50 -2.14 3.384 0.366 0.089 -0.003

0.700 0.6657 -0.0802 0.8917 -5.779 -17.764 20.524 -0.45 0.49 3.402 0.351 0.090 -0.003

0.725 0.7440 -0.0586 0.8656 -5.690 -17.950 20.905 -0.43 -0.42 3.419 0.342 0.090 -0.003

0.750 0.8226 -0.0367 0.8390 -5.599 -18.197 21.288 -0.52 -0.30 3.436 0.336 0.089 -0.001

0.775 0.9015 -0.0147 0.8120 -5.539 -18.443 21.621 -0.51 2.09 3.455 0.325 0.087 -0.001

0.800 0.9807 0.0076 0.7843 -5.659 -18.708 21.940 -0.40 2.19 3.477 0.320 0.088 -0.001

0.825 1.0601 0.0301 0.7559 -6.009 -19.001 22.282 -0.37 -3.16 3.499 0.322 0.091 0.000

0.850 1.1398 0.0528 0.7271 -6.423 -19.275 22.608 -0.53 -9.61 3.516 0.328 0.093 0.002

0.875 1.2198 0.0758 0.6979 -6.687 -19.526 22.909 -0.85 -9.24 3.532 0.331 0.092 0.003

0.900 1.3001 0.0992 0.6687 -6.671 -19.695 23.117 -1.08 -3.99 3.549 0.320 0.089 -0.000

0.925 1.3807 0.1231 0.6390 -6.295 -19.949 23.342 -0.99 0.15 3.570 0.317 0.086 0.003

0.950 1.4617 0.1472 0.6089 -6.103 -20.113 23.542 -0.98 1.54 3.594 0.314 0.083 0.005

0.975 1.5431 0.1713 0.5786 -6.157 -20.144 23.693 -0.99 1.79 3.619 0.305 0.082 0.002

1.000 1.6249 0.1955 0.5477 -6.463 -20.216 23.818 -0.89 4.13 3.643 0.301 0.084 -0.000

1.025 1.7071 0.2200 0.5164 -6.961 -20.244 23.999 -0.81 2.70 3.664 0.299 0.086 -0.003

1.050 1.7897 0.2447 0.4851 -6.826 -20.247 24.075 -0.66 1.64 3.682 0.281 0.080 -0.010

1.075 1.8728 0.2699 0.4527 -6.859 -20.547 24.425 -0.75 0.42 3.707 0.275 0.083 -0.009
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Test Conditions

aircraft Vapor flight regression 2

test number 2421

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) -2.6

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.0155 -0.7806 1.5944 -3.985 -2.532 25.122 -2.51 -44.35 4.092 0.291 0.096 -0.005

0.025 -0.9200 -0.7482 1.5938 -6.414 -2.845 26.151 -3.65 -30.76 3.982 0.315 0.097 0.014

0.050 -0.8267 -0.7162 1.5946 -5.968 -2.745 25.454 -4.19 2.81 3.902 0.305 0.079 0.003

0.075 -0.7350 -0.6845 1.5955 -4.163 -2.556 23.892 -3.58 29.80 3.857 0.277 0.058 -0.006

0.100 -0.6444 -0.6527 1.5958 -3.646 -2.448 23.118 -2.55 33.90 3.816 0.272 0.062 -0.009

0.125 -0.5550 -0.6211 1.5951 -3.732 -2.549 22.806 -2.02 6.72 3.768 0.287 0.074 -0.006

0.150 -0.4669 -0.5897 1.5941 -4.155 -2.734 22.856 -1.92 -12.61 3.711 0.309 0.086 -0.001

0.175 -0.3803 -0.5591 1.5926 -4.719 -3.017 23.012 -2.89 -8.89 3.637 0.337 0.088 0.007

0.200 -0.2952 -0.5292 1.5917 -4.368 -2.981 22.590 -2.44 6.96 3.571 0.315 0.080 -0.006

0.225 -0.2117 -0.4988 1.5902 -3.855 -3.099 22.404 -2.06 18.37 3.527 0.318 0.075 -0.005

0.250 -0.1293 -0.4681 1.5879 -2.986 -3.315 22.285 -1.81 13.77 3.489 0.320 0.070 -0.002

0.275 -0.0481 -0.4372 1.5850 -2.750 -3.556 22.699 -1.47 14.00 3.456 0.323 0.075 0.002

0.300 0.0322 -0.4069 1.5811 -3.142 -3.767 23.389 -1.06 11.73 3.411 0.340 0.087 0.002

0.325 0.1114 -0.3776 1.5768 -3.966 -3.871 24.133 -0.74 5.02 3.367 0.358 0.089 0.002

0.350 0.1898 -0.3491 1.5718 -4.881 -3.907 24.707 -0.80 3.24 3.328 0.378 0.088 0.004

0.375 0.2671 -0.3201 1.5668 -4.797 -3.853 25.002 -0.64 9.42 3.290 0.380 0.088 -0.002

0.400 0.3433 -0.2908 1.5613 -4.531 -3.881 25.311 -0.31 15.22 3.255 0.389 0.102 -0.002

0.425 0.4186 -0.2622 1.5556 -4.110 -3.924 25.364 0.16 13.55 3.202 0.396 0.108 -0.003

0.450 0.4929 -0.2345 1.5494 -3.760 -4.034 25.114 0.33 9.52 3.154 0.409 0.092 -0.004

0.475 0.5662 -0.2062 1.5426 -3.540 -4.231 25.089 0.54 5.09 3.137 0.422 0.081 -0.003

0.500 0.6388 -0.1774 1.5356 -3.439 -4.445 25.267 0.62 -2.25 3.129 0.437 0.079 -0.001

0.525 0.7106 -0.1477 1.5285 -3.290 -4.656 25.648 0.46 -7.90 3.111 0.447 0.089 0.004

0.550 0.7815 -0.1176 1.5214 -3.100 -4.838 26.161 0.17 -2.73 3.067 0.465 0.106 0.011

0.575 0.8517 -0.0881 1.5143 -2.865 -4.871 26.402 0.25 7.66 3.034 0.471 0.107 0.011

0.600 0.9210 -0.0590 1.5072 -2.662 -4.729 26.489 0.68 14.05 3.009 0.477 0.105 0.008

0.625 0.9894 -0.0300 1.5001 -2.514 -4.447 26.484 0.97 15.38 2.978 0.485 0.102 -0.000

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 1.0571 -0.0006 1.4928 -2.395 -4.201 26.548 1.30 14.30 2.954 0.488 0.102 -0.008

0.675 1.1240 0.0292 1.4853 -2.261 -4.124 26.753 1.75 11.76 2.934 0.497 0.113 -0.006

0.700 1.1901 0.0589 1.4777 -2.113 -4.090 26.869 1.97 6.09 2.903 0.507 0.111 -0.001

0.725 1.2554 0.0888 1.4700 -2.047 -4.086 27.050 2.01 3.97 2.872 0.524 0.114 0.002

0.750 1.3199 0.1190 1.4621 -2.444 -4.085 27.498 2.08 4.51 2.854 0.540 0.123 0.005

0.775 1.3836 0.1490 1.4543 -2.687 -3.974 27.722 2.32 2.97 2.830 0.557 0.141 0.006

0.800 1.4463 0.1798 1.4469 -0.184 -3.761 26.697 2.32 4.14 2.774 0.574 0.129 -0.019

0.825 1.5081 0.2112 1.4393 3.256 -3.634 25.428 2.40 13.83 2.738 0.569 0.090 -0.034

0.850 1.5696 0.2421 1.4314 4.695 -3.652 25.136 2.97 26.15 2.757 0.519 0.067 -0.010

0.875 1.6307 0.2732 1.4228 4.690 -3.844 25.657 3.74 22.26 2.779 0.499 0.074 -0.025

0.900 1.6916 0.3042 1.4131 1.906 -4.302 27.583 4.19 5.18 2.777 0.527 0.119 -0.031

0.925 1.7521 0.3351 1.4027 -2.233 -4.827 30.050 3.91 -11.84 2.750 0.569 0.168 0.005

0.950 1.8115 0.3664 1.3923 -2.181 -5.140 30.460 3.56 -18.19 2.701 0.610 0.152 0.019

0.975 1.8704 0.3982 1.3822 -0.425 -5.252 30.002 3.16 -9.12 2.676 0.630 0.100 0.010

1.000 1.9293 0.4302 1.3724 0.662 -5.211 29.671 3.06 8.27 2.697 0.587 0.088 0.006
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Test Conditions

aircraft Vapor flight regression 3

test number 2422

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 2.2

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.8756 -0.8001 1.8525 -4.834 29.667 23.610 8.95 -50.13 2.292 0.928 0.339 0.061

0.025 -0.8279 -0.7819 1.8722 -5.379 30.270 23.965 8.84 18.98 2.118 0.961 0.304 0.040

0.050 -0.7836 -0.7653 1.8906 -5.347 31.039 23.420 9.85 70.15 1.965 0.967 0.263 -0.001

0.075 -0.7422 -0.7500 1.9071 -5.060 31.779 22.471 11.91 103.39 1.832 0.937 0.214 -0.054

0.100 -0.7027 -0.7356 1.9212 -4.951 32.210 21.792 15.26 116.95 1.738 0.950 0.225 -0.062

0.125 -0.6647 -0.7219 1.9323 -5.105 32.421 21.623 17.81 116.37 1.620 1.124 0.352 -0.070

0.150 -0.6291 -0.7089 1.9413 -5.184 32.397 21.344 20.77 116.45 1.511 1.217 0.443 -0.079

0.175 -0.5952 -0.6967 1.9474 -5.357 32.103 21.213 23.92 139.70 1.403 1.368 0.607 -0.068

0.200 -0.5632 -0.6853 1.9509 -5.486 31.626 20.917 27.45 172.88 1.304 1.461 0.777 -0.071

0.225 -0.5331 -0.6750 1.9515 -5.566 31.021 20.417 32.53 203.20 1.233 1.494 0.981 -0.078

0.250 -0.5047 -0.6653 1.9490 -5.822 30.253 20.175 37.78 215.68 1.160 1.587 1.291 -0.091

0.275 -0.4780 -0.6563 1.9435 -6.142 29.355 20.002 43.14 217.59 1.099 1.697 1.642 -0.114

0.300 -0.4533 -0.6478 1.9355 -6.398 28.291 19.724 48.65 229.70 1.059 1.599 1.876 -0.169

0.325 -0.4302 -0.6399 1.9246 -6.701 26.936 19.454 54.45 235.54 1.038 1.454 2.101 -0.203

0.350 -0.4085 -0.6327 1.9108 -6.989 25.270 19.083 60.39 218.43 1.042 1.217 2.242 -0.216

0.375 -0.3883 -0.6261 1.8942 -7.228 23.282 18.600 65.40 175.86 1.062 1.018 2.285 -0.224

0.400 -0.3693 -0.6200 1.8748 -7.425 20.906 18.105 69.10 128.33 1.087 0.868 2.363 -0.206

0.425 -0.3516 -0.6144 1.8530 -7.461 18.205 17.468 71.63 86.96 1.114 0.743 2.366 -0.215

0.450 -0.3352 -0.6092 1.8290 -7.312 15.166 16.800 73.52 43.81 1.159 0.609 2.219 -0.226

0.475 -0.3197 -0.6044 1.8029 -7.037 11.707 16.162 73.90 -6.57 1.207 0.557 2.048 -0.224

0.500 -0.3049 -0.5997 1.7745 -6.730 7.806 15.663 73.08 -54.57 1.269 0.523 1.916 -0.196

0.525 -0.2907 -0.5952 1.7443 -6.258 3.525 15.267 71.12 -95.57 1.325 0.508 1.741 -0.185

0.550 -0.2769 -0.5907 1.7120 -5.781 -1.199 15.102 68.40 -134.64 1.386 0.518 1.578 -0.156

0.575 -0.2630 -0.5863 1.6778 -5.261 -6.277 15.133 64.41 -175.18 1.457 0.538 1.359 -0.133

0.600 -0.2490 -0.5820 1.6415 -4.846 -11.747 15.470 59.63 -213.09 1.545 0.570 1.134 -0.090

0.625 -0.2343 -0.5775 1.6029 -4.595 -17.479 16.115 53.91 -240.11 1.651 0.581 0.919 -0.053

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 -0.2186 -0.5727 1.5618 -4.637 -23.395 17.147 47.64 -256.49 1.754 0.561 0.767 -0.021

0.675 -0.2017 -0.5677 1.5183 -4.827 -29.353 18.392 41.16 -261.55 1.871 0.514 0.591 -0.005

0.700 -0.1836 -0.5624 1.4718 -5.441 -35.387 19.978 34.64 -258.59 2.006 0.462 0.460 0.021

0.725 -0.1640 -0.5566 1.4221 -6.432 -41.328 21.895 28.31 -249.27 2.157 0.395 0.360 0.058

0.750 -0.1432 -0.5506 1.3690 -7.774 -46.945 24.038 22.32 -229.31 2.311 0.357 0.292 0.098

0.775 -0.1210 -0.5444 1.3126 -9.347 -51.809 26.163 16.91 -193.08 2.464 0.324 0.237 0.119

0.800 -0.0975 -0.5380 1.2527 -11.052 -55.617 28.219 12.55 -150.25 2.622 0.296 0.191 0.116

0.825 -0.0728 -0.5315 1.1895 -12.756 -58.193 29.884 9.44 -117.52 2.789 0.298 0.156 0.087

0.850 -0.0463 -0.5243 1.1228 -14.297 -59.819 31.315 6.74 -101.83 2.954 0.313 0.133 0.058

0.875 -0.0172 -0.5162 1.0529 -15.522 -60.804 32.541 4.29 -90.33 3.119 0.309 0.114 0.039

0.900 0.0148 -0.5072 0.9800 -16.468 -61.382 33.476 2.13 -71.77 3.285 0.303 0.106 0.034

0.925 0.0500 -0.4974 0.9042 -17.211 -61.553 33.928 0.63 -53.51 3.444 0.298 0.106 0.033

0.950 0.0885 -0.4867 0.8261 -17.763 -61.232 33.854 -0.49 -41.53 3.588 0.298 0.105 0.030

0.975 0.1304 -0.4753 0.7460 -18.130 -60.343 33.199 -1.45 -33.88 3.726 0.305 0.101 0.017

1.000 0.1762 -0.4630 0.6643 -18.280 -59.173 32.348 -2.24 -27.12 3.863 0.304 0.094 0.007

1.025 0.2263 -0.4497 0.5815 -18.317 -57.884 31.565 -2.81 -24.55 3.994 0.297 0.088 0.002

1.050 0.2807 -0.4353 0.4977 -18.316 -56.582 30.998 -3.39 -23.26 4.120 0.290 0.085 0.001

1.075 0.3394 -0.4198 0.4133 -18.231 -55.251 30.558 -4.07 -18.75 4.241 0.281 0.080 0.002

1.100 0.4025 -0.4031 0.3286 -17.908 -53.839 30.146 -4.36 -12.31 4.354 0.263 0.080 -0.002

1.125 0.4696 -0.3852 0.2436 -17.399 -52.481 29.730 -4.51 -3.86 4.458 0.248 0.082 -0.005

1.150 0.5403 -0.3661 0.1587 -16.712 -51.272 29.272 -4.62 6.62 4.551 0.235 0.084 -0.008
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Test Conditions

aircraft Vapor flight regression 4

test number 2425

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 2.1

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.5515 -1.0325 1.6202 -13.369 -4.710 25.844 -0.14 -34.21 3.770 0.527 0.147 0.009

0.025 -1.4652 -1.0002 1.6129 -12.313 -2.797 25.983 -0.68 -14.05 3.683 0.523 0.132 0.004

0.050 -1.3803 -0.9697 1.6093 -11.305 -0.937 25.561 -0.84 1.96 3.601 0.516 0.121 -0.000

0.075 -1.2969 -0.9405 1.6088 -10.400 0.862 24.807 -0.68 13.82 3.522 0.505 0.114 -0.004

0.100 -1.2153 -0.9125 1.6108 -9.662 2.562 23.896 -0.18 21.74 3.438 0.500 0.102 -0.006

0.125 -1.1356 -0.8846 1.6147 -9.153 4.212 23.341 0.41 24.38 3.363 0.503 0.108 -0.007

0.150 -1.0577 -0.8583 1.6200 -8.713 5.708 22.548 0.97 21.55 3.285 0.510 0.097 -0.006

0.175 -0.9814 -0.8328 1.6267 -8.426 7.116 21.825 1.58 20.75 3.216 0.518 0.099 -0.005

0.200 -0.9070 -0.8083 1.6345 -8.319 8.443 21.123 1.98 24.43 3.131 0.534 0.102 -0.003

0.225 -0.8348 -0.7842 1.6432 -8.386 9.774 20.575 2.70 27.28 3.053 0.548 0.097 -0.003

0.250 -0.7644 -0.7607 1.6527 -8.472 11.091 20.175 3.44 24.99 2.979 0.572 0.105 -0.002

0.275 -0.6962 -0.7375 1.6629 -8.504 12.432 20.060 3.98 19.63 2.887 0.605 0.122 -0.004

0.300 -0.6301 -0.7156 1.6736 -8.374 13.707 19.757 4.43 23.63 2.796 0.624 0.128 -0.007

0.325 -0.5662 -0.6948 1.6848 -8.256 14.915 19.477 5.12 36.45 2.694 0.635 0.139 -0.010

0.350 -0.5043 -0.6752 1.6958 -8.193 16.007 19.163 6.28 48.64 2.598 0.643 0.150 -0.011

0.375 -0.4448 -0.6565 1.7062 -8.296 17.021 18.970 7.57 52.00 2.508 0.662 0.158 -0.011

0.400 -0.3872 -0.6388 1.7160 -8.548 17.978 18.909 8.86 49.93 2.411 0.701 0.176 -0.016

0.425 -0.3316 -0.6220 1.7248 -8.927 18.793 18.958 9.99 47.52 2.318 0.752 0.194 -0.016

0.450 -0.2780 -0.6062 1.7329 -9.362 19.513 19.102 11.22 44.66 2.227 0.807 0.215 -0.014

0.475 -0.2264 -0.5914 1.7400 -9.789 20.153 19.290 12.32 43.67 2.138 0.868 0.248 -0.011

0.500 -0.1767 -0.5774 1.7463 -10.105 20.715 19.410 13.38 47.12 2.043 0.933 0.287 -0.009

0.525 -0.1291 -0.5645 1.7516 -10.319 21.231 19.412 14.67 54.66 1.948 1.000 0.330 -0.014

0.550 -0.0834 -0.5526 1.7557 -10.466 21.656 19.301 16.24 68.18 1.857 1.062 0.374 -0.021

0.575 -0.0397 -0.5416 1.7587 -10.548 21.961 19.071 17.92 74.13 1.769 1.125 0.431 -0.028

0.600 0.0022 -0.5315 1.7600 -10.752 22.092 18.971 20.04 67.78 1.692 1.229 0.518 -0.019

0.625 0.0422 -0.5224 1.7601 -10.667 22.170 18.547 21.53 72.29 1.597 1.380 0.621 -0.016

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 0.0802 -0.5140 1.7592 -10.160 22.233 17.688 23.25 95.69 1.511 1.388 0.652 -0.081

0.675 0.1166 -0.5067 1.7563 -10.076 21.995 17.197 26.42 133.05 1.450 1.415 0.752 -0.101

0.700 0.1516 -0.4999 1.7515 -9.656 21.461 16.378 29.93 138.88 1.402 1.417 0.867 -0.125

0.725 0.1851 -0.4940 1.7447 -9.535 20.618 15.771 33.47 113.33 1.361 1.432 1.022 -0.126

0.750 0.2173 -0.4888 1.7355 -9.844 19.389 15.573 35.59 88.66 1.303 1.654 1.305 -0.066

0.775 0.2480 -0.4845 1.7246 -10.057 17.934 15.211 37.52 68.01 1.256 1.849 1.565 0.002

0.800 0.2767 -0.4811 1.7131 -9.714 16.645 14.251 39.42 79.27 1.203 1.874 1.677 -0.022

0.825 0.3041 -0.4779 1.7000 -8.431 15.182 12.706 41.20 113.07 1.159 1.863 1.721 -0.205

0.850 0.3302 -0.4740 1.6855 -4.710 13.518 9.687 44.70 139.88 1.164 1.463 1.414 -0.522

0.875 0.3560 -0.4703 1.6679 -2.699 11.283 8.215 48.63 117.87 1.242 1.132 1.206 -0.313

0.900 0.3815 -0.4668 1.6474 -2.168 8.468 8.109 50.65 46.09 1.315 0.986 1.319 -0.222

0.925 0.4066 -0.4640 1.6241 -3.053 5.070 9.189 50.52 -13.98 1.313 1.093 1.675 -0.120

0.950 0.4306 -0.4617 1.5996 -3.995 1.635 10.365 49.75 -41.10 1.321 1.086 1.666 -0.076

0.975 0.4539 -0.4596 1.5735 -3.481 -2.031 10.532 48.65 -63.17 1.341 1.094 1.579 -0.111

1.000 0.4769 -0.4573 1.5462 -1.281 -5.879 9.704 46.94 -95.51 1.404 1.039 1.223 -0.113

1.025 0.5004 -0.4545 1.5167 0.240 -10.049 9.634 43.88 -126.66 1.475 0.978 1.027 -0.084

1.050 0.5244 -0.4506 1.4851 1.576 -14.457 10.045 40.47 -136.55 1.566 0.842 0.847 -0.058

1.075 0.5489 -0.4462 1.4512 2.655 -19.124 10.840 36.97 -139.69 1.667 0.727 0.687 -0.034

1.100 0.5742 -0.4411 1.4145 3.285 -23.999 11.998 33.61 -155.92 1.770 0.643 0.602 -0.009

1.125 0.6004 -0.4361 1.3752 3.507 -28.939 13.143 29.34 -179.34 1.877 0.617 0.490 0.013

1.150 0.6276 -0.4309 1.3332 3.334 -33.840 14.216 24.54 -191.66 2.009 0.579 0.359 0.031

1.175 0.6563 -0.4247 1.2883 2.761 -38.550 15.354 19.78 -182.93 2.151 0.506 0.281 0.042

1.200 0.6865 -0.4174 1.2404 1.893 -43.012 16.500 15.60 -161.35 2.297 0.417 0.225 0.059

1.225 0.7181 -0.4096 1.1891 0.805 -47.095 17.538 11.80 -130.70 2.453 0.346 0.184 0.083

1.250 0.7509 -0.4016 1.1344 -0.639 -50.446 18.468 8.92 -97.14 2.605 0.305 0.161 0.095

1.275 0.7848 -0.3935 1.0763 -2.316 -52.791 19.311 7.02 -69.79 2.762 0.292 0.139 0.087

1.300 0.8200 -0.3852 1.0149 -4.235 -54.116 20.002 5.48 -54.90 2.917 0.304 0.125 0.063

1.325 0.8573 -0.3768 0.9505 -6.158 -54.653 20.518 4.18 -44.54 3.071 0.307 0.111 0.037

1.350 0.8970 -0.3681 0.8832 -8.201 -54.773 20.938 3.11 -36.56 3.229 0.303 0.100 0.022

1.375 0.9395 -0.3587 0.8132 -10.468 -54.664 21.405 2.38 -34.40 3.381 0.306 0.104 0.020

1.400 0.9849 -0.3487 0.7410 -12.682 -54.258 21.920 1.47 -35.01 3.522 0.317 0.106 0.022

1.425 1.0336 -0.3381 0.6671 -14.635 -53.416 22.369 0.55 -34.58 3.651 0.330 0.106 0.020

1.450 1.0858 -0.3268 0.5918 -16.579 -52.205 22.680 -0.14 -29.42 3.776 0.357 0.112 0.017

1.475 1.1425 -0.3149 0.5167 -17.156 -50.485 22.876 -0.95 -25.64 3.880 0.352 0.105 0.005

1.500 1.2035 -0.3024 0.4416 -17.450 -48.751 23.060 -1.50 -23.96 3.980 0.349 0.100 -0.002

1.525 1.2687 -0.2889 0.3671 -17.246 -47.114 23.313 -2.17 -24.16 4.073 0.343 0.092 -0.002

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.550 1.3384 -0.2747 0.2933 -16.536 -45.682 23.642 -2.69 -22.32 4.166 0.340 0.085 0.007

1.575 1.4123 -0.2596 0.2206 -15.686 -44.178 23.789 -3.25 -15.01 4.258 0.338 0.075 0.018

1.600 1.4902 -0.2434 0.1493 -14.919 -42.298 23.567 -3.46 -3.61 4.350 0.335 0.065 0.029

129



Test Conditions

aircraft Vapor flight regression 5

test number 2432

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.8236 -0.6631 1.7716 -7.566 4.163 19.701 8.39 0.46 2.590 0.696 0.181 -0.012

0.025 -0.7639 -0.6408 1.7672 -8.377 4.582 20.314 8.37 3.74 2.544 0.705 0.171 -0.008

0.050 -0.7051 -0.6189 1.7630 -9.061 4.996 21.036 8.56 7.66 2.504 0.713 0.178 -0.008

0.075 -0.6475 -0.5975 1.7591 -9.590 5.377 21.732 8.83 8.96 2.458 0.721 0.178 -0.011

0.100 -0.5905 -0.5768 1.7550 -9.988 5.642 22.348 9.01 9.18 2.413 0.738 0.186 -0.011

0.125 -0.5344 -0.5568 1.7508 -10.262 5.832 22.932 9.24 11.89 2.371 0.745 0.196 -0.013

0.150 -0.4791 -0.5375 1.7463 -10.375 5.913 23.443 9.60 13.90 2.333 0.746 0.204 -0.016

0.175 -0.4248 -0.5185 1.7414 -10.478 5.866 24.010 10.02 13.47 2.287 0.770 0.228 -0.016

0.200 -0.3714 -0.5003 1.7361 -10.406 5.711 24.416 10.25 11.41 2.239 0.787 0.233 -0.021

0.225 -0.3188 -0.4827 1.7301 -10.288 5.348 24.692 10.52 7.52 2.205 0.800 0.228 -0.019

0.250 -0.2669 -0.4657 1.7234 -10.151 4.801 24.886 10.74 7.75 2.177 0.825 0.240 -0.006

0.275 -0.2156 -0.4492 1.7163 -9.712 4.220 24.839 10.81 11.48 2.145 0.827 0.248 -0.002

0.300 -0.1651 -0.4331 1.7084 -9.250 3.611 24.710 11.30 18.98 2.115 0.833 0.265 -0.000

0.325 -0.1153 -0.4174 1.6996 -8.790 2.996 24.499 11.81 22.85 2.087 0.860 0.272 -0.002

0.350 -0.0662 -0.4019 1.6902 -8.152 2.413 24.129 12.35 15.49 2.069 0.864 0.268 -0.010

0.375 -0.0176 -0.3868 1.6799 -7.564 1.746 23.743 12.72 13.27 2.057 0.881 0.275 -0.011

0.400 0.0305 -0.3717 1.6689 -6.920 1.017 23.273 12.81 16.50 2.040 0.884 0.275 -0.015

0.425 0.0783 -0.3568 1.6571 -6.282 0.236 22.730 13.56 18.46 2.035 0.855 0.274 -0.022

0.450 0.1258 -0.3423 1.6442 -5.914 -0.685 22.135 13.95 13.34 2.031 0.862 0.268 -0.018

0.475 0.1731 -0.3272 1.6303 -5.743 -1.699 21.760 14.08 1.73 2.045 0.853 0.288 -0.010

0.500 0.2201 -0.3121 1.6155 -5.711 -2.764 21.422 14.15 -0.24 2.047 0.849 0.315 -0.003

0.525 0.2668 -0.2973 1.5998 -5.749 -3.836 20.986 14.00 2.21 2.034 0.861 0.322 0.002

0.550 0.3133 -0.2831 1.5833 -5.794 -4.863 20.406 14.17 2.73 2.037 0.844 0.292 -0.005

0.575 0.3600 -0.2690 1.5656 -6.059 -5.937 19.893 14.20 -4.03 2.062 0.841 0.268 -0.010

0.600 0.4069 -0.2547 1.5469 -6.289 -7.066 19.439 14.04 -18.10 2.106 0.821 0.248 -0.013

0.625 0.4542 -0.2398 1.5274 -6.675 -8.252 19.328 13.34 -28.22 2.123 0.824 0.280 -0.006

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 0.5019 -0.2253 1.5072 -7.072 -9.494 19.080 12.54 -26.78 2.138 0.806 0.279 -0.002

0.675 0.5500 -0.2112 1.4862 -7.481 -10.765 18.749 11.96 -19.88 2.161 0.772 0.255 -0.000

0.700 0.5985 -0.1973 1.4643 -7.929 -12.071 18.364 11.67 -18.31 2.200 0.735 0.217 0.003

0.725 0.6477 -0.1827 1.4413 -8.485 -13.318 18.226 11.09 -23.22 2.253 0.704 0.213 0.007

0.750 0.6975 -0.1679 1.4172 -9.036 -14.515 18.224 10.34 -27.84 2.294 0.691 0.214 0.011

0.775 0.7481 -0.1535 1.3922 -9.582 -15.608 18.112 9.71 -28.66 2.334 0.677 0.208 0.005

0.800 0.7996 -0.1395 1.3663 -10.053 -16.678 18.007 8.96 -30.58 2.375 0.648 0.189 -0.002

0.825 0.8521 -0.1257 1.3394 -10.509 -17.794 17.971 8.20 -28.52 2.430 0.615 0.167 0.004

0.850 0.9056 -0.1117 1.3115 -10.918 -18.902 18.082 7.40 -21.35 2.494 0.582 0.150 0.018

0.875 0.9602 -0.0975 1.2824 -11.408 -19.787 18.322 7.15 -17.30 2.555 0.555 0.154 0.020

0.900 1.0158 -0.0831 1.2522 -11.900 -20.486 18.566 6.73 -21.95 2.613 0.560 0.157 0.018

0.925 1.0725 -0.0688 1.2212 -12.145 -20.992 18.754 6.02 -30.46 2.667 0.568 0.153 0.014

0.950 1.1306 -0.0544 1.1897 -12.087 -21.386 18.872 5.19 -29.96 2.722 0.565 0.144 0.012

0.975 1.1900 -0.0400 1.1580 -11.710 -21.687 18.905 4.53 -21.95 2.777 0.543 0.134 0.011

1.000 1.2509 -0.0256 1.1260 -11.315 -21.896 18.897 4.11 -13.86 2.834 0.526 0.128 0.014

1.025 1.3131 -0.0112 1.0937 -11.031 -21.944 18.843 3.80 -11.25 2.888 0.517 0.124 0.014

1.050 1.3767 0.0034 1.0611 -10.847 -21.809 18.836 3.51 -12.67 2.942 0.514 0.125 0.012

1.075 1.4415 0.0181 1.0286 -10.556 -21.540 18.834 3.20 -11.31 2.989 0.515 0.121 0.011

1.100 1.5078 0.0332 0.9965 -10.105 -21.109 18.889 2.89 -8.33 3.036 0.504 0.122 0.008

1.125 1.5753 0.0486 0.9646 -9.481 -20.629 18.885 2.83 -4.29 3.074 0.503 0.123 0.010

1.150 1.6440 0.0641 0.9333 -8.662 -20.023 18.647 2.71 -0.06 3.108 0.501 0.118 0.008

1.175 1.7139 0.0799 0.9028 -7.743 -19.328 18.180 2.78 4.13 3.141 0.485 0.109 0.002

1.200 1.7848 0.0962 0.8727 -6.961 -18.591 17.649 2.94 7.37 3.176 0.474 0.098 -0.004

1.225 1.8569 0.1132 0.8431 -6.390 -17.961 17.184 3.05 2.52 3.227 0.461 0.093 -0.003

1.250 1.9302 0.1314 0.8141 -6.201 -17.331 17.041 3.15 -2.59 3.262 0.454 0.117 0.002
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Test Conditions

aircraft Vapor flight regression 6

test number 2434

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 4.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.6050 -0.4535 1.8871 -10.573 15.712 -12.710 12.72 62.84 1.921 0.988 0.192 0.006

0.025 -1.5629 -0.4760 1.8865 -10.912 15.658 -13.841 14.07 63.40 1.879 1.033 0.255 -0.003

0.050 -1.5222 -0.4986 1.8847 -10.168 15.378 -16.256 15.76 65.00 1.834 1.085 0.327 -0.029

0.075 -1.4831 -0.5216 1.8817 -8.926 14.944 -19.478 17.54 67.64 1.785 1.141 0.406 -0.047

0.100 -1.4459 -0.5452 1.8776 -7.993 14.479 -22.983 19.21 74.00 1.733 1.138 0.452 -0.071

0.125 -1.4103 -0.5690 1.8720 -8.121 13.889 -25.763 20.86 75.23 1.677 1.184 0.513 -0.056

0.150 -1.3758 -0.5924 1.8652 -8.906 13.193 -27.690 23.01 53.33 1.643 1.214 0.579 -0.064

0.175 -1.3422 -0.6151 1.8570 -10.500 12.301 -28.382 24.00 28.51 1.603 1.328 0.659 -0.031

0.200 -1.3098 -0.6374 1.8476 -12.222 11.318 -28.863 23.84 14.14 1.566 1.448 0.709 -0.000

0.225 -1.2786 -0.6593 1.8373 -12.303 10.160 -30.609 24.76 16.71 1.526 1.499 0.827 0.004

0.250 -1.2494 -0.6815 1.8263 -12.514 8.994 -32.525 25.18 33.14 1.487 1.561 0.862 -0.013

0.275 -1.2219 -0.7038 1.8144 -12.242 7.790 -34.884 25.86 42.13 1.459 1.477 0.822 -0.091

0.300 -1.1949 -0.7260 1.8010 -12.567 6.301 -36.637 27.62 46.08 1.455 1.448 0.840 -0.078

0.325 -1.1688 -0.7481 1.7862 -12.169 4.560 -38.695 28.32 35.21 1.462 1.394 0.842 -0.086

0.350 -1.1434 -0.7702 1.7702 -11.756 2.649 -40.538 28.95 17.65 1.470 1.290 0.839 -0.090

0.375 -1.1184 -0.7923 1.7521 -11.840 0.460 -41.934 29.33 15.37 1.479 1.277 0.880 -0.045

0.400 -1.0943 -0.8147 1.7325 -11.960 -1.819 -43.333 29.45 -0.34 1.497 1.285 0.840 -0.020

0.425 -1.0708 -0.8373 1.7118 -11.314 -4.039 -44.917 29.54 -19.88 1.540 1.152 0.763 -0.041

0.450 -1.0472 -0.8602 1.6890 -11.437 -6.431 -45.771 28.56 -29.36 1.579 1.166 0.757 -0.021

0.475 -1.0239 -0.8834 1.6649 -10.500 -8.813 -47.019 27.77 -25.47 1.622 1.044 0.713 -0.032

0.500 -1.0011 -0.9072 1.6394 -9.590 -11.228 -48.181 27.58 -20.02 1.670 0.927 0.646 -0.038

0.525 -0.9782 -0.9316 1.6115 -9.232 -13.838 -49.047 26.89 -41.69 1.736 0.863 0.593 -0.031

0.550 -0.9555 -0.9566 1.5816 -9.143 -16.631 -49.874 25.52 -75.13 1.803 0.911 0.515 -0.008

0.575 -0.9322 -0.9824 1.5504 -7.620 -19.360 -50.822 23.06 -92.18 1.888 0.794 0.442 -0.011

0.600 -0.9081 -1.0091 1.5171 -6.932 -22.137 -51.413 20.78 -80.15 1.974 0.736 0.403 0.003

0.625 -0.8832 -1.0370 1.4820 -6.582 -24.833 -51.987 19.02 -67.91 2.053 0.649 0.397 0.002

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 -0.8586 -1.0663 1.4452 -6.907 -27.539 -52.541 17.54 -86.31 2.130 0.619 0.334 0.014

0.675 -0.8337 -1.0972 1.4062 -7.746 -30.273 -53.043 14.90 -101.46 2.220 0.615 0.290 0.044

0.700 -0.8086 -1.1298 1.3654 -8.646 -32.774 -53.608 11.81 -83.70 2.335 0.566 0.224 0.065

0.725 -0.7829 -1.1638 1.3227 -8.217 -34.707 -54.338 10.86 -40.37 2.451 0.459 0.192 0.068

0.750 -0.7562 -1.1988 1.2775 -8.606 -35.989 -54.770 10.34 -18.33 2.560 0.450 0.193 0.060

0.775 -0.7290 -1.2356 1.2303 -9.258 -36.655 -55.120 9.75 -31.46 2.662 0.472 0.190 0.041

0.800 -0.7014 -1.2743 1.1814 -10.325 -36.927 -55.394 8.73 -44.68 2.771 0.504 0.166 0.027

0.825 -0.6727 -1.3156 1.1314 -11.510 -36.973 -55.689 7.36 -50.63 2.875 0.511 0.147 0.021

0.850 -0.6430 -1.3598 1.0806 -12.638 -36.867 -55.900 6.36 -47.12 2.981 0.507 0.143 0.022

0.875 -0.6124 -1.4070 1.0296 -13.868 -36.442 -56.008 5.11 -39.55 3.080 0.491 0.130 0.020

0.900 -0.5808 -1.4567 0.9781 -14.852 -35.744 -55.913 4.27 -30.80 3.176 0.484 0.124 0.020

0.925 -0.5480 -1.5096 0.9270 -15.656 -34.614 -55.669 3.64 -18.13 3.264 0.467 0.126 0.013

0.950 -0.5144 -1.5650 0.8762 -16.279 -33.297 -55.396 3.21 -15.22 3.345 0.464 0.127 0.008

0.975 -0.4797 -1.6229 0.8263 -16.714 -31.757 -55.015 3.00 -17.44 3.405 0.468 0.126 0.000

1.000 -0.4446 -1.6838 0.7774 -17.200 -30.269 -54.619 2.25 -24.81 3.461 0.475 0.120 -0.000

1.025 -0.4089 -1.7477 0.7301 -17.927 -28.767 -54.208 1.76 -27.66 3.522 0.461 0.113 -0.001

1.050 -0.3730 -1.8142 0.6840 -18.525 -27.403 -53.775 0.86 -26.41 3.580 0.473 0.111 0.010

1.075 -0.3363 -1.8838 0.6403 -19.415 -25.612 -53.382 0.46 -27.35 3.628 0.470 0.132 0.005

1.100 -0.2986 -1.9551 0.5990 -20.239 -23.814 -52.958 -0.39 -29.44 3.638 0.495 0.156 0.008

1.125 -0.2601 -2.0279 0.5614 -21.100 -21.752 -52.634 -1.16 -35.55 3.619 0.528 0.181 0.005

1.150 -0.2213 -2.1016 0.5281 -21.936 -19.682 -52.601 -2.17 -44.89 3.574 0.573 0.204 0.002
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Test Conditions

aircraft Vapor flight regression 7

test number 2443

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.6

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.4568 -0.7520 1.5039 -13.829 -1.816 8.994 5.44 -24.47 2.713 0.609 0.145 0.002

0.025 -0.3902 -0.7470 1.4943 -14.056 -1.717 8.286 5.10 0.63 2.692 0.650 0.140 0.013

0.050 -0.3240 -0.7426 1.4854 -14.165 -1.372 7.663 4.96 -2.93 2.662 0.655 0.148 0.007

0.075 -0.2586 -0.7391 1.4768 -14.246 -1.006 6.885 5.07 3.95 2.641 0.681 0.137 0.010

0.100 -0.1935 -0.7359 1.4690 -14.158 -0.484 6.226 5.16 8.06 2.623 0.689 0.141 0.013

0.125 -0.1289 -0.7330 1.4617 -13.148 0.045 5.153 5.36 19.03 2.596 0.692 0.144 0.012

0.150 -0.0651 -0.7310 1.4550 -12.606 0.896 4.339 6.06 36.44 2.570 0.671 0.154 -0.006

0.175 -0.0021 -0.7297 1.4483 -12.637 1.735 3.884 7.17 39.88 2.535 0.664 0.165 -0.023

0.200 0.0602 -0.7297 1.4413 -13.191 2.354 3.631 8.16 25.23 2.502 0.680 0.175 -0.026

0.225 0.1218 -0.7306 1.4339 -13.659 2.682 3.227 8.36 7.19 2.476 0.710 0.173 -0.019

0.250 0.1828 -0.7322 1.4266 -14.319 2.878 2.944 8.42 0.07 2.445 0.730 0.184 -0.017

0.275 0.2431 -0.7347 1.4190 -14.234 2.731 2.081 8.38 -1.75 2.414 0.753 0.187 -0.011

0.300 0.3026 -0.7379 1.4115 -14.346 2.576 1.367 8.41 -7.89 2.381 0.779 0.196 -0.002

0.325 0.3613 -0.7417 1.4042 -14.393 2.398 0.750 8.10 -10.30 2.352 0.801 0.188 0.012

0.350 0.4192 -0.7462 1.3970 -14.359 2.319 0.057 7.82 -0.87 2.328 0.812 0.183 0.014

0.375 0.4764 -0.7512 1.3899 -14.239 2.441 -0.578 8.00 15.77 2.304 0.803 0.190 0.001

0.400 0.5329 -0.7570 1.3828 -14.078 2.603 -1.262 8.67 24.82 2.278 0.786 0.204 -0.016

0.425 0.5886 -0.7637 1.3750 -13.883 2.530 -2.150 9.25 23.26 2.249 0.795 0.205 -0.020

0.450 0.6437 -0.7709 1.3667 -13.722 2.330 -2.901 9.72 14.37 2.229 0.801 0.209 -0.020

0.475 0.6981 -0.7787 1.3578 -13.603 1.992 -3.555 10.03 6.47 2.215 0.819 0.214 -0.013

0.500 0.7520 -0.7872 1.3485 -13.520 1.569 -4.182 10.06 1.88 2.198 0.833 0.221 -0.005

0.525 0.8054 -0.7961 1.3388 -13.452 1.122 -4.750 10.11 3.92 2.179 0.846 0.233 0.005

0.550 0.8581 -0.8057 1.3286 -13.349 0.740 -5.396 10.29 11.34 2.160 0.849 0.242 0.006

0.575 0.9101 -0.8160 1.3179 -13.176 0.377 -6.185 10.68 16.25 2.152 0.845 0.235 0.001

0.600 0.9616 -0.8267 1.3067 -12.892 0.039 -6.895 11.10 16.71 2.142 0.851 0.246 -0.004

0.625 1.0127 -0.8379 1.2948 -12.591 -0.308 -7.567 11.46 12.50 2.134 0.863 0.248 -0.008
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 1.0634 -0.8495 1.2823 -12.248 -0.720 -8.168 11.72 7.09 2.129 0.876 0.254 -0.006

0.675 1.1139 -0.8615 1.2694 -11.888 -1.180 -8.787 11.82 1.91 2.125 0.891 0.260 -0.001

0.700 1.1640 -0.8739 1.2562 -11.525 -1.633 -9.431 11.87 -1.43 2.121 0.903 0.266 0.002

0.725 1.2138 -0.8867 1.2426 -11.164 -2.066 -10.089 11.77 -0.75 2.116 0.907 0.267 0.002

0.750 1.2633 -0.8999 1.2288 -10.860 -2.476 -10.742 11.76 1.76 2.113 0.905 0.266 0.002

0.775 1.3126 -0.9135 1.2146 -10.643 -2.849 -11.339 11.89 3.24 2.115 0.900 0.265 0.001

0.800 1.3617 -0.9275 1.2001 -10.460 -3.225 -11.923 11.96 2.31 2.117 0.900 0.266 0.003

0.825 1.4106 -0.9418 1.1853 -10.238 -3.560 -12.519 11.99 3.75 2.120 0.890 0.266 0.000

0.850 1.4595 -0.9565 1.1701 -10.023 -3.901 -13.111 12.08 6.94 2.123 0.882 0.267 -0.001

0.875 1.5082 -0.9713 1.1544 -9.833 -4.222 -13.669 12.33 4.49 2.129 0.873 0.268 -0.004
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Test Conditions

aircraft Vapor flight regression 8

test number 2438

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.1

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.2186 -0.5490 1.4443 -14.289 -27.897 16.065 -1.06 1.83 3.748 0.401 0.072 -0.011

0.025 -1.1362 -0.5402 1.4001 -13.175 -26.653 15.224 -1.07 -6.05 3.808 0.397 0.072 -0.006

0.050 -1.0514 -0.5304 1.3577 -12.529 -25.479 14.559 -1.29 -9.96 3.858 0.395 0.073 -0.001

0.075 -0.9645 -0.5197 1.3173 -12.169 -24.289 14.038 -1.59 -9.91 3.900 0.394 0.074 0.004

0.100 -0.8754 -0.5082 1.2793 -11.811 -22.881 13.709 -1.73 -4.00 3.931 0.379 0.089 0.002

0.125 -0.7853 -0.4972 1.2433 -11.543 -21.481 13.245 -1.79 5.78 3.944 0.375 0.092 0.000

0.150 -0.6941 -0.4865 1.2094 -11.113 -20.091 12.680 -1.45 9.76 3.939 0.371 0.098 -0.002

0.175 -0.6022 -0.4762 1.1775 -10.819 -18.770 12.051 -1.24 3.82 3.930 0.383 0.094 0.000

0.200 -0.5096 -0.4659 1.1479 -10.615 -17.413 11.462 -1.29 -4.66 3.931 0.394 0.087 0.002

0.225 -0.4163 -0.4557 1.1207 -10.557 -16.024 11.034 -1.61 -4.89 3.945 0.404 0.079 0.005

0.250 -0.3223 -0.4454 1.0964 -10.530 -14.450 10.774 -1.64 -2.84 3.933 0.411 0.083 0.003

0.275 -0.2280 -0.4354 1.0749 -10.534 -12.820 10.531 -1.56 -4.09 3.911 0.423 0.086 0.004

0.300 -0.1336 -0.4250 1.0566 -10.500 -11.077 10.534 -1.81 -3.03 3.888 0.430 0.084 0.004

0.325 -0.0395 -0.4144 1.0416 -10.332 -9.189 10.591 -1.85 8.68 3.860 0.421 0.083 0.000

0.350 0.0541 -0.4040 1.0294 -10.123 -7.303 10.690 -1.36 23.72 3.816 0.410 0.088 -0.004

0.375 0.1470 -0.3939 1.0195 -9.895 -5.495 10.738 -0.64 27.01 3.767 0.401 0.094 -0.008

0.400 0.2390 -0.3847 1.0111 -9.653 -3.952 10.566 0.05 20.94 3.716 0.407 0.095 -0.006

0.425 0.3299 -0.3759 1.0044 -9.242 -2.572 10.233 0.36 14.31 3.661 0.424 0.097 -0.003

0.450 0.4195 -0.3667 0.9996 -8.286 -1.241 9.753 0.71 11.01 3.602 0.439 0.099 -0.003

0.475 0.5077 -0.3577 0.9967 -7.607 0.118 9.331 1.03 12.55 3.541 0.447 0.099 -0.004

0.500 0.5944 -0.3491 0.9955 -7.405 1.407 9.126 1.26 12.76 3.479 0.455 0.098 -0.005

0.525 0.6796 -0.3407 0.9958 -7.667 2.640 9.134 1.68 11.01 3.414 0.465 0.102 -0.004

0.550 0.7631 -0.3328 0.9974 -8.404 3.799 9.357 1.86 6.18 3.345 0.488 0.107 0.001

0.575 0.8448 -0.3251 1.0004 -8.528 5.028 9.259 1.94 2.52 3.271 0.510 0.108 0.001

0.600 0.9245 -0.3175 1.0047 -8.611 6.219 9.247 2.00 5.37 3.192 0.541 0.111 0.004

0.625 1.0022 -0.3104 1.0105 -8.633 7.553 9.193 2.24 12.05 3.114 0.558 0.112 0.002
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 1.0778 -0.3036 1.0177 -8.616 8.943 9.122 2.59 16.85 3.032 0.577 0.115 -0.001

0.675 1.1512 -0.2971 1.0258 -8.200 10.277 8.775 3.13 19.52 2.947 0.595 0.119 -0.007

0.700 1.2225 -0.2912 1.0347 -8.063 11.512 8.637 3.53 22.64 2.861 0.617 0.127 -0.006

0.725 1.2915 -0.2857 1.0442 -7.742 12.699 8.412 4.19 27.31 2.769 0.636 0.142 -0.005

0.750 1.3580 -0.2801 1.0540 -5.904 13.739 6.875 4.94 34.00 2.671 0.660 0.139 -0.021

0.775 1.4225 -0.2750 1.0638 -5.075 14.678 6.308 5.79 35.21 2.580 0.686 0.146 -0.018

0.800 1.4846 -0.2704 1.0734 -4.701 15.567 6.084 6.77 29.36 2.496 0.719 0.153 -0.018

0.825 1.5446 -0.2665 1.0829 -5.303 16.381 6.653 7.34 19.57 2.408 0.767 0.172 -0.025

0.850 1.6023 -0.2632 1.0920 -6.687 17.098 7.884 7.62 18.50 2.307 0.826 0.193 -0.005

0.875 1.6579 -0.2600 1.1007 -7.152 17.678 8.244 8.09 26.57 2.209 0.891 0.210 -0.002

0.900 1.7110 -0.2570 1.1091 -6.253 18.288 7.300 9.25 37.86 2.123 0.912 0.206 -0.013

0.925 1.7622 -0.2539 1.1167 -5.891 18.773 7.094 10.18 54.33 2.038 0.942 0.224 -0.009

0.950 1.8113 -0.2515 1.1233 -5.843 19.238 6.867 11.60 67.50 1.952 0.979 0.249 -0.015

0.975 1.8586 -0.2493 1.1286 -5.902 19.639 6.863 13.72 67.54 1.872 1.045 0.291 -0.019

1.000 1.9041 -0.2472 1.1327 -5.963 19.984 6.945 15.25 64.60 1.799 1.115 0.373 -0.026

1.025 1.9476 -0.2451 1.1356 -5.856 20.219 6.922 16.45 70.70 1.704 1.199 0.459 -0.041

1.050 1.9892 -0.2435 1.1367 -5.743 20.205 6.770 18.88 89.98 1.615 1.330 0.587 -0.031

1.075 2.0283 -0.2426 1.1367 -5.450 20.161 6.144 21.09 88.18 1.518 1.428 0.651 -0.054

1.100 2.0657 -0.2419 1.1349 -5.341 19.902 5.567 23.52 83.55 1.456 1.529 0.673 -0.067

1.125 2.1014 -0.2408 1.1318 -5.126 19.498 5.183 25.00 101.80 1.405 1.575 0.683 -0.091

1.150 2.1361 -0.2393 1.1268 -4.858 18.808 4.923 28.35 120.42 1.368 1.523 0.804 -0.119

1.175 2.1693 -0.2372 1.1200 -4.437 17.892 4.848 31.94 125.86 1.348 1.462 0.915 -0.131

1.200 2.2017 -0.2350 1.1106 -4.237 16.341 5.074 33.93 94.53 1.281 1.752 1.267 0.027
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Test Conditions

aircraft Vapor flight regression 9

test number 2423

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.1

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.3744 -0.9041 1.7565 -7.812 -7.580 23.037 10.98 -0.08 2.321 0.827 0.285 -0.020

0.025 -1.3228 -0.8860 1.7377 -7.677 -7.402 23.009 10.99 -5.60 2.312 0.823 0.276 -0.014

0.050 -1.2711 -0.8682 1.7191 -7.502 -7.331 22.874 10.72 -10.49 2.314 0.827 0.238 -0.008

0.075 -1.2190 -0.8500 1.7008 -7.285 -7.301 22.818 10.37 -8.26 2.329 0.806 0.216 -0.006

0.100 -1.1666 -0.8314 1.6826 -7.097 -7.302 22.842 10.34 -3.17 2.353 0.776 0.220 -0.003

0.125 -1.1140 -0.8125 1.6644 -6.913 -7.320 22.882 10.33 -1.08 2.350 0.773 0.237 -0.002

0.150 -1.0614 -0.7937 1.6464 -6.571 -7.328 22.748 10.18 -1.46 2.346 0.764 0.218 -0.009

0.175 -1.0084 -0.7751 1.6281 -6.353 -7.428 22.546 10.16 -0.98 2.358 0.751 0.200 -0.013

0.200 -0.9551 -0.7567 1.6096 -6.244 -7.654 22.302 10.15 -5.85 2.387 0.738 0.171 -0.012

0.225 -0.9012 -0.7376 1.5909 -6.280 -7.952 22.300 9.98 -14.79 2.416 0.724 0.176 -0.006

0.250 -0.8468 -0.7182 1.5721 -6.459 -8.293 22.456 9.43 -17.88 2.430 0.718 0.195 -0.000

0.275 -0.7923 -0.6985 1.5532 -6.548 -8.642 22.578 8.98 -13.05 2.437 0.707 0.195 0.003

0.300 -0.7376 -0.6785 1.5342 -6.516 -8.949 22.635 8.85 -6.25 2.450 0.689 0.200 0.002

0.325 -0.6827 -0.6586 1.5151 -6.568 -9.254 22.509 8.68 -6.12 2.455 0.683 0.192 0.002

0.350 -0.6277 -0.6388 1.4957 -6.705 -9.561 22.310 8.47 -8.59 2.469 0.690 0.167 0.003

0.375 -0.5721 -0.6186 1.4761 -6.903 -9.815 22.189 8.20 -11.02 2.496 0.673 0.158 -0.002

0.400 -0.5161 -0.5983 1.4564 -7.194 -10.093 22.181 8.00 -12.56 2.524 0.656 0.157 -0.002

0.425 -0.4595 -0.5777 1.4364 -7.584 -10.390 22.331 7.63 -10.89 2.550 0.647 0.165 0.002

0.450 -0.4024 -0.5572 1.4162 -7.947 -10.665 22.536 7.35 -10.84 2.557 0.644 0.182 0.006

0.475 -0.3452 -0.5368 1.3960 -8.220 -10.886 22.675 7.16 -11.30 2.564 0.650 0.172 0.007

0.500 -0.2875 -0.5166 1.3756 -8.376 -11.018 22.751 6.76 -15.04 2.585 0.648 0.154 0.003

0.525 -0.2292 -0.4962 1.3553 -8.442 -11.123 22.861 6.43 -13.70 2.608 0.642 0.150 -0.001

0.550 -0.1704 -0.4756 1.3352 -8.263 -11.225 22.930 6.02 -7.87 2.630 0.614 0.138 -0.007

0.575 -0.1110 -0.4547 1.3148 -8.286 -11.434 23.086 6.00 -7.89 2.652 0.599 0.142 -0.006

0.600 -0.0512 -0.4336 1.2942 -8.433 -11.705 23.266 5.79 -13.31 2.673 0.601 0.149 0.000

0.625 0.0090 -0.4124 1.2737 -8.527 -11.971 23.346 5.26 -21.43 2.690 0.597 0.142 0.004
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 0.0697 -0.3910 1.2532 -8.574 -12.213 23.358 4.75 -15.63 2.704 0.592 0.136 0.006

0.675 0.1308 -0.3693 1.2326 -8.571 -12.435 23.340 4.21 -5.50 2.721 0.591 0.133 0.010

0.700 0.1924 -0.3475 1.2123 -8.231 -12.480 23.115 4.54 -3.16 2.747 0.561 0.127 0.004

0.725 0.2545 -0.3258 1.1916 -8.204 -12.549 22.893 4.36 -5.25 2.768 0.566 0.128 0.004

0.750 0.3172 -0.3042 1.1709 -8.186 -12.580 22.636 4.08 -6.81 2.784 0.562 0.124 0.002

0.775 0.3804 -0.2827 1.1503 -8.168 -12.556 22.331 4.08 -1.31 2.805 0.541 0.119 -0.002

0.800 0.4440 -0.2609 1.1295 -8.318 -12.604 22.186 4.05 0.22 2.828 0.538 0.118 0.004

0.825 0.5082 -0.2390 1.1087 -8.551 -12.588 22.084 4.04 -3.93 2.848 0.541 0.123 0.009

0.850 0.5727 -0.2171 1.0879 -8.753 -12.437 21.949 3.87 -6.77 2.863 0.547 0.124 0.007

0.875 0.6378 -0.1952 1.0675 -8.824 -12.202 21.705 3.69 -2.28 2.876 0.539 0.121 0.001

0.900 0.7033 -0.1732 1.0473 -8.869 -11.989 21.438 3.71 6.86 2.891 0.517 0.120 -0.001

0.925 0.7691 -0.1514 1.0271 -9.049 -11.790 21.169 4.08 11.72 2.903 0.499 0.120 -0.002

0.950 0.8354 -0.1297 1.0066 -9.431 -11.646 20.990 4.36 8.71 2.917 0.499 0.122 0.003

0.975 0.9019 -0.1083 0.9859 -9.912 -11.457 20.840 4.45 3.29 2.928 0.506 0.121 0.006

1.000 0.9689 -0.0871 0.9652 -10.517 -11.185 20.766 4.47 2.24 2.943 0.516 0.124 0.009

1.025 1.0362 -0.0663 0.9448 -11.177 -10.796 20.732 4.54 1.25 2.952 0.530 0.129 0.011

1.050 1.1038 -0.0458 0.9247 -11.914 -10.262 20.750 4.59 -4.35 2.955 0.555 0.137 0.014

1.075 1.1717 -0.0257 0.9053 -12.605 -9.525 20.762 4.38 -10.42 2.954 0.585 0.142 0.012

1.100 1.2399 -0.0058 0.8873 -12.986 -8.651 20.672 4.02 -11.08 2.945 0.603 0.141 0.007

1.125 1.3082 0.0137 0.8706 -13.059 -7.703 20.416 3.81 -5.89 2.934 0.608 0.135 0.000

1.150 1.3768 0.0327 0.8552 -13.000 -6.802 20.083 3.75 -2.22 2.922 0.608 0.133 -0.002

1.175 1.4455 0.0512 0.8411 -12.881 -5.962 19.655 3.75 -2.43 2.910 0.607 0.131 -0.004

1.200 1.5142 0.0691 0.8282 -12.714 -5.180 19.152 3.64 0.21 2.893 0.602 0.128 -0.005

1.225 1.5828 0.0864 0.8162 -12.492 -4.460 18.629 3.67 7.88 2.873 0.587 0.124 -0.008

1.250 1.6513 0.1031 0.8049 -12.288 -3.844 18.121 4.04 16.22 2.857 0.574 0.122 -0.008

1.275 1.7196 0.1192 0.7940 -12.093 -3.328 17.634 4.49 13.64 2.843 0.563 0.121 -0.009

1.300 1.7876 0.1349 0.7832 -11.991 -2.964 17.274 4.77 3.37 2.826 0.586 0.124 0.002

1.325 1.8554 0.1502 0.7729 -11.829 -2.548 16.884 4.65 0.59 2.809 0.601 0.124 0.010
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Test Conditions

aircraft Vapor flight regression 10

test number 2428

m (g) 14.44 Ixx (g·cm2) 369.9

Iyy (g·cm2) 1129.1 Izz (g·cm2) 1242.2

Ixz (g·cm2) 87.6 δe (deg) 1.3

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.8911 -0.7321 1.8230 -10.933 -33.249 26.472 6.59 -15.55 2.526 0.629 0.193 0.025

0.025 -1.8448 -0.7177 1.7816 -11.423 -32.502 26.636 6.04 -23.95 2.612 0.643 0.180 0.013

0.050 -1.7959 -0.7026 1.7399 -11.731 -31.639 26.766 5.36 -23.78 2.699 0.624 0.167 0.002

0.075 -1.7443 -0.6867 1.6981 -11.861 -30.776 26.853 4.91 -16.34 2.784 0.587 0.165 -0.005

0.100 -1.6905 -0.6702 1.6562 -11.861 -30.024 26.833 4.55 -11.50 2.863 0.557 0.167 -0.005

0.125 -1.6345 -0.6529 1.6144 -11.737 -29.374 26.745 4.32 -16.47 2.914 0.547 0.173 -0.000

0.150 -1.5766 -0.6358 1.5728 -11.439 -28.776 26.342 3.81 -23.62 2.974 0.555 0.146 0.004

0.175 -1.5164 -0.6177 1.5317 -10.960 -28.095 25.940 3.03 -24.27 3.045 0.539 0.126 0.004

0.200 -1.4541 -0.5984 1.4913 -10.440 -27.344 25.568 2.54 -15.38 3.119 0.514 0.114 0.004

0.225 -1.3897 -0.5781 1.4515 -9.984 -26.525 25.203 2.34 -6.76 3.182 0.493 0.114 0.002

0.250 -1.3233 -0.5573 1.4123 -9.626 -25.715 24.788 2.23 -7.91 3.230 0.482 0.117 0.003

0.275 -1.2552 -0.5361 1.3739 -9.417 -24.867 24.319 1.95 -11.09 3.282 0.480 0.111 0.004

0.300 -1.1853 -0.5147 1.3362 -9.284 -23.998 23.846 1.58 -11.35 3.332 0.481 0.102 0.007

0.325 -1.1135 -0.4925 1.3000 -9.151 -22.946 23.472 1.38 -10.35 3.376 0.469 0.105 0.004

0.350 -1.0403 -0.4697 1.2648 -9.377 -21.830 23.302 1.19 -7.28 3.411 0.480 0.115 0.004

0.375 -0.9656 -0.4460 1.2317 -7.688 -20.616 22.845 0.95 -0.09 3.425 0.464 0.104 -0.004

0.400 -0.8898 -0.4219 1.2000 -6.480 -19.476 22.497 1.11 8.75 3.451 0.442 0.098 -0.007

0.425 -0.8129 -0.3975 1.1694 -5.921 -18.464 22.249 1.45 10.99 3.480 0.426 0.097 -0.005

0.450 -0.7351 -0.3728 1.1398 -6.181 -17.567 22.075 1.61 -0.59 3.506 0.425 0.104 0.001

0.475 -0.6568 -0.3480 1.1116 -7.352 -16.600 21.951 1.54 -9.03 3.504 0.439 0.109 0.003

0.500 -0.5779 -0.3227 1.0846 -8.763 -15.592 21.924 0.95 -9.57 3.497 0.462 0.110 0.005

0.525 -0.4986 -0.2971 1.0598 -8.479 -14.458 21.639 1.04 -5.17 3.507 0.456 0.101 0.003

0.550 -0.4188 -0.2711 1.0368 -8.729 -13.256 21.616 0.94 -0.57 3.505 0.458 0.104 0.001

0.575 -0.3387 -0.2452 1.0156 -8.883 -12.019 21.693 0.88 0.81 3.491 0.461 0.106 0.001

0.600 -0.2585 -0.2191 0.9963 -8.963 -10.779 21.840 0.98 1.20 3.470 0.468 0.111 0.002

0.625 -0.1784 -0.1935 0.9788 -8.968 -9.557 21.773 1.08 -0.51 3.453 0.482 0.105 0.004
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.650 -0.0985 -0.1670 0.9636 -8.810 -8.154 21.849 0.87 1.80 3.431 0.480 0.108 0.002

0.675 -0.0192 -0.1408 0.9502 -8.547 -6.797 21.766 1.10 11.33 3.396 0.483 0.104 0.000

0.700 0.0596 -0.1144 0.9387 -8.313 -5.390 21.768 1.51 20.06 3.362 0.481 0.104 -0.003

0.725 0.1378 -0.0880 0.9288 -8.133 -4.013 21.816 2.09 16.35 3.330 0.480 0.105 -0.006

0.750 0.2153 -0.0620 0.9202 -8.089 -2.765 21.905 2.43 13.01 3.294 0.491 0.108 -0.004

0.775 0.2921 -0.0369 0.9127 -8.092 -1.636 21.835 2.50 10.44 3.255 0.505 0.107 -0.001

0.800 0.3681 -0.0116 0.9069 -8.057 -0.415 21.877 3.11 11.80 3.199 0.508 0.123 -0.005

0.825 0.4429 0.0129 0.9021 -7.986 0.657 21.751 3.20 13.70 3.153 0.520 0.125 -0.006

0.850 0.5166 0.0368 0.8984 -7.850 1.622 21.423 3.57 12.83 3.090 0.530 0.129 -0.005

0.875 0.5891 0.0600 0.8955 -7.696 2.481 21.064 3.94 12.02 3.030 0.552 0.128 -0.001

0.900 0.6603 0.0825 0.8935 -7.426 3.322 20.539 4.19 6.98 2.974 0.577 0.113 0.004

0.925 0.7302 0.1053 0.8926 -7.162 4.289 20.318 4.35 10.10 2.937 0.587 0.106 0.005

0.950 0.7987 0.1284 0.8928 -6.849 5.403 20.305 4.58 23.32 2.891 0.585 0.114 -0.003

0.975 0.8659 0.1514 0.8938 -6.498 6.516 20.427 5.47 34.29 2.825 0.576 0.135 -0.014

1.000 0.9316 0.1739 0.8947 -6.279 7.367 20.570 6.51 37.23 2.757 0.591 0.161 -0.011

1.025 0.9959 0.1951 0.8958 -5.759 8.164 20.205 7.26 34.44 2.681 0.595 0.162 -0.021

1.050 1.0588 0.2153 0.8963 -5.565 8.648 19.821 8.09 30.18 2.620 0.620 0.155 -0.021

1.075 1.1204 0.2351 0.8963 -5.658 8.917 19.752 8.77 17.49 2.563 0.675 0.164 -0.010

1.100 1.1805 0.2547 0.8965 -5.804 9.169 19.827 9.00 -6.66 2.509 0.731 0.177 -0.002

1.125 1.2391 0.2742 0.8970 -5.904 9.415 19.960 8.59 -15.38 2.447 0.787 0.182 0.006

1.150 1.2961 0.2936 0.8978 -5.833 9.673 20.112 7.96 -0.15 2.372 0.839 0.190 0.010

1.175 1.3514 0.3127 0.8995 -5.021 10.159 19.720 8.61 24.15 2.312 0.803 0.191 -0.015

1.200 1.4053 0.3313 0.9008 -4.278 10.441 19.341 9.41 34.53 2.254 0.796 0.187 -0.022

1.225 1.4579 0.3496 0.9012 -4.222 10.502 19.448 10.25 32.77 2.201 0.826 0.217 -0.002

1.250 1.5088 0.3684 0.9013 -2.464 10.676 18.385 10.96 39.07 2.133 0.837 0.216 -0.031

1.275 1.5586 0.3866 0.9005 -1.112 10.741 17.442 12.15 53.06 2.085 0.813 0.201 -0.064

1.300 1.6074 0.4046 0.8981 -0.580 10.365 17.176 13.58 54.10 2.056 0.812 0.212 -0.057

1.325 1.6554 0.4224 0.8944 -0.834 9.657 17.544 14.97 27.20 2.029 0.855 0.259 -0.044

1.350 1.7023 0.4399 0.8895 -1.758 8.724 18.478 15.19 2.64 1.991 0.921 0.299 -0.012

1.375 1.7483 0.4572 0.8835 -3.159 7.768 19.800 14.77 8.40 1.936 0.992 0.354 0.035

1.400 1.7928 0.4747 0.8770 -2.894 7.172 20.002 15.46 38.60 1.898 0.969 0.344 0.000

1.425 1.8363 0.4918 0.8693 -2.932 6.604 20.379 16.90 47.22 1.876 0.944 0.367 -0.032

1.450 1.8791 0.5087 0.8601 -3.179 5.745 20.956 18.15 30.20 1.849 1.002 0.394 -0.027

1.475 1.9211 0.5258 0.8498 -3.471 4.779 21.603 18.19 15.78 1.832 1.025 0.449 -0.018

1.500 1.9621 0.5426 0.8386 -3.694 3.758 22.192 18.72 17.99 1.802 1.043 0.488 -0.014

1.525 2.0022 0.5593 0.8262 -3.820 2.678 22.736 19.30 23.73 1.771 1.077 0.501 -0.017
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.550 2.0415 0.5759 0.8128 -3.800 1.547 23.239 19.84 9.99 1.761 1.079 0.472 -0.028

1.575 2.0804 0.5926 0.7984 -3.763 0.318 23.782 19.99 0.47 1.768 1.066 0.441 -0.037

1.600 2.1190 0.6093 0.7826 -3.739 -1.126 24.407 19.58 1.58 1.788 1.041 0.397 -0.028

1.625 2.1578 0.6266 0.7659 -3.745 -2.654 25.149 20.06 7.71 1.800 0.943 0.422 -0.030
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Appendix B

Test Data for the Balsa Glider with

an Aspect Ratio 6.07

Appendix B lists the data for selected flights of the balsa glider with an aspect ratio 6.07. The data is

downsampled from the recording rate of 200 Hz to 40 Hz. Flights E, F and G (as listed in Table 6.2) are

included as well as the 14 regression flights. The tables include some of the specific test conditions and a

time history of the important parameters.

The trajectory and determined quantities tabulated for flight E of the balsa glider with an aspect ratio

of 6.07 which is labeled as the ‘aggressive’ flight in Fig. 5.10 and was shown in Figs. 6.22 and 6.23.

Test Conditions

aircraft balsa glider flight E

aspect ratio 6.07 test number 6053

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.3865 -0.0322 1.3422 3.917 22.582 35.592 6.98 7.11 4.752 0.727 0.130 -0.010

0.025 -0.2924 0.0284 1.3764 3.814 25.083 35.801 7.20 10.06 4.607 0.738 0.125 -0.013

0.050 -0.2026 0.0871 1.4136 3.752 27.498 35.991 7.47 12.29 4.461 0.750 0.124 -0.015

0.075 -0.1174 0.1438 1.4532 3.726 29.816 36.166 7.79 13.80 4.309 0.764 0.127 -0.018

0.100 -0.0365 0.1982 1.4948 3.731 32.054 36.342 8.17 14.07 4.152 0.782 0.138 -0.025

0.125 0.0397 0.2503 1.5376 3.767 34.118 36.483 8.51 15.78 3.983 0.801 0.152 -0.024

0.150 0.1115 0.3001 1.5811 3.816 36.048 36.632 8.94 19.44 3.808 0.822 0.165 -0.020
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.175 0.1789 0.3474 1.6246 3.886 37.905 36.790 9.50 23.81 3.630 0.849 0.179 -0.024

0.200 0.2420 0.3922 1.6677 4.015 39.678 36.948 10.14 26.66 3.449 0.881 0.193 -0.039

0.225 0.3010 0.4347 1.7098 4.250 41.321 37.069 10.84 29.02 3.265 0.912 0.208 -0.065

0.250 0.3560 0.4749 1.7505 4.611 42.716 37.134 11.60 32.73 3.081 0.932 0.224 -0.087

0.275 0.4073 0.5131 1.7893 5.064 43.816 37.143 12.49 39.11 2.899 0.945 0.247 -0.098

0.300 0.4552 0.5495 1.8257 5.551 44.626 37.133 13.58 48.87 2.717 0.957 0.277 -0.097

0.325 0.5000 0.5840 1.8591 6.023 45.194 37.140 14.96 61.89 2.538 0.976 0.316 -0.090

0.350 0.5420 0.6170 1.8892 6.467 45.568 37.210 16.70 78.28 2.364 1.003 0.363 -0.082

0.375 0.5814 0.6485 1.9157 6.870 45.793 37.356 18.90 98.06 2.197 1.039 0.421 -0.080

0.400 0.6186 0.6787 1.9384 7.232 45.891 37.580 21.63 121.25 2.039 1.083 0.500 -0.082

0.425 0.6536 0.7076 1.9570 7.524 45.876 37.855 24.98 147.61 1.892 1.136 0.608 -0.090

0.450 0.6867 0.7354 1.9714 7.730 45.750 38.218 29.02 176.04 1.756 1.194 0.748 -0.106

0.475 0.7180 0.7620 1.9815 7.834 45.510 38.693 33.78 204.83 1.635 1.253 0.926 -0.136

0.500 0.7476 0.7875 1.9873 7.822 45.139 39.340 39.25 231.86 1.532 1.296 1.137 -0.181

0.525 0.7756 0.8118 1.9888 7.662 44.612 40.179 45.34 255.05 1.450 1.292 1.383 -0.229

0.550 0.8021 0.8351 1.9859 7.341 43.919 41.233 51.94 271.91 1.391 1.221 1.635 -0.284

0.575 0.8270 0.8573 1.9787 6.843 43.052 42.485 58.84 278.02 1.356 1.074 1.864 -0.344

0.600 0.8506 0.8783 1.9673 6.176 41.999 43.922 65.76 269.51 1.347 0.882 2.022 -0.404

0.625 0.8727 0.8982 1.9515 5.329 40.742 45.514 72.25 246.42 1.362 0.676 2.112 -0.443

0.650 0.8935 0.9170 1.9317 4.309 39.274 47.217 78.02 214.40 1.398 0.485 2.149 -0.455

0.675 0.9130 0.9345 1.9079 3.135 37.585 48.977 82.92 180.67 1.449 0.296 2.167 -0.438

0.700 0.9311 0.9509 1.8804 1.829 35.686 50.762 87.03 148.79 1.507 0.127 2.157 -0.406

0.725 0.9479 0.9658 1.8493 0.386 33.582 52.524 90.37 119.05 1.571 -0.017 2.120 -0.369

0.750 0.9634 0.9794 1.8150 -1.201 31.285 54.229 92.98 89.38 1.639 -0.114 2.059 -0.334

0.775 0.9776 0.9914 1.7777 -2.924 28.800 55.858 94.85 59.12 1.708 -0.165 1.986 -0.306

0.800 0.9906 1.0020 1.7376 -4.713 26.122 57.394 95.92 27.47 1.777 -0.176 1.903 -0.280

0.825 1.0025 1.0112 1.6950 -6.448 23.236 58.789 96.23 -4.62 1.846 -0.161 1.816 -0.255

0.850 1.0134 1.0192 1.6500 -8.039 20.101 59.948 95.69 -35.79 1.916 -0.137 1.731 -0.225

0.875 1.0237 1.0261 1.6029 -9.413 16.690 60.817 94.43 -66.08 1.984 -0.110 1.654 -0.201

0.900 1.0334 1.0318 1.5537 -10.547 12.961 61.364 92.41 -95.66 2.050 -0.069 1.600 -0.178

0.925 1.0427 1.0366 1.5028 -11.369 8.911 61.636 89.64 -126.51 2.111 -0.006 1.563 -0.156

0.950 1.0518 1.0406 1.4502 -11.843 4.560 61.707 86.11 -157.28 2.165 0.089 1.536 -0.134

0.975 1.0608 1.0442 1.3963 -11.870 -0.015 61.716 81.78 -186.12 2.212 0.207 1.493 -0.125

1.000 1.0696 1.0477 1.3411 -11.468 -4.785 61.737 76.82 -210.95 2.258 0.330 1.420 -0.124

1.025 1.0787 1.0515 1.2848 -10.659 -9.720 61.844 71.27 -230.90 2.310 0.443 1.315 -0.123

1.050 1.0883 1.0561 1.2272 -9.559 -14.842 62.050 65.30 -247.44 2.371 0.537 1.194 -0.107
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.075 1.0987 1.0615 1.1682 -8.211 -20.127 62.395 58.97 -259.17 2.439 0.608 1.062 -0.075

1.100 1.1099 1.0682 1.1077 -6.709 -25.526 62.896 52.36 -265.25 2.516 0.650 0.917 -0.035

1.125 1.1222 1.0766 1.0454 -5.079 -30.964 63.614 45.74 -264.78 2.608 0.650 0.760 -0.003

1.150 1.1353 1.0868 0.9811 -3.445 -36.413 64.551 39.17 -259.55 2.719 0.620 0.603 0.027

1.175 1.1492 1.0991 0.9142 -1.870 -41.828 65.732 32.81 -251.57 2.847 0.568 0.459 0.055

1.200 1.1641 1.1135 0.8445 -0.453 -47.163 67.107 26.65 -239.87 2.993 0.503 0.334 0.085

1.225 1.1797 1.1302 0.7713 0.748 -52.323 68.638 20.84 -222.95 3.159 0.427 0.233 0.108

1.250 1.1960 1.1491 0.6943 1.661 -57.199 70.199 15.54 -198.52 3.341 0.342 0.159 0.125

1.275 1.2128 1.1702 0.6130 2.226 -61.665 71.672 10.93 -168.42 3.535 0.261 0.111 0.140

1.300 1.2299 1.1931 0.5271 2.452 -65.570 72.944 7.15 -135.91 3.736 0.193 0.083 0.151

1.325 1.2475 1.2176 0.4357 2.421 -68.755 73.954 4.18 -102.11 3.936 0.148 0.120 0.151

1.350 1.2653 1.2431 0.3401 2.252 -71.200 74.692 2.06 -65.42 4.116 0.106 0.127 0.156

1.375 1.2833 1.2694 0.2401 2.007 -72.772 75.090 0.90 -26.14 4.289 0.070 0.133 0.161
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The trajectory and determined quantities tabulated for flight F of the balsa glider with an aspect ratio

of 6.07 which is labeled as the ‘gentler’ flight in Fig. 5.10 and shown in Fig. 6.24 and 6.25.

Test Conditions

aircraft balsa glider flight F

aspect ratio 6.07 test number 6056

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.4466 -0.0982 1.2753 -15.340 15.188 17.785 6.96 26.25 4.596 0.716 0.149 0.003

0.025 0.5592 -0.0866 1.2864 -14.502 17.328 16.994 7.38 24.09 4.488 0.739 0.155 -0.005

0.050 0.6688 -0.0774 1.3008 -13.681 19.407 16.028 7.84 16.68 4.374 0.762 0.161 -0.014

0.075 0.7752 -0.0704 1.3181 -12.898 21.357 14.904 8.24 15.65 4.254 0.785 0.165 -0.018

0.100 0.8782 -0.0653 1.3379 -12.220 23.197 13.696 8.63 15.51 4.130 0.807 0.172 -0.016

0.125 0.9775 -0.0622 1.3600 -11.668 24.965 12.460 9.02 16.25 4.000 0.831 0.182 -0.018

0.150 1.0731 -0.0610 1.3838 -11.176 26.685 11.176 9.46 18.16 3.862 0.854 0.195 -0.028

0.175 1.1646 -0.0615 1.4089 -10.663 28.286 9.800 9.94 21.26 3.719 0.872 0.206 -0.046

0.200 1.2522 -0.0636 1.4349 -10.074 29.694 8.311 10.52 24.84 3.573 0.881 0.217 -0.068

0.225 1.3358 -0.0672 1.4611 -9.416 30.825 6.740 11.19 28.10 3.427 0.880 0.227 -0.088

0.250 1.4156 -0.0717 1.4869 -8.708 31.638 5.152 11.93 30.96 3.281 0.875 0.240 -0.099

0.275 1.4918 -0.0772 1.5119 -7.984 32.127 3.581 12.74 34.65 3.137 0.869 0.254 -0.101

0.300 1.5647 -0.0833 1.5353 -7.244 32.329 2.050 13.66 39.85 2.996 0.866 0.272 -0.097

0.325 1.6344 -0.0899 1.5569 -6.468 32.297 0.558 14.74 46.08 2.860 0.870 0.292 -0.089

0.350 1.7013 -0.0969 1.5763 -5.604 32.083 -0.875 15.99 53.14 2.730 0.882 0.315 -0.080

0.375 1.7655 -0.1040 1.5932 -4.652 31.733 -2.253 17.41 61.66 2.606 0.900 0.342 -0.070

0.400 1.8272 -0.1113 1.6074 -3.639 31.296 -3.545 19.07 71.76 2.490 0.920 0.374 -0.060

0.425 1.8867 -0.1188 1.6188 -2.662 30.808 -4.744 21.00 82.12 2.384 0.944 0.416 -0.054

0.450 1.9440 -0.1263 1.6273 -1.756 30.276 -5.824 23.18 91.37 2.286 0.972 0.473 -0.056

0.475 1.9993 -0.1337 1.6327 -0.901 29.690 -6.783 25.57 99.88 2.196 1.002 0.544 -0.064

0.500 2.0526 -0.1410 1.6350 0.013 29.035 -7.633 28.15 108.39 2.114 1.023 0.625 -0.075

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.525 2.1041 -0.1480 1.6341 1.030 28.298 -8.415 30.96 116.12 2.042 1.038 0.707 -0.088

0.550 2.1538 -0.1547 1.6300 2.110 27.475 -9.120 33.95 120.75 1.982 1.046 0.785 -0.104

0.575 2.2018 -0.1611 1.6226 3.122 26.541 -9.700 36.99 120.85 1.936 1.052 0.861 -0.119

0.600 2.2481 -0.1673 1.6121 3.978 25.470 -10.098 39.96 117.40 1.903 1.045 0.929 -0.137

0.625 2.2930 -0.1733 1.5984 4.647 24.223 -10.297 42.81 111.17 1.884 1.024 0.992 -0.152

0.650 2.3365 -0.1790 1.5815 5.183 22.774 -10.318 45.50 101.93 1.878 0.987 1.055 -0.153

0.675 2.3786 -0.1843 1.5615 5.601 21.120 -10.183 47.90 89.19 1.882 0.955 1.109 -0.141

0.700 2.4194 -0.1892 1.5385 5.876 19.285 -9.906 49.93 73.74 1.895 0.923 1.159 -0.129

0.725 2.4590 -0.1938 1.5127 5.960 17.285 -9.484 51.56 56.87 1.914 0.898 1.185 -0.129

0.750 2.4975 -0.1982 1.4841 5.796 15.124 -8.904 52.76 38.69 1.943 0.868 1.190 -0.145

0.775 2.5350 -0.2022 1.4529 5.385 12.774 -8.175 53.49 18.83 1.980 0.845 1.183 -0.156

0.800 2.5716 -0.2059 1.4192 4.747 10.231 -7.320 53.70 -2.33 2.021 0.824 1.171 -0.162

0.825 2.6074 -0.2092 1.3832 3.945 7.479 -6.377 53.38 -23.56 2.066 0.815 1.151 -0.150

0.850 2.6426 -0.2122 1.3449 2.970 4.549 -5.407 52.53 -43.25 2.113 0.804 1.110 -0.131

0.875 2.6774 -0.2151 1.3046 1.821 1.473 -4.491 51.22 -60.58 2.167 0.794 1.048 -0.112

0.900 2.7120 -0.2178 1.2622 0.474 -1.717 -3.665 49.50 -76.14 2.229 0.775 0.979 -0.101

0.925 2.7465 -0.2203 1.2178 -1.006 -5.036 -2.955 47.42 -91.77 2.296 0.761 0.914 -0.087

0.950 2.7813 -0.2226 1.1713 -2.541 -8.486 -2.384 44.94 -108.11 2.365 0.754 0.852 -0.062

0.975 2.8164 -0.2247 1.1229 -4.018 -12.058 -1.974 42.03 -123.42 2.437 0.755 0.783 -0.022

1.000 2.8521 -0.2268 1.0726 -5.396 -15.682 -1.725 38.79 -134.12 2.515 0.750 0.700 0.014

1.025 2.8887 -0.2290 1.0204 -6.660 -19.292 -1.622 35.34 -138.91 2.603 0.732 0.610 0.037

1.050 2.9264 -0.2316 0.9662 -7.796 -22.839 -1.664 31.88 -138.98 2.700 0.697 0.523 0.045

1.075 2.9654 -0.2344 0.9098 -8.751 -26.316 -1.839 28.43 -136.01 2.805 0.656 0.446 0.053

1.100 3.0060 -0.2374 0.8511 -9.474 -29.690 -2.113 25.09 -131.11 2.919 0.614 0.376 0.059

1.125 3.0481 -0.2406 0.7900 -9.928 -32.909 -2.433 21.89 -124.68 3.041 0.573 0.314 0.055

1.150 3.0921 -0.2441 0.7262 -10.098 -35.949 -2.736 18.86 -118.32 3.171 0.530 0.263 0.042

1.175 3.1379 -0.2479 0.6598 -10.009 -38.855 -3.010 15.98 -112.83 3.306 0.487 0.222 0.034

1.200 3.1857 -0.2520 0.5905 -9.688 -41.672 -3.269 13.23 -107.87 3.446 0.449 0.187 0.044

1.225 3.2356 -0.2562 0.5182 -9.210 -44.351 -3.545 10.62 -100.46 3.592 0.418 0.155 0.069

1.250 3.2876 -0.2607 0.4430 -8.636 -46.747 -3.853 8.23 -87.53 3.744 0.390 0.129 0.096

1.275 3.3420 -0.2654 0.3646 -8.016 -48.685 -4.208 6.28 -67.93 3.899 0.362 0.114 0.118

1.300 3.3986 -0.2704 0.2831 -7.403 -50.035 -4.630 4.90 -41.83 4.056 0.338 0.097 0.136

1.325 3.4577 -0.2758 0.1984 -6.857 -50.644 -5.132 4.24 -9.33 4.217 0.316 0.081 0.152
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The trajectory and determined quantities tabulated for flight G of the balsa glider with an aspect ratio

of 6.07 which is shown in Fig. 6.26 and 6.27.

Test Conditions

aircraft balsa glider flight G

aspect ratio 6.07 test number 6012

m (g) 6.75 Ixx (g·cm2) 126.40

Iyy (g·cm2) 315.61 Izz (g·cm2) 436.72

Ixz (g·cm2) 10.00 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 52.9

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.3793 -0.4095 1.6858 -12.643 6.382 17.629 7.07 1.87 3.956 0.681 0.145 -0.025

0.025 0.4761 -0.3920 1.6815 -12.340 6.203 16.716 7.09 -0.14 3.915 0.683 0.141 -0.021

0.050 0.5721 -0.3758 1.6771 -12.094 5.939 15.808 7.07 -1.09 3.878 0.684 0.137 -0.017

0.075 0.6674 -0.3607 1.6724 -11.901 5.609 14.906 7.05 -0.99 3.844 0.684 0.134 -0.012

0.100 0.7620 -0.3468 1.6674 -11.742 5.222 14.004 7.02 0.34 3.812 0.681 0.130 -0.006

0.125 0.8559 -0.3339 1.6619 -11.667 4.836 13.119 7.07 2.12 3.785 0.679 0.128 -0.004

0.150 0.9493 -0.3220 1.6558 -11.631 4.445 12.230 7.13 4.00 3.758 0.677 0.127 -0.006

0.175 1.0421 -0.3111 1.6491 -11.610 4.031 11.356 7.25 5.28 3.734 0.676 0.125 -0.007

0.200 1.1344 -0.3011 1.6416 -11.594 3.588 10.516 7.40 5.30 3.716 0.678 0.124 -0.004

0.225 1.2263 -0.2919 1.6333 -11.605 3.131 9.718 7.52 3.42 3.699 0.688 0.128 0.002

0.250 1.3178 -0.2836 1.6242 -11.668 2.694 8.958 7.57 1.44 3.683 0.702 0.135 0.005

0.275 1.4088 -0.2764 1.6145 -11.766 2.288 8.222 7.58 0.91 3.665 0.714 0.144 0.003

0.300 1.4995 -0.2703 1.6042 -11.855 1.901 7.490 7.61 1.45 3.647 0.720 0.147 -0.003

0.325 1.5897 -0.2651 1.5933 -11.897 1.497 6.759 7.66 1.37 3.630 0.724 0.147 -0.008

0.350 1.6794 -0.2608 1.5818 -11.876 1.060 6.045 7.69 0.26 3.617 0.725 0.141 -0.011

0.375 1.7689 -0.2576 1.5696 -11.799 0.582 5.361 7.68 -0.29 3.609 0.721 0.135 -0.013

0.400 1.8581 -0.2553 1.5567 -11.686 0.062 4.718 7.67 0.47 3.606 0.709 0.133 -0.014

0.425 1.9472 -0.2539 1.5429 -11.585 -0.509 4.101 7.70 1.65 3.603 0.695 0.134 -0.011

0.450 2.0361 -0.2534 1.5283 -11.536 -1.124 3.489 7.76 2.02 3.603 0.684 0.137 -0.006

0.475 2.1248 -0.2538 1.5125 -11.538 -1.768 2.865 7.80 1.85 3.604 0.679 0.138 0.000

0.500 2.2134 -0.2548 1.4958 -11.555 -2.414 2.226 7.84 1.93 3.608 0.678 0.138 0.005

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.525 2.3019 -0.2565 1.4780 -11.546 -3.032 1.596 7.89 1.72 3.615 0.681 0.138 0.008

0.550 2.3904 -0.2590 1.4593 -11.499 -3.610 1.004 7.93 0.59 3.625 0.687 0.139 0.009

0.575 2.4789 -0.2623 1.4396 -11.418 -4.136 0.470 7.92 -0.84 3.636 0.695 0.141 0.009

0.600 2.5676 -0.2666 1.4191 -11.313 -4.610 -0.017 7.88 -1.27 3.648 0.699 0.143 0.006

0.625 2.6563 -0.2717 1.3979 -11.177 -5.046 -0.494 7.85 -1.00 3.660 0.698 0.145 -0.001

0.650 2.7451 -0.2775 1.3760 -10.975 -5.494 -0.983 7.83 -2.19 3.673 0.697 0.145 -0.008

0.675 2.8341 -0.2841 1.3534 -10.692 -5.975 -1.470 7.75 -5.65 3.688 0.698 0.142 -0.010

0.700 2.9232 -0.2914 1.3302 -10.371 -6.505 -1.945 7.55 -9.84 3.705 0.701 0.136 -0.004

0.725 3.0127 -0.2994 1.3064 -10.095 -7.044 -2.399 7.27 -11.57 3.726 0.697 0.126 0.002

0.750 3.1025 -0.3084 1.2822 -9.935 -7.560 -2.884 6.97 -9.49 3.752 0.680 0.120 0.002

0.775 3.1928 -0.3183 1.2574 -9.876 -8.057 -3.416 6.80 -4.81 3.780 0.650 0.124 -0.005

0.800 3.2835 -0.3290 1.2317 -9.846 -8.594 -3.968 6.73 -1.22 3.805 0.624 0.133 -0.007

0.825 3.3743 -0.3403 1.2051 -9.779 -9.188 -4.484 6.73 -1.90 3.824 0.617 0.140 0.002

0.850 3.4654 -0.3521 1.1776 -9.689 -9.784 -4.948 6.64 -6.20 3.844 0.633 0.134 0.023

0.875 3.5568 -0.3645 1.1493 -9.671 -10.262 -5.399 6.41 -10.61 3.874 0.660 0.125 0.037

0.900 3.6489 -0.3777 1.1206 -9.757 -10.558 -5.883 6.11 -11.71 3.908 0.686 0.121 0.041

0.925 3.7416 -0.3918 1.0918 -9.868 -10.626 -6.375 5.84 -9.47 3.939 0.698 0.122 0.030

0.950 3.8349 -0.4070 1.0633 -9.889 -10.528 -6.832 5.66 -4.98 3.963 0.692 0.124 0.011

0.975 3.9288 -0.4230 1.0349 -9.818 -10.380 -7.239 5.58 0.13 3.986 0.671 0.118 -0.003

1.000 4.0232 -0.4398 1.0066 -9.749 -10.278 -7.636 5.64 2.81 4.012 0.647 0.106 -0.008

1.025 4.1182 -0.4575 0.9780 -9.780 -10.253 -8.061 5.74 1.68 4.044 0.635 0.090 0.000

1.050 4.2140 -0.4761 0.9492 -9.892 -10.251 -8.569 5.73 -0.86 4.086 0.629 0.085 0.012

1.075 4.3106 -0.4956 0.9202 -10.017 -10.190 -9.187 5.68 -0.32 4.129 0.623 0.095 0.014

1.100 4.4079 -0.5160 0.8911 -10.070 -10.073 -9.911 5.71 3.87 4.160 0.611 0.121 0.009

1.125 4.5057 -0.5372 0.8620 -10.075 -9.936 -10.673 5.87 6.78 4.170 0.606 0.152 0.011

1.150 4.6034 -0.5591 0.8330 -10.171 -9.729 -11.262 6.09 7.18 4.165 0.616 0.164 0.022

1.175 4.7008 -0.5819 0.8041 -10.391 -9.364 -11.558 6.22 7.58 4.173 0.631 0.153 0.032

1.200 4.7985 -0.6054 0.7756 -10.643 -8.809 -11.685 6.46 11.78 4.179 0.643 0.151 0.042

1.225 4.8962 -0.6298 0.7475 -10.969 -7.980 -11.519 6.85 18.76 4.185 0.654 0.148 0.052
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The trajectory and determined quantities tabulated for the 14 regression flights of the balsa glider with

an aspect ratio of 6.07. The tables include the specific test conditions and a time history of the important

parameters for each of the 14 flights.

Test Conditions

aircraft balsa glider flight regression 1

aspect ratio 6.07 test number 6054

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0.0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.4139 -0.0611 1.0511 -4.922 11.243 26.305 5.32 6.60 5.483 0.589 0.105 -0.003

0.025 0.5409 -0.0151 1.0664 -4.593 13.664 26.076 5.51 7.67 5.376 0.598 0.102 -0.003

0.050 0.6647 0.0294 1.0866 -4.375 16.053 25.860 5.70 8.13 5.264 0.609 0.101 -0.004

0.075 0.7853 0.0721 1.1113 -4.248 18.408 25.657 5.90 7.99 5.146 0.622 0.101 -0.005

0.100 0.9023 0.1131 1.1400 -4.181 20.723 25.460 6.10 7.07 5.021 0.638 0.105 -0.006

0.125 1.0155 0.1522 1.1724 -4.189 22.996 25.298 6.26 6.11 4.888 0.657 0.109 -0.006

0.150 1.1245 0.1891 1.2081 -4.229 25.222 25.161 6.40 5.56 4.746 0.677 0.114 -0.008

0.175 1.2293 0.2239 1.2467 -4.271 27.385 25.011 6.54 5.62 4.598 0.697 0.119 -0.009

0.200 1.3297 0.2564 1.2876 -4.326 29.481 24.850 6.69 6.34 4.443 0.718 0.123 -0.010

0.225 1.4255 0.2867 1.3304 -4.390 31.509 24.683 6.87 8.27 4.283 0.737 0.127 -0.012

0.250 1.5167 0.3148 1.3745 -4.444 33.470 24.538 7.11 11.29 4.119 0.757 0.132 -0.013

0.275 1.6034 0.3406 1.4194 -4.464 35.362 24.418 7.44 14.69 3.952 0.777 0.140 -0.016

0.300 1.6856 0.3644 1.4646 -4.448 37.176 24.309 7.85 18.19 3.780 0.801 0.151 -0.020

0.325 1.7634 0.3860 1.5095 -4.394 38.902 24.162 8.36 22.47 3.603 0.825 0.165 -0.027

0.350 1.8369 0.4057 1.5536 -4.287 40.515 23.932 8.98 28.65 3.423 0.847 0.181 -0.038

0.375 1.9062 0.4235 1.5965 -4.079 41.977 23.573 9.79 36.82 3.240 0.864 0.200 -0.053

0.400 1.9715 0.4396 1.6376 -3.731 43.244 23.073 10.83 46.08 3.057 0.881 0.226 -0.070

0.425 2.0331 0.4542 1.6763 -3.231 44.284 22.434 12.11 55.53 2.872 0.902 0.258 -0.082

0.450 2.0911 0.4675 1.7123 -2.600 45.096 21.662 13.62 65.12 2.688 0.935 0.292 -0.088

0.475 2.1459 0.4797 1.7451 -1.856 45.710 20.771 15.38 76.07 2.508 0.979 0.331 -0.091
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.500 2.1977 0.4909 1.7746 -1.003 46.153 19.746 17.44 89.79 2.335 1.033 0.382 -0.092

0.525 2.2467 0.5013 1.8005 -0.028 46.470 18.570 19.90 107.96 2.168 1.092 0.456 -0.094

0.550 2.2931 0.5108 1.8227 1.056 46.688 17.230 22.86 130.42 2.006 1.154 0.559 -0.100

0.575 2.3370 0.5196 1.8409 2.252 46.842 15.753 26.46 156.79 1.854 1.218 0.698 -0.111

0.600 2.3786 0.5279 1.8550 3.526 46.947 14.221 30.74 187.01 1.711 1.280 0.878 -0.127

0.625 2.4179 0.5356 1.8648 4.870 47.017 12.741 35.81 220.16 1.583 1.317 1.083 -0.169

0.650 2.4550 0.5431 1.8702 6.246 47.005 11.319 41.74 253.82 1.474 1.324 1.314 -0.210

0.675 2.4901 0.5503 1.8712 7.611 46.909 10.008 48.47 283.95 1.391 1.267 1.523 -0.269

0.700 2.5233 0.5575 1.8676 8.892 46.676 8.806 55.86 307.03 1.341 1.135 1.728 -0.289

0.725 2.5547 0.5646 1.8596 10.030 46.304 7.857 63.70 317.51 1.316 0.930 1.896 -0.322

0.750 2.5844 0.5715 1.8471 10.972 45.735 7.230 71.63 308.56 1.321 0.682 1.972 -0.376

0.775 2.6123 0.5784 1.8301 11.716 44.910 6.936 79.06 278.84 1.354 0.443 1.973 -0.422

0.800 2.6386 0.5851 1.8087 12.240 43.764 6.937 85.49 236.24 1.410 0.235 1.951 -0.417

0.825 2.6631 0.5917 1.7831 12.509 42.277 7.295 90.76 188.95 1.480 0.059 1.916 -0.400

0.850 2.6859 0.5980 1.7534 12.453 40.412 8.046 94.93 141.00 1.556 -0.091 1.888 -0.389

0.875 2.7068 0.6041 1.7199 12.019 38.178 9.245 97.86 95.40 1.637 -0.185 1.841 -0.406

0.900 2.7257 0.6099 1.6829 11.147 35.558 10.788 99.69 56.53 1.719 -0.267 1.814 -0.396

0.925 2.7426 0.6154 1.6427 9.797 32.591 12.604 100.69 25.21 1.796 -0.325 1.796 -0.384

0.950 2.7573 0.6207 1.5997 7.929 29.332 14.625 101.00 -3.79 1.867 -0.346 1.775 -0.387

0.975 2.7698 0.6259 1.5541 5.577 25.813 16.778 100.55 -32.97 1.934 -0.324 1.756 -0.380

1.000 2.7802 0.6309 1.5065 2.795 22.090 18.967 99.35 -60.13 1.994 -0.270 1.740 -0.358

1.025 2.7890 0.6356 1.4571 -0.326 18.181 21.049 97.52 -84.90 2.045 -0.212 1.716 -0.326

1.050 2.7962 0.6400 1.4061 -3.690 14.063 22.898 95.12 -110.55 2.093 -0.143 1.674 -0.292

1.075 2.8023 0.6442 1.3538 -7.200 9.688 24.469 92.02 -138.32 2.142 -0.069 1.624 -0.229

1.100 2.8075 0.6482 1.3002 -10.726 5.016 25.678 88.17 -166.85 2.189 0.009 1.585 -0.127

1.125 2.8123 0.6520 1.2455 -14.050 0.055 26.439 83.65 -195.77 2.229 0.092 1.547 -0.015

1.150 2.8171 0.6552 1.1898 -16.968 -5.124 26.705 78.41 -226.89 2.266 0.203 1.472 0.054

1.175 2.8223 0.6578 1.1330 -19.308 -10.473 26.500 72.36 -257.87 2.311 0.330 1.342 0.068

1.200 2.8284 0.6600 1.0749 -21.001 -15.976 25.923 65.55 -282.28 2.374 0.449 1.178 0.045

1.225 2.8358 0.6622 1.0152 -22.033 -21.618 25.138 58.30 -294.38 2.452 0.533 1.012 0.021

1.250 2.8447 0.6645 0.9535 -22.425 -27.331 24.336 50.91 -292.96 2.542 0.581 0.859 0.011

1.275 2.8554 0.6671 0.8897 -22.217 -32.998 23.693 43.72 -280.77 2.645 0.596 0.714 0.019

1.300 2.8683 0.6700 0.8234 -21.475 -38.469 23.354 36.94 -261.70 2.761 0.584 0.579 0.039

1.325 2.8833 0.6736 0.7545 -20.319 -43.643 23.384 30.68 -239.73 2.893 0.548 0.458 0.063

1.350 2.9006 0.6780 0.6827 -18.899 -48.446 23.788 24.99 -216.51 3.038 0.496 0.357 0.084

1.375 2.9202 0.6833 0.6076 -17.295 -52.842 24.536 19.87 -191.21 3.195 0.433 0.276 0.100

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.400 2.9421 0.6898 0.5290 -15.539 -56.783 25.588 15.40 -164.63 3.363 0.366 0.214 0.112

1.425 2.9659 0.6976 0.4464 -13.651 -60.236 26.903 11.64 -138.84 3.549 0.302 0.191 0.119
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Test Conditions

aircraft balsa glider flight regression 2

aspect ratio 6.07 test number 6065

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0.0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.4704 -0.0979 1.2556 1.230 20.917 45.427 8.17 6.09 4.654 0.801 0.188 -0.011

0.025 -0.3822 -0.0304 1.2835 1.408 23.676 45.154 8.34 8.05 4.495 0.819 0.175 -0.014

0.050 -0.2983 0.0343 1.3152 1.383 26.342 44.985 8.55 9.29 4.338 0.835 0.166 -0.018

0.075 -0.2186 0.0961 1.3499 1.181 28.895 44.922 8.79 9.83 4.181 0.852 0.163 -0.023

0.100 -0.1429 0.1548 1.3870 0.837 31.326 44.959 9.06 9.02 4.020 0.873 0.168 -0.031

0.125 -0.0714 0.2103 1.4259 0.353 33.574 45.110 9.26 9.56 3.852 0.891 0.174 -0.035

0.150 -0.0038 0.2624 1.4659 -0.260 35.653 45.398 9.54 12.83 3.681 0.904 0.183 -0.035

0.175 0.0601 0.3111 1.5062 -0.909 37.570 45.750 9.94 19.29 3.506 0.918 0.198 -0.030

0.200 0.1205 0.3565 1.5462 -1.474 39.399 46.120 10.51 28.37 3.326 0.938 0.218 -0.035

0.225 0.1775 0.3987 1.5852 -1.778 41.120 46.358 11.34 38.02 3.143 0.968 0.243 -0.049

0.250 0.2313 0.4379 1.6227 -1.752 42.692 46.390 12.44 45.58 2.959 1.006 0.272 -0.070

0.275 0.2820 0.4742 1.6582 -1.345 44.026 46.081 13.66 52.49 2.775 1.053 0.306 -0.084

0.300 0.3298 0.5077 1.6915 -0.639 45.139 45.475 15.09 65.59 2.591 1.088 0.339 -0.094

0.325 0.3748 0.5388 1.7220 0.313 46.050 44.595 16.94 88.19 2.410 1.106 0.376 -0.094

0.350 0.4173 0.5678 1.7493 1.375 46.834 43.586 19.52 115.22 2.240 1.103 0.422 -0.103

0.375 0.4576 0.5950 1.7730 2.503 47.492 42.499 22.75 140.14 2.079 1.121 0.501 -0.114

0.400 0.4959 0.6207 1.7928 3.656 48.044 41.369 26.54 162.23 1.926 1.170 0.629 -0.138

0.425 0.5322 0.6449 1.8085 4.852 48.469 40.182 30.85 186.10 1.778 1.237 0.806 -0.160

0.450 0.5665 0.6677 1.8200 6.101 48.781 38.958 35.84 214.42 1.642 1.294 1.018 -0.185

0.475 0.5990 0.6893 1.8271 7.418 48.988 37.703 41.59 245.95 1.523 1.319 1.250 -0.215

0.500 0.6297 0.7097 1.8299 8.762 49.091 36.465 48.13 277.22 1.427 1.290 1.504 -0.259

0.525 0.6586 0.7290 1.8282 10.082 49.073 35.311 55.40 303.84 1.358 1.183 1.755 -0.310

0.550 0.6859 0.7473 1.8220 11.307 48.890 34.342 63.24 320.26 1.317 0.987 1.981 -0.347
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.7115 0.7647 1.8112 12.383 48.492 33.702 71.31 320.90 1.305 0.724 2.135 -0.372

0.600 0.7355 0.7811 1.7960 13.244 47.826 33.468 79.17 302.92 1.322 0.436 2.210 -0.377

0.625 0.7579 0.7965 1.7764 13.850 46.857 33.675 86.36 268.58 1.362 0.173 2.218 -0.370

0.650 0.7785 0.8110 1.7525 14.157 45.574 34.326 92.53 224.37 1.420 -0.040 2.175 -0.376

0.675 0.7973 0.8244 1.7245 14.130 43.963 35.399 97.53 177.27 1.490 -0.213 2.104 -0.401

0.700 0.8143 0.8369 1.6926 13.732 41.994 36.889 101.39 132.36 1.568 -0.344 2.021 -0.433

0.725 0.8294 0.8482 1.6570 12.945 39.643 38.791 104.16 91.29 1.651 -0.441 1.940 -0.458

0.750 0.8425 0.8583 1.6181 11.730 36.902 41.103 105.97 53.37 1.733 -0.496 1.877 -0.476

0.775 0.8535 0.8672 1.5761 10.070 33.809 43.769 106.87 18.31 1.812 -0.513 1.832 -0.502

0.800 0.8626 0.8749 1.5314 7.959 30.392 46.657 106.90 -13.74 1.885 -0.505 1.798 -0.521

0.825 0.8698 0.8812 1.4845 5.431 26.682 49.578 106.19 -42.01 1.951 -0.482 1.770 -0.513

0.850 0.8754 0.8862 1.4356 2.524 22.670 52.330 104.81 -68.42 2.011 -0.447 1.750 -0.456

0.875 0.8796 0.8899 1.3850 -0.713 18.387 54.773 102.79 -94.74 2.063 -0.393 1.733 -0.375

0.900 0.8828 0.8924 1.3331 -4.191 13.846 56.827 100.06 -121.79 2.108 -0.317 1.718 -0.269

0.925 0.8851 0.8939 1.2800 -7.799 9.095 58.452 96.67 -150.95 2.148 -0.222 1.693 -0.167

0.950 0.8871 0.8946 1.2261 -11.356 4.129 59.603 92.51 -183.91 2.184 -0.103 1.652 -0.068

0.975 0.8889 0.8948 1.1712 -14.649 -1.043 60.263 87.49 -220.39 2.219 0.031 1.583 0.007

1.000 0.8909 0.8950 1.1154 -17.447 -6.431 60.462 81.51 -255.43 2.259 0.168 1.477 0.051

1.025 0.8935 0.8954 1.0584 -19.616 -12.010 60.267 74.74 -283.67 2.310 0.296 1.340 0.068

1.050 0.8969 0.8963 1.0001 -21.087 -17.732 59.769 67.40 -301.96 2.374 0.413 1.195 0.067

1.075 0.9015 0.8979 0.9400 -21.874 -23.479 59.142 59.74 -308.26 2.449 0.517 1.056 0.052

1.100 0.9075 0.9006 0.8782 -21.984 -29.127 58.589 52.05 -302.09 2.532 0.591 0.925 0.028

1.125 0.9148 0.9047 0.8143 -21.484 -34.582 58.310 44.68 -286.60 2.623 0.624 0.786 0.006

1.150 0.9236 0.9106 0.7483 -20.459 -39.852 58.402 37.79 -267.16 2.729 0.613 0.639 0.005

1.175 0.9338 0.9187 0.6799 -19.086 -44.952 58.872 31.36 -246.62 2.853 0.562 0.492 0.025

1.200 0.9453 0.9290 0.6085 -17.571 -49.878 59.643 25.45 -224.92 2.998 0.491 0.364 0.062

1.225 0.9578 0.9415 0.5337 -15.997 -54.544 60.738 20.12 -203.30 3.163 0.419 0.272 0.109

1.250 0.9712 0.9563 0.4550 -14.436 -58.819 62.157 15.42 -179.89 3.341 0.374 0.222 0.163

1.275 0.9852 0.9736 0.3725 -13.045 -62.452 63.687 11.15 -150.54 3.508 0.341 0.181 0.201

1.300 0.9999 0.9934 0.2862 -11.950 -65.251 65.189 7.82 -114.23 3.689 0.306 0.143 0.227

1.325 1.0150 1.0158 0.1957 -11.260 -67.042 66.581 5.52 -71.69 3.876 0.275 0.110 0.243
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Test Conditions

aircraft balsa glider flight regression 3

aspect ratio 6.07 test number 6066

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0.0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.4394 0.1406 1.1030 -7.556 21.915 29.491 6.08 10.36 4.816 0.665 0.110 -0.012

0.025 0.5457 0.1831 1.1352 -7.883 24.088 29.123 6.28 7.03 4.683 0.676 0.113 -0.010

0.050 0.6484 0.2229 1.1700 -8.353 26.202 28.818 6.45 6.20 4.544 0.692 0.117 -0.010

0.075 0.7474 0.2597 1.2070 -8.936 28.259 28.590 6.62 6.98 4.400 0.709 0.121 -0.010

0.100 0.8427 0.2935 1.2456 -9.575 30.275 28.448 6.80 7.63 4.251 0.729 0.128 -0.013

0.125 0.9342 0.3243 1.2854 -10.180 32.220 28.334 7.00 8.18 4.097 0.753 0.135 -0.015

0.150 1.0219 0.3521 1.3260 -10.673 34.079 28.174 7.23 8.96 3.938 0.780 0.144 -0.016

0.175 1.1057 0.3768 1.3668 -11.022 35.849 27.941 7.46 11.49 3.775 0.808 0.154 -0.017

0.200 1.1858 0.3986 1.4076 -11.262 37.548 27.646 7.80 17.01 3.609 0.829 0.164 -0.027

0.225 1.2620 0.4174 1.4477 -11.419 39.134 27.301 8.32 24.56 3.441 0.843 0.178 -0.042

0.250 1.3346 0.4337 1.4867 -11.519 40.542 26.879 9.04 31.70 3.271 0.854 0.195 -0.059

0.275 1.4038 0.4475 1.5240 -11.568 41.709 26.362 9.93 37.89 3.100 0.869 0.214 -0.072

0.300 1.4696 0.4591 1.5591 -11.574 42.611 25.725 10.95 45.10 2.932 0.886 0.234 -0.078

0.325 1.5323 0.4687 1.5916 -11.512 43.262 24.979 12.19 55.90 2.768 0.906 0.260 -0.078

0.350 1.5922 0.4765 1.6213 -11.324 43.698 24.100 13.76 70.79 2.608 0.931 0.298 -0.079

0.375 1.6494 0.4829 1.6478 -10.933 43.944 23.064 15.76 88.36 2.451 0.970 0.354 -0.081

0.400 1.7039 0.4880 1.6709 -10.290 44.028 21.797 18.21 108.09 2.298 1.022 0.425 -0.091

0.425 1.7560 0.4920 1.6905 -9.383 43.968 20.249 21.17 130.37 2.150 1.081 0.505 -0.116

0.450 1.8056 0.4949 1.7064 -8.209 43.772 18.391 24.72 154.18 2.012 1.133 0.593 -0.162

0.475 1.8529 0.4970 1.7186 -6.768 43.432 16.241 28.87 176.22 1.887 1.176 0.692 -0.219

0.500 1.8982 0.4984 1.7268 -5.038 42.946 13.836 33.53 194.21 1.779 1.206 0.823 -0.269

0.525 1.9415 0.4992 1.7310 -3.036 42.341 11.245 38.56 209.18 1.685 1.216 1.007 -0.306

0.550 1.9828 0.4995 1.7313 -0.780 41.668 8.564 43.94 222.39 1.604 1.189 1.227 -0.339
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 2.0221 0.4995 1.7275 1.654 40.965 5.902 49.63 232.07 1.538 1.123 1.434 -0.376

0.600 2.0594 0.4994 1.7196 4.167 40.219 3.363 55.50 233.94 1.496 1.021 1.579 -0.411

0.625 2.0948 0.4992 1.7076 6.668 39.380 0.990 61.30 226.47 1.482 0.904 1.664 -0.428

0.650 2.1284 0.4991 1.6915 9.092 38.402 -1.191 66.78 212.33 1.491 0.770 1.722 -0.408

0.675 2.1604 0.4990 1.6715 11.376 37.246 -3.153 71.85 194.73 1.519 0.621 1.777 -0.347

0.700 2.1907 0.4992 1.6476 13.469 35.906 -4.816 76.47 174.47 1.559 0.467 1.807 -0.282

0.725 2.2192 0.4996 1.6201 15.265 34.339 -6.051 80.53 149.10 1.610 0.324 1.799 -0.231

0.750 2.2460 0.5006 1.5890 16.682 32.493 -6.762 83.89 116.87 1.669 0.208 1.753 -0.212

0.775 2.2710 0.5020 1.5545 17.665 30.289 -6.875 86.33 77.65 1.736 0.128 1.693 -0.222

0.800 2.2944 0.5041 1.5169 18.172 27.655 -6.365 87.73 32.20 1.808 0.095 1.634 -0.256

0.825 2.3160 0.5065 1.4762 18.080 24.529 -5.249 87.96 -16.19 1.880 0.107 1.601 -0.305

0.850 2.3362 0.5093 1.4329 17.237 20.916 -3.657 86.96 -61.14 1.949 0.149 1.592 -0.363

0.875 2.3550 0.5124 1.3872 15.533 16.867 -1.769 84.92 -95.91 2.010 0.196 1.601 -0.405

0.900 2.3727 0.5157 1.3397 12.968 12.489 0.183 82.18 -119.73 2.062 0.245 1.605 -0.415

0.925 2.3894 0.5195 1.2906 9.575 7.880 2.014 78.96 -138.81 2.107 0.299 1.586 -0.398

0.950 2.4053 0.5238 1.2402 5.484 3.080 3.568 75.26 -160.37 2.150 0.368 1.538 -0.353

0.975 2.4207 0.5288 1.1886 0.852 -1.928 4.777 70.95 -187.15 2.196 0.457 1.470 -0.261

1.000 2.4361 0.5343 1.1358 -4.075 -7.161 5.537 65.90 -217.64 2.244 0.548 1.387 -0.119

1.025 2.4520 0.5400 1.0821 -9.052 -12.603 5.732 60.09 -247.11 2.294 0.628 1.282 0.047

1.050 2.4689 0.5455 1.0272 -13.838 -18.215 5.226 53.61 -268.90 2.350 0.675 1.129 0.185

1.075 2.4870 0.5505 0.9708 -18.250 -24.004 3.991 46.70 -277.80 2.424 0.672 0.929 0.265

1.100 2.5066 0.5549 0.9126 -22.085 -29.961 2.116 39.79 -273.05 2.524 0.622 0.718 0.278

1.125 2.5279 0.5590 0.8519 -25.176 -36.015 -0.158 33.16 -257.18 2.650 0.549 0.534 0.250

1.150 2.5509 0.5627 0.7881 -27.417 -41.997 -2.547 27.01 -231.78 2.795 0.471 0.395 0.214

1.175 2.5757 0.5661 0.7209 -28.824 -47.657 -4.760 21.59 -199.02 2.952 0.388 0.293 0.183

1.200 2.6023 0.5693 0.6500 -29.466 -52.750 -6.578 17.08 -163.63 3.122 0.308 0.219 0.160

1.225 2.6305 0.5723 0.5749 -29.412 -57.116 -7.846 13.43 -131.35 3.302 0.245 0.167 0.152

1.250 2.6602 0.5752 0.4955 -28.766 -60.627 -8.527 10.52 -103.44 3.489 0.202 0.135 0.150

1.275 2.6914 0.5782 0.4116 -27.650 -63.239 -8.669 8.25 -76.10 3.674 0.174 0.121 0.149

1.300 2.7241 0.5813 0.3234 -26.213 -64.974 -8.376 6.69 -46.17 3.862 0.148 0.104 0.155

1.325 2.7581 0.5845 0.2306 -24.567 -65.754 -7.657 5.93 -14.75 4.052 0.128 0.090 0.160
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Test Conditions

aircraft balsa glider flight regression 4

aspect ratio 6.07 test number 6058

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0.0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.2961 0.2623 1.4236 -4.160 22.743 32.389 7.00 16.45 4.415 0.702 0.133 -0.004

0.025 0.3910 0.3063 1.4534 -3.793 24.637 32.091 7.35 14.63 4.277 0.727 0.138 -0.008

0.050 0.4825 0.3480 1.4850 -3.510 26.481 31.777 7.72 15.71 4.137 0.749 0.141 -0.012

0.075 0.5703 0.3874 1.5179 -3.344 28.253 31.484 8.17 17.59 3.996 0.772 0.146 -0.015

0.100 0.6547 0.4248 1.5518 -3.283 29.950 31.230 8.62 17.45 3.853 0.799 0.155 -0.017

0.125 0.7354 0.4599 1.5862 -3.236 31.570 30.984 9.05 17.85 3.702 0.831 0.170 -0.021

0.150 0.8124 0.4929 1.6209 -3.118 33.101 30.711 9.51 21.04 3.546 0.860 0.187 -0.030

0.175 0.8858 0.5238 1.6555 -2.884 34.519 30.373 10.11 27.05 3.384 0.881 0.203 -0.044

0.200 0.9555 0.5525 1.6893 -2.549 35.770 29.962 10.89 34.53 3.222 0.894 0.221 -0.059

0.225 1.0218 0.5794 1.7218 -2.156 36.820 29.482 11.84 42.36 3.059 0.903 0.240 -0.076

0.250 1.0849 0.6045 1.7527 -1.733 37.629 28.925 13.00 50.29 2.899 0.911 0.262 -0.088

0.275 1.1450 0.6281 1.7813 -1.302 38.186 28.327 14.37 58.46 2.742 0.923 0.291 -0.092

0.300 1.2023 0.6503 1.8073 -0.871 38.513 27.738 15.95 67.92 2.590 0.943 0.328 -0.085

0.325 1.2569 0.6712 1.8304 -0.404 38.662 27.187 17.78 81.10 2.441 0.968 0.377 -0.072

0.350 1.3091 0.6909 1.8503 0.142 38.689 26.651 20.00 98.55 2.298 0.993 0.433 -0.067

0.375 1.3590 0.7096 1.8669 0.804 38.631 26.078 22.72 117.67 2.165 1.016 0.496 -0.082

0.400 1.4068 0.7275 1.8799 1.566 38.473 25.393 25.90 135.14 2.043 1.044 0.571 -0.109

0.425 1.4526 0.7446 1.8891 2.403 38.193 24.581 29.47 149.88 1.934 1.071 0.662 -0.144

0.450 1.4964 0.7613 1.8946 3.279 37.755 23.667 33.37 163.05 1.840 1.092 0.765 -0.164

0.475 1.5384 0.7774 1.8961 4.199 37.156 22.759 37.59 174.39 1.762 1.097 0.892 -0.163

0.500 1.5788 0.7929 1.8937 5.147 36.408 21.931 42.07 182.26 1.702 1.094 1.040 -0.145

0.525 1.6175 0.8078 1.8875 6.093 35.537 21.267 46.68 185.97 1.656 1.077 1.218 -0.124

0.550 1.6545 0.8221 1.8774 6.960 34.557 20.814 51.32 185.53 1.624 1.044 1.397 -0.109
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.6899 0.8357 1.8636 7.704 33.480 20.640 55.93 181.56 1.605 0.978 1.549 -0.123

0.600 1.7235 0.8488 1.8462 8.283 32.277 20.698 60.36 172.76 1.602 0.882 1.655 -0.161

0.625 1.7555 0.8613 1.8254 8.649 30.917 20.939 64.53 158.05 1.614 0.764 1.708 -0.219

0.650 1.7857 0.8734 1.8011 8.709 29.336 21.276 68.22 136.63 1.642 0.652 1.725 -0.249

0.675 1.8143 0.8852 1.7734 8.356 27.498 21.761 71.32 109.35 1.682 0.561 1.734 -0.251

0.700 1.8413 0.8965 1.7426 7.544 25.394 22.474 73.67 79.18 1.727 0.504 1.743 -0.240

0.725 1.8667 0.9073 1.7088 6.271 23.062 23.523 75.27 49.56 1.775 0.467 1.746 -0.247

0.750 1.8907 0.9178 1.6724 4.591 20.534 24.882 76.16 23.60 1.824 0.438 1.737 -0.265

0.775 1.9134 0.9278 1.6335 2.529 17.839 26.438 76.44 0.56 1.875 0.412 1.716 -0.289

0.800 1.9348 0.9376 1.5924 0.165 14.954 27.990 76.19 -22.86 1.925 0.398 1.691 -0.287

0.825 1.9550 0.9471 1.5493 -2.388 11.861 29.372 75.32 -49.32 1.973 0.408 1.652 -0.250

0.850 1.9742 0.9564 1.5044 -5.006 8.529 30.435 73.73 -77.56 2.022 0.437 1.596 -0.181

0.875 1.9926 0.9655 1.4577 -7.599 4.976 31.135 71.43 -104.48 2.073 0.474 1.520 -0.115

0.900 2.0107 0.9744 1.4094 -10.091 1.220 31.498 68.51 -128.65 2.128 0.511 1.431 -0.064

0.925 2.0288 0.9829 1.3595 -12.429 -2.708 31.586 65.02 -150.67 2.185 0.548 1.326 -0.035

0.950 2.0470 0.9912 1.3080 -14.508 -6.821 31.442 61.00 -170.99 2.248 0.584 1.212 -0.017

0.975 2.0656 0.9996 1.2548 -16.231 -11.115 31.087 56.50 -188.51 2.320 0.618 1.088 0.000

1.000 2.0849 1.0081 1.1999 -17.495 -15.569 30.558 51.62 -201.13 2.398 0.651 0.965 0.019

1.025 2.1052 1.0166 1.1431 -18.241 -20.098 29.894 46.48 -207.07 2.485 0.672 0.839 0.027

1.050 2.1268 1.0253 1.0842 -18.443 -24.633 29.159 41.31 -205.61 2.581 0.681 0.717 0.028

1.075 2.1501 1.0342 1.0233 -18.132 -29.069 28.440 36.23 -198.69 2.689 0.663 0.602 0.016

1.100 2.1751 1.0437 0.9601 -17.368 -33.386 27.858 31.39 -189.41 2.806 0.629 0.499 0.008

1.125 2.2019 1.0539 0.8945 -16.240 -37.573 27.491 26.78 -180.10 2.933 0.586 0.406 0.009

1.150 2.2307 1.0649 0.8262 -14.799 -41.645 27.410 22.39 -172.00 3.070 0.544 0.327 0.031

1.175 2.2615 1.0769 0.7550 -13.100 -45.523 27.610 18.21 -163.12 3.218 0.508 0.264 0.064

1.200 2.2944 1.0900 0.6808 -11.185 -49.100 28.106 14.25 -151.62 3.372 0.478 0.212 0.097

1.225 2.3295 1.1044 0.6034 -9.116 -52.250 28.842 10.66 -134.78 3.531 0.447 0.171 0.116

1.250 2.3671 1.1201 0.5229 -7.005 -54.920 29.681 7.53 -112.40 3.698 0.412 0.134 0.128

1.275 2.4071 1.1373 0.4390 -5.005 -57.033 30.381 5.07 -86.59 3.871 0.373 0.106 0.133

1.300 2.4494 1.1560 0.3516 -3.260 -58.511 30.774 3.25 -59.11 4.049 0.340 0.081 0.133

1.325 2.4942 1.1763 0.2606 -1.908 -59.289 30.664 2.13 -29.40 4.233 0.310 0.060 0.132
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Test Conditions

aircraft balsa glider flight regression 5

aspect ratio 6.07 test number 6067

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0.0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.0869 -0.3563 1.4460 -14.423 25.483 22.523 8.04 14.52 3.901 0.871 0.079 -0.031

0.025 0.1802 -0.3454 1.4686 -13.988 27.110 21.241 8.46 20.01 3.810 0.856 0.093 -0.040

0.050 0.2709 -0.3369 1.4925 -13.534 28.518 19.727 9.03 25.01 3.709 0.845 0.117 -0.050

0.075 0.3588 -0.3307 1.5171 -13.040 29.688 18.006 9.71 29.53 3.597 0.838 0.151 -0.062

0.100 0.4441 -0.3263 1.5420 -12.499 30.634 16.120 10.49 33.38 3.455 0.844 0.227 -0.082

0.125 0.5253 -0.3238 1.5661 -11.843 31.235 14.043 11.38 37.47 3.313 0.844 0.238 -0.093

0.150 0.6032 -0.3228 1.5893 -11.065 31.528 11.813 12.36 41.54 3.174 0.847 0.250 -0.093

0.175 0.6780 -0.3229 1.6110 -10.210 31.596 9.529 13.46 44.94 3.041 0.855 0.265 -0.096

0.200 0.7499 -0.3241 1.6310 -9.298 31.477 7.249 14.62 47.99 2.911 0.869 0.283 -0.099

0.225 0.8189 -0.3261 1.6490 -8.356 31.184 5.034 15.86 51.51 2.787 0.886 0.308 -0.098

0.250 0.8853 -0.3288 1.6648 -7.362 30.742 2.887 17.21 56.71 2.667 0.906 0.341 -0.090

0.275 0.9492 -0.3321 1.6781 -6.296 30.192 0.802 18.71 64.17 2.552 0.926 0.377 -0.080

0.300 1.0108 -0.3356 1.6888 -5.136 29.592 -1.224 20.42 73.69 2.444 0.945 0.414 -0.078

0.325 1.0701 -0.3394 1.6968 -3.875 28.962 -3.185 22.39 83.40 2.346 0.963 0.456 -0.083

0.350 1.1274 -0.3432 1.7018 -2.518 28.298 -5.067 24.59 91.12 2.259 0.982 0.506 -0.090

0.375 1.1828 -0.3470 1.7039 -1.086 27.592 -6.839 26.94 96.53 2.181 1.006 0.569 -0.093

0.400 1.2364 -0.3507 1.7029 0.380 26.845 -8.467 29.40 101.11 2.112 1.026 0.638 -0.092

0.425 1.2883 -0.3543 1.6989 1.842 26.057 -9.936 31.98 105.88 2.054 1.036 0.709 -0.094

0.450 1.3384 -0.3577 1.6918 3.240 25.218 -11.229 34.69 110.10 2.007 1.031 0.778 -0.106

0.475 1.3870 -0.3609 1.6817 4.527 24.285 -12.313 37.47 111.79 1.973 1.017 0.842 -0.114

0.500 1.4341 -0.3638 1.6683 5.589 23.228 -13.150 40.25 109.53 1.951 0.999 0.896 -0.114

0.525 1.4798 -0.3665 1.6519 6.363 22.016 -13.693 42.92 103.02 1.943 0.980 0.943 -0.110

0.550 1.5243 -0.3689 1.6325 6.735 20.641 -13.931 45.38 93.61 1.946 0.954 0.989 -0.117

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.5675 -0.3711 1.6102 6.726 19.087 -13.889 47.57 82.55 1.958 0.918 1.036 -0.130

0.600 1.6096 -0.3729 1.5850 6.325 17.344 -13.638 49.48 69.49 1.976 0.879 1.076 -0.144

0.625 1.6505 -0.3744 1.5570 5.557 15.401 -13.215 51.03 52.94 2.000 0.848 1.104 -0.152

0.650 1.6904 -0.3756 1.5265 4.359 13.264 -12.670 52.12 32.47 2.030 0.835 1.119 -0.153

0.675 1.7293 -0.3766 1.4935 2.731 10.944 -12.036 52.65 10.63 2.065 0.833 1.130 -0.148

0.700 1.7674 -0.3774 1.4582 0.670 8.478 -11.352 52.63 -9.98 2.102 0.829 1.129 -0.146

0.725 1.8048 -0.3783 1.4209 -1.717 5.856 -10.644 52.15 -28.71 2.140 0.819 1.116 -0.135

0.750 1.8416 -0.3793 1.3816 -4.356 3.089 -9.995 51.20 -47.62 2.183 0.811 1.083 -0.111

0.775 1.8780 -0.3805 1.3404 -7.104 0.176 -9.487 49.78 -67.78 2.230 0.810 1.039 -0.070

0.800 1.9141 -0.3819 1.2975 -9.877 -2.856 -9.200 47.83 -87.35 2.281 0.813 0.977 -0.036

0.825 1.9503 -0.3839 1.2527 -12.571 -6.028 -9.184 45.41 -104.31 2.338 0.804 0.898 -0.013

0.850 1.9866 -0.3864 1.2062 -15.092 -9.363 -9.468 42.64 -117.89 2.405 0.780 0.805 0.005

0.875 2.0234 -0.3897 1.1577 -17.365 -12.899 -10.037 39.56 -128.72 2.482 0.746 0.709 0.032

0.900 2.0607 -0.3937 1.1072 -19.319 -16.588 -10.848 36.25 -135.18 2.568 0.707 0.618 0.054

0.925 2.0988 -0.3986 1.0544 -20.884 -20.355 -11.853 32.81 -135.49 2.664 0.661 0.532 0.057

0.950 2.1378 -0.4044 0.9992 -21.991 -24.124 -12.948 29.48 -131.12 2.768 0.607 0.452 0.043

0.975 2.1778 -0.4111 0.9415 -22.600 -27.869 -14.052 26.29 -126.17 2.882 0.556 0.380 0.030

1.000 2.2189 -0.4187 0.8810 -22.722 -31.561 -15.081 23.20 -123.06 3.005 0.517 0.318 0.031

1.025 2.2614 -0.4271 0.8177 -22.402 -35.130 -15.997 20.14 -119.57 3.136 0.487 0.265 0.045

1.050 2.3052 -0.4365 0.7513 -21.698 -38.459 -16.758 17.21 -113.51 3.275 0.462 0.221 0.058

1.075 2.3507 -0.4469 0.6820 -20.683 -41.469 -17.372 14.48 -105.00 3.419 0.439 0.186 0.068

1.100 2.3980 -0.4585 0.6095 -19.430 -44.116 -17.859 11.99 -95.25 3.568 0.423 0.159 0.081

1.125 2.4473 -0.4711 0.5340 -18.037 -46.351 -18.299 9.74 -83.60 3.720 0.412 0.137 0.097

1.150 2.4988 -0.4849 0.4555 -16.590 -48.074 -18.748 7.83 -68.44 3.875 0.406 0.119 0.110

1.175 2.5527 -0.5001 0.3740 -15.153 -49.203 -19.268 6.35 -49.00 4.031 0.398 0.105 0.117

1.200 2.6091 -0.5168 0.2898 -13.778 -49.692 -19.876 5.41 -25.50 4.188 0.391 0.091 0.124

1.225 2.6683 -0.5349 0.2028 -12.542 -49.455 -20.635 5.11 2.03 4.348 0.382 0.077 0.129
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Test Conditions

aircraft balsa glider flight regression 6

aspect ratio 6.07 test number 6061

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.2831 0.2276 1.4618 -2.637 26.670 30.397 9.55 16.68 3.924 0.807 0.168 -0.016

0.025 0.3655 0.2680 1.4909 -2.745 28.349 30.321 9.89 16.02 3.767 0.829 0.186 -0.032

0.050 0.4443 0.3062 1.5207 -2.779 29.864 30.242 10.33 19.83 3.618 0.837 0.193 -0.046

0.075 0.5196 0.3423 1.5505 -2.654 31.161 30.097 10.93 26.85 3.471 0.836 0.201 -0.054

0.100 0.5916 0.3766 1.5798 -2.335 32.225 29.845 11.68 32.86 3.323 0.837 0.215 -0.058

0.125 0.6605 0.4092 1.6081 -1.876 33.078 29.485 12.58 38.65 3.175 0.842 0.234 -0.064

0.150 0.7265 0.4402 1.6348 -1.349 33.724 29.051 13.61 44.08 3.028 0.854 0.256 -0.071

0.175 0.7895 0.4697 1.6597 -0.805 34.166 28.569 14.79 49.34 2.884 0.870 0.281 -0.080

0.200 0.8499 0.4979 1.6824 -0.226 34.394 28.069 16.09 55.27 2.743 0.889 0.311 -0.085

0.225 0.9078 0.5248 1.7026 0.445 34.411 27.542 17.56 62.99 2.608 0.908 0.347 -0.084

0.250 0.9632 0.5507 1.7200 1.240 34.257 26.971 19.25 73.46 2.478 0.924 0.390 -0.083

0.275 1.0164 0.5755 1.7345 2.185 33.954 26.344 21.23 85.84 2.355 0.938 0.436 -0.080

0.300 1.0674 0.5994 1.7458 3.249 33.535 25.681 23.55 98.73 2.243 0.951 0.486 -0.079

0.325 1.1165 0.6226 1.7537 4.399 33.012 25.034 26.17 110.87 2.144 0.965 0.546 -0.076

0.350 1.1637 0.6451 1.7582 5.552 32.405 24.453 29.08 121.86 2.057 0.977 0.614 -0.078

0.375 1.2091 0.6670 1.7591 6.648 31.698 23.970 32.25 131.23 1.983 0.987 0.696 -0.079

0.400 1.2529 0.6883 1.7564 7.627 30.890 23.629 35.62 138.18 1.922 0.991 0.785 -0.083

0.425 1.2951 0.7092 1.7502 8.453 29.966 23.458 39.13 141.84 1.877 0.988 0.883 -0.085

0.450 1.3356 0.7296 1.7403 9.070 28.917 23.504 42.69 141.68 1.845 0.976 0.983 -0.093

0.475 1.3746 0.7494 1.7270 9.421 27.725 23.782 46.19 137.59 1.824 0.954 1.082 -0.108

0.500 1.4122 0.7687 1.7102 9.468 26.377 24.286 49.53 129.68 1.817 0.921 1.164 -0.129

0.525 1.4483 0.7875 1.6902 9.180 24.858 24.999 52.63 117.81 1.820 0.878 1.235 -0.150

0.550 1.4829 0.8059 1.6669 8.522 23.160 25.923 55.38 100.78 1.835 0.842 1.282 -0.172

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.5161 0.8239 1.6406 7.454 21.279 27.032 57.67 79.23 1.858 0.819 1.326 -0.188

0.600 1.5479 0.8416 1.6115 5.986 19.232 28.326 59.34 56.34 1.888 0.797 1.361 -0.204

0.625 1.5785 0.8590 1.5797 4.138 17.035 29.708 60.47 36.19 1.920 0.769 1.387 -0.210

0.650 1.6079 0.8760 1.5455 1.961 14.708 31.103 61.13 18.82 1.955 0.730 1.399 -0.211

0.675 1.6363 0.8925 1.5090 -0.520 12.251 32.392 61.41 0.18 1.992 0.697 1.381 -0.202

0.700 1.6638 0.9086 1.4703 -3.232 9.654 33.516 61.15 -22.38 2.035 0.680 1.337 -0.192

0.725 1.6905 0.9243 1.4295 -6.075 6.866 34.435 60.27 -48.81 2.084 0.683 1.277 -0.169

0.750 1.7168 0.9396 1.3867 -8.877 3.856 35.144 58.72 -75.87 2.139 0.691 1.216 -0.122

0.775 1.7428 0.9548 1.3419 -11.502 0.619 35.608 56.49 -100.28 2.195 0.702 1.155 -0.062

0.800 1.7688 0.9697 1.2953 -13.836 -2.808 35.814 53.73 -118.51 2.254 0.707 1.085 -0.002

0.825 1.7949 0.9844 1.2469 -15.841 -6.353 35.761 50.59 -129.98 2.318 0.704 1.000 0.029

0.850 1.8215 0.9991 1.1966 -17.454 -9.956 35.515 47.26 -137.29 2.388 0.697 0.905 0.034

0.875 1.8486 1.0137 1.1445 -18.615 -13.604 35.115 43.77 -143.03 2.467 0.695 0.806 0.024

0.900 1.8765 1.0283 1.0903 -19.232 -17.294 34.598 40.13 -147.97 2.554 0.696 0.708 0.008

0.925 1.9056 1.0428 1.0340 -19.250 -21.017 34.025 36.40 -149.94 2.649 0.693 0.617 -0.002

0.950 1.9361 1.0575 0.9757 -18.666 -24.718 33.496 32.64 -147.92 2.752 0.679 0.534 -0.005

0.975 1.9682 1.0725 0.9152 -17.549 -28.319 33.130 29.00 -142.82 2.860 0.652 0.461 -0.004

1.000 2.0018 1.0882 0.8524 -15.995 -31.797 32.997 25.51 -137.52 2.976 0.621 0.393 -0.004

1.025 2.0372 1.1048 0.7874 -14.081 -35.175 33.114 22.13 -135.33 3.098 0.594 0.333 0.004

1.050 2.0744 1.1224 0.7200 -11.831 -38.476 33.486 18.77 -136.20 3.228 0.576 0.282 0.029

1.075 2.1136 1.1412 0.6501 -9.261 -41.635 34.161 15.37 -133.23 3.362 0.565 0.240 0.072

1.100 2.1549 1.1616 0.5779 -6.462 -44.513 35.156 12.07 -122.38 3.499 0.544 0.201 0.114

1.125 2.1986 1.1836 0.5034 -3.649 -46.965 36.312 9.30 -104.60 3.643 0.513 0.164 0.133

1.150 2.2445 1.2075 0.4264 -1.081 -48.918 37.340 6.94 -83.47 3.793 0.490 0.132 0.146

1.175 2.2929 1.2335 0.3468 1.080 -50.237 38.147 5.15 -58.07 3.948 0.466 0.104 0.151
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Test Conditions

aircraft balsa glider flight regression 7

aspect ratio 6.07 test number 6051

m (g) 5.91 Ixx (g·cm2) 126.21

Iyy (g·cm2) 280.69 Izz (g·cm2) 401.99

Ixz (g·cm2) 7.42 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 76.5

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.2978 -0.5342 1.2651 5.950 18.082 -0.993 16.53 22.13 3.100 0.840 0.308 -0.058

0.025 0.3744 -0.5345 1.2664 7.916 18.224 -2.462 17.12 25.13 3.019 0.834 0.319 -0.052

0.050 0.4490 -0.5341 1.2664 9.625 18.309 -3.745 17.80 28.46 2.944 0.831 0.333 -0.059

0.075 0.5217 -0.5331 1.2650 11.020 18.260 -4.794 18.54 30.41 2.873 0.829 0.352 -0.068

0.100 0.5926 -0.5314 1.2620 12.028 17.989 -5.534 19.33 32.11 2.807 0.829 0.371 -0.069

0.125 0.6618 -0.5290 1.2571 12.619 17.454 -5.903 20.15 35.11 2.746 0.829 0.391 -0.060

0.150 0.7293 -0.5260 1.2503 12.731 16.672 -5.894 21.07 39.53 2.694 0.832 0.410 -0.051

0.175 0.7953 -0.5225 1.2414 12.310 15.699 -5.552 22.13 43.92 2.648 0.839 0.432 -0.051

0.200 0.8599 -0.5185 1.2305 11.315 14.570 -4.929 23.26 46.06 2.608 0.851 0.451 -0.061

0.225 0.9231 -0.5140 1.2176 9.751 13.297 -4.033 24.41 45.08 2.576 0.864 0.470 -0.079

0.250 0.9850 -0.5092 1.2027 7.638 11.894 -2.900 25.49 40.71 2.552 0.874 0.486 -0.097

0.275 1.0459 -0.5041 1.1857 5.047 10.380 -1.594 26.43 33.54 2.534 0.879 0.502 -0.109

0.300 1.1057 -0.4988 1.1668 2.069 8.784 -0.221 27.15 24.64 2.522 0.877 0.515 -0.109

0.325 1.1647 -0.4935 1.1460 -1.168 7.134 1.130 27.65 15.03 2.517 0.865 0.523 -0.100

0.350 1.2229 -0.4883 1.1232 -4.545 5.442 2.389 27.90 5.17 2.518 0.845 0.525 -0.093

0.375 1.2804 -0.4832 1.0984 -7.968 3.680 3.515 27.90 -5.90 2.528 0.818 0.520 -0.080

0.400 1.3373 -0.4784 1.0715 -11.340 1.812 4.456 27.62 -17.82 2.546 0.794 0.510 -0.050

0.425 1.3938 -0.4740 1.0425 -14.558 -0.165 5.167 27.01 -29.23 2.572 0.775 0.494 -0.009

0.450 1.4501 -0.4702 1.0112 -17.477 -2.213 5.628 26.16 -37.89 2.606 0.759 0.473 0.024

0.475 1.5063 -0.4672 0.9777 -19.969 -4.290 5.858 25.13 -42.97 2.649 0.744 0.451 0.034

0.500 1.5626 -0.4650 0.9419 -21.942 -6.382 5.895 24.02 -46.05 2.698 0.728 0.428 0.025

0.525 1.6190 -0.4637 0.9039 -23.338 -8.513 5.769 22.86 -48.51 2.755 0.710 0.404 0.005

0.550 1.6758 -0.4633 0.8637 -24.098 -10.738 5.523 21.61 -50.65 2.817 0.691 0.380 -0.012

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.7330 -0.4637 0.8213 -24.179 -13.054 5.225 20.32 -51.35 2.884 0.670 0.356 -0.023

0.600 1.7908 -0.4649 0.7768 -23.545 -15.440 4.939 19.04 -50.88 2.956 0.651 0.333 -0.025

0.625 1.8493 -0.4669 0.7301 -22.219 -17.832 4.727 17.78 -51.02 3.034 0.638 0.312 -0.019

0.650 1.9087 -0.4695 0.6815 -20.260 -20.186 4.637 16.49 -53.46 3.114 0.640 0.294 -0.002

0.675 1.9692 -0.4725 0.6310 -17.778 -22.419 4.691 15.11 -57.41 3.195 0.652 0.276 0.017

0.700 2.0311 -0.4759 0.5790 -14.889 -24.494 4.883 13.62 -59.79 3.278 0.663 0.252 0.038

0.725 2.0946 -0.4796 0.5256 -11.743 -26.339 5.198 12.12 -58.17 3.366 0.659 0.225 0.046

0.750 2.1599 -0.4836 0.4710 -8.485 -27.990 5.592 10.73 -53.25 3.458 0.639 0.199 0.049

0.775 2.2273 -0.4877 0.4152 -5.277 -29.474 6.011 9.49 -47.67 3.554 0.611 0.178 0.053

0.800 2.2969 -0.4915 0.3581 -2.275 -30.797 6.371 8.38 -41.56 3.652 0.584 0.161 0.067

0.825 2.3686 -0.4948 0.2998 0.368 -31.856 6.577 7.41 -33.83 3.751 0.561 0.144 0.079

0.850 2.4425 -0.4976 0.2402 2.503 -32.528 6.533 6.69 -23.63 3.853 0.538 0.128 0.085

0.875 2.5188 -0.4995 0.1793 3.978 -32.766 6.153 6.25 -11.27 3.958 0.517 0.113 0.091
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Test Conditions

aircraft balsa glider flight regression 8

aspect ratio 6.07 test number 5943

m (g) 6.51 Ixx (g·cm2) 126.35

Iyy (g·cm2) 306.55 Izz (g·cm2) 427.71

Ixz (g·cm2) 9.33 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 58.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.2427 0.1910 1.4188 4.916 9.945 37.314 6.81 10.25 3.914 0.672 0.112 -0.026

0.025 0.3238 0.2443 1.4246 4.747 10.139 37.677 7.04 8.27 3.859 0.679 0.115 -0.023

0.050 0.4033 0.2973 1.4302 4.523 10.230 38.100 7.24 7.31 3.804 0.686 0.119 -0.019

0.075 0.4814 0.3500 1.4355 4.281 10.238 38.572 7.42 7.38 3.749 0.693 0.125 -0.015

0.100 0.5580 0.4024 1.4404 4.052 10.185 39.085 7.62 8.51 3.694 0.699 0.129 -0.011

0.125 0.6333 0.4545 1.4447 3.893 10.088 39.620 7.85 10.76 3.641 0.706 0.140 -0.006

0.150 0.7072 0.5063 1.4484 3.831 9.976 40.166 8.15 13.81 3.584 0.715 0.153 -0.003

0.175 0.7796 0.5576 1.4514 3.892 9.858 40.723 8.54 16.76 3.527 0.727 0.162 -0.004

0.200 0.8507 0.6085 1.4535 4.083 9.733 41.268 8.98 18.26 3.472 0.743 0.168 -0.007

0.225 0.9205 0.6591 1.4547 4.412 9.578 41.787 9.44 17.63 3.422 0.763 0.174 -0.010

0.250 0.9888 0.7094 1.4550 4.867 9.382 42.277 9.86 15.58 3.373 0.787 0.183 -0.013

0.275 1.0558 0.7595 1.4545 5.419 9.135 42.763 10.22 13.76 3.324 0.810 0.198 -0.015

0.300 1.1214 0.8094 1.4533 6.042 8.836 43.229 10.54 13.11 3.274 0.827 0.211 -0.021

0.325 1.1857 0.8590 1.4511 6.724 8.470 43.682 10.87 13.16 3.224 0.837 0.222 -0.033

0.350 1.2485 0.9083 1.4481 7.443 8.005 44.109 11.20 12.45 3.177 0.838 0.224 -0.051

0.375 1.3100 0.9575 1.4439 8.195 7.364 44.551 11.49 9.90 3.136 0.833 0.222 -0.068

0.400 1.3702 1.0066 1.4385 8.957 6.481 45.035 11.68 4.42 3.102 0.828 0.217 -0.074

0.425 1.4293 1.0557 1.4316 9.735 5.333 45.550 11.71 -3.83 3.075 0.828 0.213 -0.066

0.450 1.4872 1.1050 1.4233 10.550 3.953 46.053 11.51 -11.50 3.056 0.832 0.215 -0.043

0.475 1.5440 1.1547 1.4135 11.440 2.430 46.588 11.13 -14.60 3.041 0.825 0.224 -0.023

0.500 1.5996 1.2048 1.4022 12.385 0.814 47.198 10.78 -12.08 3.026 0.806 0.230 -0.011

0.525 1.6539 1.2554 1.3891 13.295 -0.878 47.935 10.53 -8.39 3.014 0.778 0.225 -0.011

0.550 1.7070 1.3065 1.3741 14.024 -2.662 48.740 10.38 -8.08 3.015 0.753 0.211 -0.011

continued on next page

165



time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.7592 1.3581 1.3570 14.466 -4.521 49.536 10.14 -10.57 3.029 0.738 0.193 -0.000

0.600 1.8106 1.4103 1.3378 14.628 -6.408 50.304 9.82 -13.62 3.050 0.734 0.178 0.021

0.625 1.8614 1.4634 1.3165 14.590 -8.245 51.099 9.46 -15.65 3.080 0.736 0.167 0.044

0.650 1.9116 1.5173 1.2931 14.413 -9.973 51.965 9.06 -16.42 3.117 0.753 0.147 0.066

0.675 1.9613 1.5724 1.2679 14.037 -11.438 52.825 8.65 -14.74 3.168 0.751 0.147 0.063

0.700 2.0106 1.6289 1.2410 13.454 -12.662 53.628 8.32 -9.27 3.216 0.744 0.160 0.048

0.725 2.0595 1.6866 1.2124 12.713 -13.678 54.411 8.15 -4.93 3.260 0.722 0.181 0.021

0.750 2.1078 1.7453 1.1823 11.934 -14.647 55.256 8.11 -4.71 3.296 0.714 0.183 0.011

0.775 2.1556 1.8052 1.1507 11.221 -15.618 56.232 7.89 -7.40 3.346 0.711 0.164 0.019

0.800 2.2031 1.8663 1.1176 10.519 -16.471 57.241 7.71 -7.98 3.399 0.701 0.154 0.018

0.825 2.2503 1.9288 1.0832 9.901 -17.254 58.331 7.54 -7.37 3.456 0.690 0.143 0.018

0.850 2.2973 1.9927 1.0474 9.409 -17.967 59.508 7.36 -5.58 3.517 0.679 0.133 0.019

166



Test Conditions

aircraft balsa glider flight regression 9

aspect ratio 6.07 test number 5954

m (g) 6.51 Ixx (g·cm2) 126.35

Iyy (g·cm2) 306.55 Izz (g·cm2) 427.71

Ixz (g·cm2) 9.33 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 0

CG (%c) 58.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 1.7088 1.0937 1.2714 2.173 -10.631 26.654 7.40 -1.44 3.238 0.732 0.147 0.061

0.025 1.7790 1.1257 1.2457 2.098 -11.456 26.557 7.41 1.88 3.278 0.729 0.148 0.051

0.050 1.8498 1.1582 1.2186 1.853 -12.115 26.465 7.48 4.07 3.320 0.726 0.148 0.042

0.075 1.9211 1.1911 1.1903 1.471 -12.638 26.385 7.60 5.14 3.364 0.723 0.147 0.033

0.100 1.9931 1.2244 1.1606 0.974 -13.040 26.314 7.74 4.89 3.409 0.720 0.144 0.021

0.125 2.0657 1.2583 1.1299 0.418 -13.384 26.287 7.84 3.96 3.458 0.712 0.143 0.016

0.150 2.1390 1.2928 1.0982 -0.183 -13.688 26.282 7.93 3.11 3.507 0.707 0.146 0.020

0.175 2.2132 1.3276 1.0655 -0.817 -13.917 26.299 7.99 2.66 3.554 0.706 0.151 0.022

0.200 2.2882 1.3629 1.0319 -1.443 -14.055 26.371 8.05 1.34 3.599 0.711 0.154 0.021

0.225 2.3640 1.3986 0.9978 -2.033 -14.094 26.505 8.07 -1.22 3.642 0.718 0.154 0.014

0.250 2.4408 1.4347 0.9633 -2.567 -14.077 26.659 7.99 -4.38 3.687 0.724 0.149 0.010

0.275 2.5187 1.4711 0.9285 -3.023 -14.017 26.806 7.85 -6.47 3.731 0.724 0.147 0.007

0.300 2.5975 1.5080 0.8936 -3.416 -13.933 26.927 7.66 -7.25 3.774 0.720 0.144 0.005

0.325 2.6775 1.5453 0.8588 -3.754 -13.819 27.028 7.49 -7.95 3.815 0.711 0.142 0.001

0.350 2.7585 1.5830 0.8240 -4.047 -13.709 27.104 7.28 -9.28 3.854 0.702 0.137 -0.001

0.375 2.8405 1.6210 0.7893 -4.299 -13.617 27.142 7.04 -10.15 3.893 0.689 0.131 0.000

0.400 2.9237 1.6594 0.7548 -4.529 -13.550 27.107 6.79 -7.12 3.934 0.668 0.125 0.009

0.425 3.0078 1.6981 0.7204 -4.733 -13.427 26.995 6.67 0.55 3.973 0.639 0.115 0.013

0.450 3.0930 1.7372 0.6858 -4.926 -13.228 26.810 6.79 8.52 4.015 0.612 0.107 0.008

0.475 3.1790 1.7768 0.6509 -5.120 -12.984 26.616 7.08 9.34 4.061 0.600 0.104 -0.000

0.500 3.2661 1.8169 0.6156 -5.338 -12.768 26.431 7.27 0.88 4.109 0.613 0.113 0.001

0.525 3.3542 1.8574 0.5803 -5.584 -12.565 26.274 7.14 -9.51 4.146 0.638 0.126 0.010

0.550 3.4434 1.8979 0.5455 -5.842 -12.313 26.094 6.77 -13.24 4.170 0.657 0.134 0.019

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 3.5336 1.9384 0.5115 -6.079 -11.938 25.884 6.47 -8.64 4.190 0.657 0.130 0.016

0.600 3.6249 1.9787 0.4784 -6.274 -11.465 25.635 6.37 -2.04 4.214 0.645 0.120 0.008

0.625 3.7172 2.0189 0.4461 -6.423 -10.952 25.372 6.40 1.14 4.242 0.630 0.111 0.002

0.650 3.8104 2.0592 0.4144 -6.548 -10.464 25.083 6.42 1.52 4.269 0.623 0.107 0.004

0.675 3.9046 2.0996 0.3833 -6.651 -9.961 24.751 6.45 1.78 4.294 0.618 0.104 0.007

0.700 3.9997 2.1400 0.3530 -6.753 -9.424 24.386 6.52 3.47 4.318 0.613 0.101 0.009

0.725 4.0957 2.1805 0.3233 -6.863 -8.842 23.976 6.64 6.02 4.340 0.607 0.098 0.011
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Test Conditions

aircraft balsa glider flight regression 10

aspect ratio 6.07 test number 5994

m (g) 6.51 Ixx (g·cm2) 126.35

Iyy (g·cm2) 306.55 Izz (g·cm2) 427.71

Ixz (g·cm2) 9.33 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 1.9

CG (%c) 58.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.1495 -0.2467 1.3254 -4.725 -13.363 26.851 5.23 -3.92 4.030 0.515 0.113 0.001

0.025 0.2372 -0.2086 1.2923 -4.772 -13.939 26.668 5.12 -4.84 4.067 0.507 0.107 0.002

0.050 0.3256 -0.1705 1.2581 -4.893 -14.510 26.418 4.99 -5.38 4.107 0.498 0.102 0.003

0.075 0.4148 -0.1324 1.2229 -5.058 -15.069 26.118 4.86 -5.53 4.151 0.488 0.097 0.004

0.100 0.5048 -0.0943 1.1866 -5.247 -15.622 25.786 4.72 -5.19 4.198 0.479 0.091 0.006

0.125 0.5958 -0.0559 1.1492 -5.398 -16.132 25.453 4.59 -4.39 4.247 0.469 0.085 0.004

0.150 0.6876 -0.0174 1.1106 -5.485 -16.618 25.135 4.49 -4.22 4.299 0.459 0.080 0.002

0.175 0.7804 0.0215 1.0710 -5.540 -17.090 24.843 4.39 -5.48 4.355 0.451 0.076 0.000

0.200 0.8743 0.0607 1.0302 -5.586 -17.561 24.615 4.22 -7.66 4.414 0.443 0.074 0.000

0.225 0.9694 0.1001 0.9884 -5.616 -18.027 24.444 4.01 -8.83 4.471 0.433 0.075 -0.000

0.250 1.0656 0.1397 0.9457 -5.642 -18.491 24.319 3.78 -7.86 4.528 0.418 0.077 -0.000

0.275 1.1628 0.1796 0.9019 -5.684 -18.952 24.194 3.62 -5.52 4.583 0.398 0.077 -0.002

0.300 1.2611 0.2196 0.8570 -5.802 -19.433 24.039 3.51 -3.45 4.639 0.379 0.074 -0.002

0.325 1.3604 0.2599 0.8108 -6.039 -19.937 23.829 3.44 -2.84 4.698 0.363 0.070 -0.001

0.350 1.4607 0.3003 0.7631 -6.388 -20.464 23.575 3.36 -3.78 4.761 0.353 0.066 0.001

0.375 1.5623 0.3409 0.7140 -6.792 -20.984 23.303 3.25 -5.69 4.828 0.347 0.063 0.002

0.400 1.6650 0.3816 0.6634 -7.165 -21.484 23.055 3.08 -7.55 4.896 0.343 0.063 0.002

0.425 1.7690 0.4224 0.6116 -7.440 -21.955 22.849 2.87 -8.34 4.962 0.335 0.064 -0.001

0.450 1.8744 0.4635 0.5585 -7.606 -22.418 22.704 2.66 -7.61 5.028 0.320 0.064 -0.006

0.475 1.9809 0.5047 0.5042 -7.689 -22.922 22.607 2.49 -6.07 5.094 0.299 0.063 -0.009

0.500 2.0885 0.5460 0.4483 -7.731 -23.511 22.573 2.36 -5.32 5.161 0.276 0.061 -0.010

0.525 2.1972 0.5876 0.3906 -7.734 -24.197 22.569 2.23 -5.57 5.232 0.256 0.061 -0.005

0.550 2.3069 0.6294 0.3310 -7.698 -24.929 22.583 2.07 -5.52 5.302 0.241 0.062 -0.001

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 2.4175 0.6714 0.2693 -7.608 -25.665 22.604 1.96 -3.29 5.374 0.225 0.062 0.003

0.600 2.5289 0.7137 0.2054 -7.462 -26.373 22.614 1.93 0.65 5.447 0.210 0.062 0.007

0.625 2.6411 0.7561 0.1391 -7.256 -27.017 22.598 2.02 6.31 5.521 0.196 0.061 0.011
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Test Conditions

aircraft balsa glider flight regression 11

aspect ratio 6.07 test number 5988

m (g) 6.51 Ixx (g·cm2) 126.35

Iyy (g·cm2) 306.55 Izz (g·cm2) 427.71

Ixz (g·cm2) 9.33 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 1.9

CG (%c) 58.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.5352 -0.1410 1.1238 -4.407 -16.886 24.428 2.31 8.59 4.874 0.298 0.096 -0.007

0.025 0.6436 -0.1028 1.0823 -4.314 -17.467 23.910 2.48 5.46 4.905 0.296 0.089 -0.006

0.050 0.7522 -0.0645 1.0391 -4.230 -18.081 23.511 2.58 2.72 4.942 0.293 0.081 -0.005

0.075 0.8612 -0.0258 0.9941 -4.138 -18.722 23.214 2.62 0.38 4.985 0.290 0.074 -0.004

0.100 0.9706 0.0131 0.9475 -4.040 -19.385 22.999 2.60 -1.44 5.042 0.286 0.060 -0.003

0.125 1.0808 0.0525 0.8991 -3.870 -20.062 22.850 2.55 -3.45 5.098 0.282 0.063 -0.002

0.150 1.1918 0.0922 0.8489 -3.627 -20.749 22.750 2.44 -5.88 5.152 0.280 0.063 -0.001

0.175 1.3035 0.1323 0.7970 -3.362 -21.442 22.671 2.26 -7.99 5.210 0.277 0.060 0.000

0.200 1.4160 0.1727 0.7436 -3.146 -22.125 22.597 2.05 -8.21 5.272 0.270 0.057 0.001

0.225 1.5295 0.2135 0.6885 -3.018 -22.796 22.533 1.85 -6.21 5.337 0.257 0.056 0.001

0.250 1.6440 0.2546 0.6317 -2.981 -23.447 22.494 1.74 -3.03 5.404 0.241 0.056 0.000

0.275 1.7592 0.2962 0.5730 -2.989 -24.089 22.519 1.70 -0.54 5.470 0.226 0.057 -0.001

0.300 1.8753 0.3381 0.5123 -3.005 -24.740 22.617 1.71 0.13 5.536 0.213 0.058 -0.003

0.325 1.9919 0.3805 0.4493 -3.012 -25.417 22.779 1.71 -0.40 5.603 0.202 0.057 -0.003

0.350 2.1093 0.4233 0.3841 -3.034 -26.132 22.971 1.68 -0.99 5.674 0.191 0.056 -0.003

0.375 2.2272 0.4665 0.3164 -3.090 -26.876 23.161 1.65 -1.15 5.748 0.180 0.054 -0.002

0.400 2.3459 0.5102 0.2463 -3.177 -27.633 23.333 1.63 -1.00 5.824 0.170 0.053 -0.001

0.425 2.4652 0.5544 0.1736 -3.313 -28.406 23.457 1.61 -0.56 5.903 0.160 0.052 -0.001
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Test Conditions

aircraft balsa glider flight regression 12

aspect ratio 6.07 test number 6002

m (g) 6.75 Ixx (g·cm2) 126.40

Iyy (g·cm2) 315.61 Izz (g·cm2) 436.72

Ixz (g·cm2) 10.00 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 1.9

CG (%c) 52.9

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.0753 -0.0613 1.4087 -8.818 -11.917 23.603 3.98 -6.83 4.473 0.433 0.108 0.005

0.025 0.1746 -0.0198 1.3773 -9.118 -12.555 23.349 3.84 -4.46 4.495 0.419 0.098 0.003

0.050 0.2744 0.0209 1.3446 -9.528 -13.201 22.964 3.75 -2.51 4.523 0.404 0.088 0.001

0.075 0.3749 0.0611 1.3105 -10.012 -13.864 22.485 3.71 -0.99 4.557 0.388 0.078 -0.000

0.100 0.4761 0.1009 1.2750 -10.528 -14.544 21.944 3.70 0.32 4.597 0.371 0.067 -0.003

0.125 0.5782 0.1405 1.2379 -11.067 -15.270 21.393 3.71 0.46 4.648 0.354 0.060 -0.004

0.150 0.6811 0.1799 1.1989 -11.552 -16.041 20.857 3.73 -0.91 4.703 0.342 0.061 -0.003

0.175 0.7848 0.2192 1.1581 -11.982 -16.844 20.347 3.67 -2.95 4.757 0.335 0.066 0.001

0.200 0.8895 0.2582 1.1156 -12.287 -17.650 19.812 3.57 -4.20 4.806 0.329 0.072 0.002

0.225 0.9950 0.2969 1.0713 -12.455 -18.459 19.197 3.46 -4.26 4.855 0.322 0.072 0.001

0.250 1.1013 0.3352 1.0252 -12.463 -19.282 18.498 3.36 -4.36 4.907 0.312 0.069 -0.002

0.275 1.2085 0.3732 0.9774 -12.397 -20.133 17.749 3.25 -4.95 4.966 0.301 0.064 -0.002

0.300 1.3167 0.4109 0.9277 -12.358 -21.014 16.965 3.11 -5.41 5.029 0.290 0.062 -0.001

0.325 1.4260 0.4483 0.8761 -12.392 -21.910 16.131 2.98 -4.85 5.093 0.277 0.061 -0.000

0.350 1.5364 0.4853 0.8224 -12.496 -22.827 15.231 2.87 -3.53 5.159 0.263 0.062 -0.000

0.375 1.6477 0.5219 0.7666 -12.628 -23.764 14.260 2.81 -2.37 5.226 0.247 0.063 -0.001

0.400 1.7601 0.5579 0.7085 -12.807 -24.742 13.231 2.75 -1.89 5.294 0.233 0.063 -0.002

0.425 1.8734 0.5935 0.6480 -13.008 -25.765 12.140 2.70 -1.90 5.364 0.220 0.063 -0.003
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Test Conditions

aircraft balsa glider flight regression 13

aspect ratio 6.07 test number 5982

m (g) 6.51 Ixx (g·cm2) 126.35

Iyy (g·cm2) 306.55 Izz (g·cm2) 427.71

Ixz (g·cm2) 9.33 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) 1.42

CG (%c) 58.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.2160 -0.3806 1.2351 -3.903 -6.375 25.764 4.13 9.36 4.621 0.409 0.100 -0.016

0.025 0.3226 -0.3420 1.2129 -3.765 -6.614 25.405 4.32 5.06 4.618 0.414 0.096 -0.012

0.050 0.4291 -0.3036 1.1900 -3.486 -6.929 25.053 4.40 1.83 4.619 0.419 0.092 -0.008

0.075 0.5355 -0.2654 1.1665 -3.112 -7.287 24.714 4.42 -0.36 4.623 0.423 0.088 -0.003

0.100 0.6419 -0.2271 1.1423 -2.707 -7.661 24.383 4.39 -1.22 4.631 0.424 0.083 0.002

0.125 0.7484 -0.1888 1.1174 -2.261 -8.015 24.109 4.36 -2.25 4.641 0.431 0.078 0.006

0.150 0.8551 -0.1502 1.0920 -1.851 -8.309 23.882 4.29 -3.42 4.658 0.437 0.073 0.008

0.175 0.9621 -0.1114 1.0663 -1.595 -8.537 23.651 4.19 -3.37 4.677 0.438 0.071 0.006

0.200 1.0694 -0.0723 1.0402 -1.569 -8.713 23.380 4.11 -1.57 4.695 0.432 0.073 0.002

0.225 1.1770 -0.0330 1.0138 -1.744 -8.878 23.074 4.11 0.45 4.710 0.422 0.075 -0.002

0.250 1.2848 0.0065 0.9869 -2.078 -9.071 22.788 4.14 1.02 4.724 0.414 0.075 -0.003

0.275 1.3929 0.0461 0.9595 -2.471 -9.301 22.556 4.16 -0.04 4.741 0.410 0.073 -0.002

0.300 1.5013 0.0858 0.9315 -2.854 -9.550 22.383 4.13 -1.57 4.761 0.409 0.071 0.001

0.325 1.6100 0.1256 0.9029 -3.173 -9.785 22.243 4.08 -2.43 4.782 0.409 0.070 0.002

0.350 1.7191 0.1655 0.8738 -3.399 -10.000 22.143 4.01 -2.34 4.804 0.407 0.069 0.001

0.375 1.8287 0.2057 0.8442 -3.535 -10.200 22.112 3.96 -1.82 4.827 0.403 0.070 -0.001

0.400 1.9387 0.2460 0.8142 -3.624 -10.404 22.156 3.92 -1.57 4.848 0.397 0.071 -0.003

0.425 2.0491 0.2863 0.7837 -3.685 -10.630 22.256 3.88 -2.27 4.869 0.394 0.073 -0.002

0.450 2.1599 0.3267 0.7527 -3.731 -10.877 22.372 3.81 -4.02 4.889 0.393 0.075 -0.001

0.475 2.2711 0.3672 0.7212 -3.723 -11.134 22.501 3.68 -5.97 4.909 0.394 0.074 0.000

0.500 2.3827 0.4078 0.6893 -3.636 -11.386 22.649 3.52 -6.38 4.929 0.391 0.072 0.001

0.525 2.4948 0.4486 0.6571 -3.484 -11.633 22.821 3.36 -4.15 4.952 0.384 0.069 0.002

0.550 2.6073 0.4896 0.6245 -3.320 -11.851 22.989 3.31 -0.41 4.978 0.372 0.067 0.002
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 2.7202 0.5308 0.5913 -3.219 -12.052 23.115 3.35 2.33 5.005 0.360 0.067 -0.000

0.600 2.8337 0.5722 0.5574 -3.216 -12.252 23.197 3.43 2.65 5.030 0.351 0.069 -0.003

0.625 2.9475 0.6137 0.5227 -3.271 -12.497 23.259 3.47 1.26 5.054 0.346 0.070 -0.004

0.650 3.0617 0.6553 0.4872 -3.315 -12.770 23.329 3.48 -0.41 5.080 0.343 0.069 -0.002

0.675 3.1765 0.6970 0.4509 -3.292 -13.065 23.423 3.45 -1.58 5.108 0.341 0.068 -0.000

0.700 3.2916 0.7389 0.4139 -3.178 -13.351 23.519 3.40 -2.33 5.136 0.338 0.065 -0.001

0.725 3.4073 0.7809 0.3762 -3.018 -13.652 23.612 3.34 -2.63 5.166 0.332 0.059 -0.002

0.750 3.5236 0.8233 0.3376 -2.876 -13.986 23.721 3.28 -1.93 5.205 0.322 0.054 0.000

0.775 3.6406 0.8659 0.2982 -2.795 -14.323 23.863 3.25 0.38 5.249 0.312 0.055 0.005

0.800 3.7583 0.9091 0.2578 -2.761 -14.606 24.038 3.30 3.59 5.288 0.303 0.061 0.005

0.825 3.8763 0.9528 0.2163 -2.745 -14.828 24.215 3.43 6.10 5.318 0.297 0.067 0.003

0.850 3.9947 0.9971 0.1739 -2.651 -15.016 24.356 3.60 6.99 5.352 0.290 0.069 -0.002

0.875 4.1134 1.0420 0.1303 -2.428 -15.239 24.473 3.76 6.41 5.383 0.284 0.074 -0.005

0.900 4.2322 1.0877 0.0857 -2.017 -15.507 24.532 3.90 4.41 5.411 0.279 0.078 -0.008
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Test Conditions

aircraft balsa glider flight regression 14

aspect ratio 6.07 test number 6043

m (g) 6.75 Ixx (g·cm2) 126.40

Iyy (g·cm2) 315.61 Izz (g·cm2) 436.72

Ixz (g·cm2) 10.00 Ixy (g·cm2) 0.27

Iyz (g·cm2) -0.10 δe (deg) -2.8

CG (%c) 52.9

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 0.0679 -0.2313 1.1970 -3.060 -0.561 23.547 9.01 3.14 3.571 0.722 0.204 -0.026

0.025 0.1490 -0.1979 1.1818 -3.357 -1.019 23.457 9.05 0.20 3.554 0.722 0.198 -0.021

0.050 0.2297 -0.1650 1.1657 -3.596 -1.557 23.361 9.03 -1.81 3.542 0.721 0.192 -0.016

0.075 0.3102 -0.1325 1.1489 -3.781 -2.155 23.272 8.97 -2.90 3.535 0.718 0.186 -0.011

0.100 0.3905 -0.1003 1.1313 -3.888 -2.802 23.189 8.89 -2.93 3.531 0.715 0.180 -0.004

0.125 0.4707 -0.0686 1.1128 -4.000 -3.449 23.164 8.82 -2.25 3.532 0.708 0.172 -0.001

0.150 0.5509 -0.0371 1.0934 -4.084 -4.083 23.184 8.78 -1.55 3.538 0.702 0.164 -0.002

0.175 0.6312 -0.0058 1.0730 -4.035 -4.722 23.222 8.74 -1.44 3.548 0.694 0.156 -0.004

0.200 0.7116 0.0255 1.0516 -3.829 -5.385 23.261 8.70 -2.08 3.563 0.688 0.151 -0.001

0.225 0.7922 0.0567 1.0291 -3.506 -6.052 23.324 8.64 -3.15 3.583 0.683 0.149 0.002

0.250 0.8730 0.0879 1.0057 -3.129 -6.715 23.420 8.54 -4.19 3.604 0.683 0.153 0.008

0.275 0.9542 0.1191 0.9813 -2.715 -7.337 23.547 8.43 -4.50 3.622 0.682 0.158 0.012

0.300 1.0355 0.1503 0.9561 -2.308 -7.915 23.677 8.32 -4.05 3.640 0.682 0.157 0.013

0.325 1.1172 0.1817 0.9301 -1.924 -8.442 23.810 8.23 -3.45 3.663 0.679 0.153 0.014

0.350 1.1992 0.2131 0.9033 -1.629 -8.920 23.925 8.15 -3.08 3.688 0.677 0.149 0.016

0.375 1.2817 0.2447 0.8757 -1.410 -9.338 24.018 8.08 -2.31 3.715 0.674 0.147 0.018

0.400 1.3646 0.2765 0.8475 -1.274 -9.683 24.072 8.03 -0.55 3.742 0.671 0.145 0.019

0.425 1.4480 0.3087 0.8186 -1.147 -9.937 24.089 8.04 0.98 3.771 0.669 0.144 0.016

0.450 1.5318 0.3413 0.7892 -1.028 -10.124 24.088 8.08 0.54 3.801 0.669 0.144 0.011

0.475 1.6161 0.3743 0.7592 -0.897 -10.280 24.088 8.08 -2.06 3.831 0.676 0.146 0.010

0.500 1.7009 0.4078 0.7289 -0.799 -10.397 24.091 7.98 -4.34 3.858 0.683 0.146 0.014

0.525 1.7863 0.4418 0.6984 -0.750 -10.456 24.089 7.85 -4.13 3.884 0.687 0.145 0.017

0.550 1.8723 0.4759 0.6678 -0.781 -10.423 24.080 7.77 -2.08 3.911 0.684 0.142 0.014
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 1.9589 0.5104 0.6373 -0.854 -10.318 24.074 7.76 -0.56 3.938 0.680 0.141 0.006

0.600 2.0462 0.5451 0.6067 -0.924 -10.185 24.085 7.75 -1.11 3.963 0.676 0.139 -0.000

0.625 2.1340 0.5803 0.5762 -0.961 -10.070 24.101 7.70 -3.01 3.988 0.673 0.138 -0.000

0.650 2.2224 0.6158 0.5458 -1.009 -9.978 24.133 7.60 -4.01 4.013 0.671 0.135 0.006

0.675 2.3114 0.6517 0.5156 -1.121 -9.866 24.165 7.49 -3.32 4.038 0.668 0.135 0.015

0.700 2.4011 0.6878 0.4855 -1.313 -9.664 24.189 7.45 -0.65 4.060 0.667 0.138 0.017

0.725 2.4913 0.7243 0.4558 -1.543 -9.377 24.202 7.45 2.47 4.078 0.668 0.139 0.018

0.750 2.5820 0.7610 0.4264 -1.757 -8.969 24.171 7.56 4.39 4.094 0.671 0.139 0.009

0.775 2.6732 0.7979 0.3974 -1.926 -8.516 24.081 7.66 2.90 4.109 0.675 0.138 -0.001

0.800 2.7650 0.8351 0.3690 -2.085 -8.065 23.951 7.72 -1.20 4.126 0.678 0.137 -0.012

0.825 2.8572 0.8723 0.3411 -2.262 -7.745 23.825 7.60 -4.47 4.138 0.678 0.135 -0.004

0.850 2.9499 0.9097 0.3140 -2.485 -7.431 23.719 7.48 -4.74 4.148 0.678 0.134 0.007

0.875 3.0431 0.9473 0.2875 -2.722 -7.094 23.627 7.39 -2.31 4.157 0.677 0.128 0.018

0.900 3.1367 0.9848 0.2618 -2.968 -6.633 23.500 7.39 1.87 4.167 0.675 0.118 0.017

0.925 3.2308 1.0224 0.2368 -3.239 -6.107 23.334 7.47 7.87 4.182 0.665 0.107 0.018

0.950 3.3255 1.0603 0.2123 -3.596 -5.465 23.124 7.76 13.58 4.201 0.661 0.110 0.017

0.975 3.4207 1.0984 0.1884 -4.068 -4.749 22.936 8.14 14.30 4.216 0.668 0.125 0.017

1.000 3.5161 1.1367 0.1652 -4.632 -3.909 22.761 8.48 8.63 4.213 0.695 0.148 0.004

1.025 3.6115 1.1751 0.1432 -5.182 -3.062 22.584 8.57 1.17 4.197 0.724 0.159 -0.008

1.050 3.7070 1.2130 0.1227 -5.627 -2.258 22.362 8.52 -2.87 4.176 0.738 0.157 -0.015

1.075 3.8025 1.2502 0.1037 -5.918 -1.589 22.088 8.44 -1.90 4.161 0.734 0.146 -0.010

1.100 3.8981 1.2869 0.0859 -6.108 -0.980 21.759 8.42 -0.38 4.148 0.729 0.138 -0.006

1.125 3.9937 1.3231 0.0693 -6.295 -0.388 21.418 8.44 -0.69 4.134 0.730 0.136 -0.005

1.150 4.0893 1.3589 0.0538 -6.551 0.173 21.079 8.38 -2.60 4.118 0.740 0.137 -0.002

1.175 4.1848 1.3940 0.0395 -6.842 0.731 20.738 8.30 -3.59 4.099 0.749 0.137 -0.000

1.200 4.2801 1.4285 0.0264 -7.219 1.287 20.408 8.21 -4.08 4.078 0.759 0.137 0.001

1.225 4.3753 1.4624 0.0145 -7.713 1.848 20.095 8.11 -4.07 4.055 0.770 0.137 0.003
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Appendix C

Test Data for the Balsa Glider with

an Aspect Ratio 11.7

Appendix C lists the data for selected flights of the balsa glider with an aspect ratio 11.7. The data is

downsampled from the recording rate of 200 Hz to 40 Hz. Flights H, I and J (as listed in Table 6.2) are

included as well as the 11 regression flights. The tables include some of the specific test conditions and a

time history of the important parameters.

The trajectory and determined quantities tabulated for flight H of the balsa glider with an aspect ratio

of 11.7 which is shown in Figs. 6.28 and 6.29.

Test Conditions

aircraft balsa glider flight H

aspect ratio 11.7 test number 6364

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -2.5376 -0.0500 1.1504 -8.419 10.288 17.982 5.58 2.32 5.644 0.635 0.101 -0.062

0.025 -2.4040 -0.0112 1.1644 -9.083 12.920 18.467 5.29 -9.34 5.539 0.654 0.105 -0.008

0.050 -2.2734 0.0246 1.1847 -9.712 15.835 19.056 5.12 -9.89 5.418 0.677 0.108 -0.002

0.075 -2.1463 0.0573 1.2110 -10.244 18.824 19.706 4.95 -5.75 5.288 0.695 0.107 -0.004

0.100 -2.0232 0.0867 1.2427 -10.624 21.834 20.350 4.84 -3.52 5.153 0.705 0.105 -0.012

0.125 -1.9043 0.1128 1.2792 -10.824 24.735 20.911 4.77 -0.56 5.011 0.710 0.104 -0.016

0.150 -1.7900 0.1356 1.3198 -10.869 27.496 21.374 4.80 2.44 4.863 0.714 0.106 -0.015
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.175 -1.6803 0.1553 1.3635 -10.818 30.131 21.742 4.90 4.46 4.710 0.725 0.110 -0.010

0.200 -1.5755 0.1719 1.4098 -10.732 32.693 22.029 5.03 5.30 4.549 0.745 0.117 -0.005

0.225 -1.4757 0.1856 1.4580 -10.638 35.232 22.225 5.17 6.54 4.380 0.770 0.125 -0.007

0.250 -1.3812 0.1963 1.5076 -10.532 37.746 22.302 5.36 9.40 4.204 0.794 0.133 -0.017

0.275 -1.2920 0.2041 1.5581 -10.402 40.176 22.255 5.64 13.51 4.022 0.811 0.143 -0.034

0.300 -1.2080 0.2094 1.6088 -10.238 42.443 22.089 6.05 18.15 3.834 0.822 0.154 -0.052

0.325 -1.1290 0.2122 1.6588 -10.031 44.478 21.806 6.56 23.58 3.643 0.830 0.167 -0.065

0.350 -1.0550 0.2128 1.7077 -9.772 46.260 21.385 7.24 30.85 3.450 0.837 0.183 -0.076

0.375 -0.9855 0.2115 1.7546 -9.428 47.784 20.785 8.12 40.72 3.256 0.846 0.203 -0.086

0.400 -0.9202 0.2086 1.7991 -8.962 49.060 19.955 9.28 52.83 3.062 0.861 0.229 -0.103

0.425 -0.8590 0.2043 1.8407 -8.339 50.084 18.863 10.77 66.34 2.869 0.884 0.261 -0.132

0.450 -0.8015 0.1988 1.8790 -7.559 50.833 17.508 12.60 79.92 2.677 0.916 0.300 -0.167

0.475 -0.7473 0.1925 1.9138 -6.628 51.285 15.896 14.79 93.17 2.490 0.963 0.349 -0.200

0.500 -0.6964 0.1855 1.9447 -5.564 51.454 14.027 17.29 107.48 2.307 1.022 0.412 -0.228

0.525 -0.6485 0.1780 1.9718 -4.389 51.383 11.946 20.19 126.51 2.131 1.083 0.489 -0.255

0.550 -0.6034 0.1701 1.9947 -3.131 51.119 9.731 23.62 152.41 1.963 1.127 0.575 -0.293

0.575 -0.5608 0.1620 2.0133 -1.822 50.683 7.493 27.81 182.50 1.809 1.153 0.678 -0.338

0.600 -0.5204 0.1538 2.0274 -0.492 50.075 5.278 32.77 211.53 1.675 1.172 0.812 -0.376

0.625 -0.4820 0.1457 2.0369 0.857 49.302 3.063 38.38 236.06 1.559 1.199 1.004 -0.399

0.650 -0.4454 0.1377 2.0419 2.224 48.395 0.804 44.52 255.86 1.462 1.211 1.249 -0.422

0.675 -0.4106 0.1299 2.0422 3.624 47.389 -1.514 51.10 269.90 1.388 1.179 1.511 -0.468

0.700 -0.3776 0.1224 2.0379 5.062 46.292 -3.821 57.96 275.62 1.342 1.072 1.745 -0.517

0.725 -0.3464 0.1151 2.0291 6.533 45.077 -6.024 64.82 271.29 1.324 0.897 1.928 -0.543

0.750 -0.3167 0.1082 2.0158 8.017 43.719 -8.056 71.44 256.88 1.334 0.670 2.044 -0.540

0.775 -0.2887 0.1018 1.9981 9.490 42.196 -9.914 77.59 233.06 1.366 0.440 2.078 -0.527

0.800 -0.2624 0.0958 1.9762 10.909 40.486 -11.604 83.03 199.92 1.418 0.249 2.027 -0.521

0.825 -0.2378 0.0903 1.9501 12.245 38.549 -13.142 87.55 159.51 1.488 0.118 1.939 -0.499

0.850 -0.2147 0.0854 1.9200 13.450 36.335 -14.467 90.98 116.12 1.569 0.032 1.848 -0.459

0.875 -0.1933 0.0811 1.8862 14.485 33.801 -15.524 93.33 73.28 1.655 -0.026 1.770 -0.414

0.900 -0.1733 0.0774 1.8489 15.305 30.913 -16.263 94.64 31.74 1.741 -0.064 1.697 -0.391

0.925 -0.1549 0.0743 1.8084 15.900 27.629 -16.687 94.92 -9.89 1.828 -0.074 1.627 -0.382

0.950 -0.1378 0.0720 1.7649 16.238 23.917 -16.827 94.16 -51.67 1.913 -0.059 1.565 -0.375

0.975 -0.1221 0.0703 1.7187 16.287 19.753 -16.716 92.34 -92.53 1.994 -0.019 1.514 -0.362

1.000 -0.1074 0.0695 1.6702 16.006 15.142 -16.389 89.54 -131.51 2.070 0.041 1.469 -0.351

1.025 -0.0936 0.0694 1.6194 15.402 10.115 -15.922 85.79 -168.60 2.140 0.123 1.425 -0.339

1.050 -0.0803 0.0701 1.5668 14.500 4.697 -15.372 81.15 -202.86 2.208 0.223 1.381 -0.316
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.075 -0.0673 0.0714 1.5125 13.302 -1.067 -14.819 75.68 -232.20 2.270 0.331 1.331 -0.277

1.100 -0.0541 0.0731 1.4567 11.755 -7.105 -14.318 69.56 -255.16 2.329 0.439 1.263 -0.235

1.125 -0.0403 0.0752 1.3995 9.830 -13.346 -13.938 62.96 -272.69 2.390 0.540 1.165 -0.185

1.150 -0.0255 0.0776 1.3409 7.562 -19.714 -13.759 55.98 -287.28 2.459 0.623 1.036 -0.130

1.175 -0.0093 0.0800 1.2807 5.097 -26.181 -13.841 48.67 -297.99 2.541 0.675 0.888 -0.058

1.200 0.0088 0.0822 1.2188 2.578 -32.705 -14.217 41.13 -301.17 2.635 0.682 0.728 0.028

1.225 0.0289 0.0840 1.1548 0.125 -39.195 -14.890 33.66 -293.42 2.747 0.639 0.564 0.108

1.250 0.0513 0.0851 1.0883 -2.197 -45.545 -15.820 26.53 -275.16 2.881 0.555 0.412 0.173

1.275 0.0757 0.0855 1.0186 -4.316 -51.631 -16.949 19.98 -248.65 3.037 0.451 0.288 0.220

1.300 0.1022 0.0853 0.9452 -6.171 -57.321 -18.212 14.17 -214.44 3.211 0.345 0.199 0.261

1.325 0.1304 0.0847 0.8676 -7.732 -62.425 -19.532 9.30 -172.51 3.397 0.250 0.142 0.296

1.350 0.1599 0.0837 0.7854 -9.014 -66.704 -20.792 5.56 -124.00 3.593 0.176 0.107 0.312
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The trajectory and determined quantities tabulated for flight I of the balsa glider with an aspect ratio

of 11.7 which is shown in Figs. 6.30 and 6.31.

Test Conditions

aircraft balsa glider flight I

aspect ratio 11.7 test number 6345

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -0.8832 0.3161 0.4461 -11.377 11.340 22.389 2.79 -0.49 6.139 0.434 0.073 -0.000

0.025 -0.7371 0.3534 0.4664 -11.577 13.149 22.280 2.85 2.59 6.035 0.442 0.074 -0.000

0.050 -0.5937 0.3884 0.4905 -11.829 14.983 22.194 2.93 3.70 5.927 0.450 0.075 -0.004

0.075 -0.4532 0.4208 0.5179 -12.107 16.788 22.102 3.02 2.84 5.813 0.457 0.076 -0.009

0.100 -0.3158 0.4507 0.5485 -12.382 18.492 21.966 3.07 1.06 5.696 0.463 0.077 -0.013

0.125 -0.1817 0.4782 0.5818 -12.636 20.049 21.774 3.07 -1.40 5.574 0.471 0.078 -0.012

0.150 -0.0509 0.5031 0.6174 -12.878 21.486 21.551 3.01 -3.85 5.449 0.483 0.080 -0.007

0.175 0.0763 0.5256 0.6551 -13.115 22.859 21.316 2.88 -5.72 5.320 0.500 0.083 0.001

0.200 0.1999 0.5454 0.6948 -13.341 24.266 21.077 2.73 -5.71 5.186 0.521 0.084 0.005

0.225 0.3198 0.5627 0.7362 -13.538 25.730 20.819 2.59 -3.64 5.049 0.541 0.084 0.004

0.250 0.4357 0.5774 0.7792 -13.684 27.239 20.518 2.55 -0.99 4.912 0.557 0.085 -0.005

0.275 0.5477 0.5896 0.8235 -13.773 28.698 20.165 2.56 0.51 4.771 0.570 0.088 -0.011

0.300 0.6557 0.5993 0.8687 -13.811 30.070 19.754 2.58 0.75 4.625 0.584 0.092 -0.016

0.325 0.7596 0.6066 0.9144 -13.833 31.328 19.293 2.59 1.59 4.474 0.597 0.094 -0.017

0.350 0.8595 0.6115 0.9602 -13.873 32.479 18.776 2.65 3.65 4.323 0.607 0.092 -0.018

0.375 0.9555 0.6142 1.0056 -13.969 33.516 18.217 2.78 6.19 4.177 0.618 0.091 -0.013

0.400 1.0478 0.6148 1.0505 -14.134 34.501 17.632 2.97 8.53 4.032 0.633 0.096 -0.008

0.425 1.1365 0.6134 1.0945 -14.363 35.462 17.052 3.21 11.52 3.884 0.654 0.110 -0.004

0.450 1.2214 0.6103 1.1372 -14.621 36.431 16.474 3.53 15.09 3.728 0.681 0.128 -0.011

0.475 1.3026 0.6055 1.1785 -14.892 37.371 15.892 3.96 17.28 3.568 0.714 0.142 -0.024

0.500 1.3801 0.5990 1.2180 -15.158 38.220 15.284 4.42 17.63 3.408 0.751 0.147 -0.035

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.525 1.4541 0.5909 1.2556 -15.423 38.937 14.643 4.85 19.29 3.257 0.785 0.150 -0.038

0.550 1.5247 0.5813 1.2911 -15.672 39.538 13.955 5.38 25.89 3.110 0.812 0.161 -0.041

0.575 1.5921 0.5703 1.3242 -15.900 40.039 13.204 6.15 35.89 2.963 0.835 0.184 -0.056

0.600 1.6564 0.5581 1.3547 -16.096 40.408 12.372 7.21 44.95 2.815 0.862 0.212 -0.087

0.625 1.7177 0.5448 1.3824 -16.250 40.573 11.453 8.43 52.15 2.672 0.898 0.240 -0.116

0.650 1.7763 0.5305 1.4069 -16.340 40.481 10.449 9.82 61.78 2.537 0.933 0.272 -0.131

0.675 1.8323 0.5153 1.4282 -16.317 40.131 9.322 11.53 77.93 2.407 0.962 0.322 -0.134

0.700 1.8858 0.4994 1.4461 -16.142 39.543 8.019 13.74 99.84 2.282 0.994 0.384 -0.134

0.725 1.9370 0.4830 1.4604 -15.784 38.760 6.478 16.53 122.65 2.164 1.034 0.450 -0.155

0.750 1.9859 0.4662 1.4710 -15.232 37.806 4.718 19.86 141.77 2.060 1.081 0.519 -0.207

0.775 2.0327 0.4491 1.4780 -14.490 36.669 2.806 23.59 155.87 1.970 1.124 0.604 -0.283

0.800 2.0776 0.4317 1.4813 -13.611 35.312 0.836 27.60 164.38 1.890 1.154 0.708 -0.350

0.825 2.1206 0.4142 1.4810 -12.621 33.700 -1.155 31.77 166.90 1.824 1.170 0.817 -0.384

0.850 2.1619 0.3966 1.4769 -11.544 31.834 -3.166 35.90 162.66 1.774 1.175 0.927 -0.377

0.875 2.2014 0.3791 1.4692 -10.338 29.759 -5.247 39.85 152.45 1.741 1.173 1.037 -0.362

0.900 2.2394 0.3616 1.4580 -8.941 27.532 -7.390 43.48 137.28 1.721 1.169 1.153 -0.369

0.925 2.2759 0.3443 1.4434 -7.272 25.185 -9.588 46.70 118.10 1.712 1.153 1.257 -0.396

0.950 2.3110 0.3273 1.4256 -5.309 22.731 -11.776 49.37 96.64 1.716 1.119 1.328 -0.430

0.975 2.3448 0.3105 1.4047 -3.088 20.153 -13.927 51.49 73.95 1.732 1.065 1.365 -0.436

1.000 2.3774 0.2940 1.3808 -0.741 17.435 -16.005 53.06 49.99 1.759 1.010 1.389 -0.403

1.025 2.4089 0.2779 1.3539 1.651 14.588 -17.985 54.00 24.55 1.795 0.965 1.396 -0.350

1.050 2.4396 0.2622 1.3243 4.008 11.611 -19.835 54.27 -0.87 1.836 0.935 1.384 -0.289

1.075 2.4695 0.2471 1.2921 6.326 8.522 -21.533 53.93 -25.44 1.883 0.917 1.341 -0.246

1.100 2.4989 0.2324 1.2574 8.616 5.294 -23.059 53.01 -50.69 1.938 0.906 1.275 -0.202

1.125 2.5280 0.2183 1.2203 10.857 1.922 -24.409 51.44 -77.15 2.000 0.904 1.198 -0.153

1.150 2.5570 0.2045 1.1809 13.044 -1.611 -25.548 49.17 -101.61 2.067 0.900 1.115 -0.090

1.175 2.5862 0.1913 1.1394 15.159 -5.284 -26.457 46.36 -120.23 2.138 0.879 1.017 -0.035

1.200 2.6158 0.1784 1.0956 17.147 -9.079 -27.141 43.18 -132.96 2.217 0.842 0.908 0.004

1.225 2.6461 0.1659 1.0496 18.938 -12.956 -27.652 39.76 -142.66 2.305 0.803 0.793 0.021

1.250 2.6771 0.1535 1.0012 20.436 -16.898 -28.047 36.09 -150.15 2.402 0.766 0.683 0.029

1.275 2.7091 0.1414 0.9503 21.587 -20.873 -28.373 32.27 -153.94 2.508 0.727 0.579 0.030

1.300 2.7423 0.1292 0.8970 22.388 -24.861 -28.660 28.42 -153.01 2.623 0.680 0.485 0.027

1.325 2.7769 0.1169 0.8409 22.814 -28.841 -28.976 24.65 -148.54 2.747 0.630 0.398 0.039

1.350 2.8130 0.1044 0.7820 22.928 -32.693 -29.411 21.02 -142.46 2.880 0.586 0.322 0.044

1.375 2.8508 0.0915 0.7201 22.720 -36.380 -30.029 17.55 -134.21 3.022 0.545 0.256 0.052
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The trajectory and determined quantities tabulated for flight J of the balsa glider with an aspect ratio

of 11.7 which is shown in Figs. 6.32 and 6.33.

Test Conditions

aircraft balsa glider flight regression J

aspect ratio 11.7 test number 6162

m (g) 7.92 Ixx (g·cm2) 291.14

Iyy (g·cm2) 325.10 Izz (g·cm2) 610.41

Ixz (g·cm2) 11.85 Ixy (g·cm2) 0.60

Iyz (g·cm2) -0.23 δe (deg) 0.94

CG (%c) 33.6

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -2.6671 0.0154 1.4876 6.426 -3.144 16.096 3.61 -4.64 5.003 0.527 -0.146 -0.005

0.025 -2.5430 0.0345 1.4750 6.753 -3.125 17.055 3.49 -4.00 5.088 0.504 -0.088 -0.003

0.050 -2.4174 0.0551 1.4627 7.215 -3.130 17.985 3.40 -3.09 5.145 0.487 -0.034 -0.000

0.075 -2.2909 0.0772 1.4506 7.781 -3.149 18.873 3.35 -1.90 5.172 0.478 0.018 0.002

0.100 -2.1637 0.1009 1.4387 8.448 -3.183 19.717 3.31 -0.40 5.138 0.482 0.097 0.004

0.125 -2.0387 0.1258 1.4273 9.092 -3.181 20.465 3.31 1.78 5.104 0.482 0.098 0.004

0.150 -1.9147 0.1522 1.4161 9.760 -3.154 21.138 3.39 3.35 5.073 0.483 0.092 0.001

0.175 -1.7918 0.1801 1.4050 10.427 -3.130 21.748 3.48 2.57 5.049 0.486 0.085 -0.002

0.200 -1.6698 0.2094 1.3940 11.027 -3.136 22.348 3.52 -0.09 5.030 0.491 0.083 -0.001

0.225 -1.5486 0.2401 1.3831 11.555 -3.164 22.951 3.48 -1.95 5.010 0.495 0.087 0.000

0.250 -1.4284 0.2722 1.3723 12.031 -3.201 23.572 3.42 -0.75 4.984 0.494 0.093 0.000

0.275 -1.3093 0.3059 1.3616 12.519 -3.246 24.212 3.44 3.13 4.954 0.486 0.095 -0.002

0.300 -1.1915 0.3411 1.3508 13.016 -3.319 24.881 3.58 6.71 4.926 0.476 0.094 -0.003

0.325 -1.0748 0.3779 1.3395 13.482 -3.433 25.575 3.78 6.92 4.904 0.474 0.090 -0.003

0.350 -0.9591 0.4160 1.3276 13.855 -3.583 26.281 3.92 3.56 4.885 0.481 0.089 -0.002

0.375 -0.8445 0.4555 1.3153 14.149 -3.751 26.972 3.95 -0.63 4.867 0.492 0.089 -0.002

0.400 -0.7308 0.4964 1.3028 14.399 -3.932 27.648 3.89 -2.71 4.849 0.501 0.090 -0.001

0.425 -0.6182 0.5387 1.2900 14.648 -4.127 28.342 3.81 -2.27 4.831 0.503 0.090 0.000

0.450 -0.5067 0.5826 1.2770 14.876 -4.343 29.085 3.78 -1.23 4.815 0.504 0.090 0.001

0.475 -0.3962 0.6280 1.2636 15.091 -4.570 29.886 3.76 -1.20 4.800 0.507 0.091 0.001

0.500 -0.2869 0.6748 1.2498 15.313 -4.807 30.734 3.72 -1.79 4.785 0.511 0.092 0.001

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.525 -0.1786 0.7233 1.2358 15.601 -5.055 31.614 3.67 -1.60 4.770 0.512 0.092 -0.001

0.550 -0.0716 0.7733 1.2213 15.976 -5.333 32.528 3.64 -0.46 4.757 0.510 0.092 -0.001

0.575 0.0343 0.8250 1.2064 16.398 -5.648 33.479 3.64 0.00 4.745 0.508 0.092 -0.000

0.600 0.1390 0.8781 1.1910 16.802 -5.997 34.451 3.64 -1.29 4.735 0.511 0.093 0.003

0.625 0.2426 0.9328 1.1750 17.141 -6.337 35.406 3.59 -3.22 4.725 0.516 0.094 0.004

0.650 0.3449 0.9892 1.1587 17.386 -6.645 36.307 3.49 -3.11 4.716 0.516 0.094 0.004

0.675 0.4460 1.0473 1.1419 17.494 -6.921 37.166 3.42 -0.11 4.707 0.507 0.092 0.000

0.700 0.5458 1.1069 1.1244 17.452 -7.203 38.033 3.48 3.39 4.700 0.493 0.087 -0.003

0.725 0.6446 1.1678 1.1063 17.274 -7.520 38.968 3.61 4.72 4.699 0.483 0.080 -0.005

0.750 0.7424 1.2301 1.0873 17.055 -7.885 39.992 3.72 3.81 4.705 0.478 0.074 -0.006

0.775 0.8394 1.2939 1.0673 16.868 -8.293 41.064 3.79 3.25 4.719 0.473 0.074 -0.004

0.800 0.9354 1.3593 1.0463 16.762 -8.702 42.086 3.86 3.87 4.728 0.468 0.081 -0.003

0.825 1.0304 1.4261 1.0244 16.713 -9.108 43.037 3.98 3.77 4.733 0.466 0.090 -0.003

0.850 1.1243 1.4943 1.0014 16.700 -9.526 43.962 4.06 1.41 4.735 0.472 0.092 -0.002

0.875 1.2170 1.5640 0.9774 16.706 -9.988 44.986 4.05 -2.20 4.741 0.483 0.086 0.001

0.900 1.3086 1.6353 0.9527 16.735 -10.480 46.103 3.94 -5.04 4.757 0.491 0.079 0.003

0.925 1.3992 1.7083 0.9272 16.777 -10.999 47.345 3.79 -6.85 4.774 0.499 0.072 0.005

0.950 1.4887 1.7832 0.9011 16.827 -11.554 48.770 3.61 -7.87 4.796 0.506 0.065 0.008
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The trajectory and determined quantities tabulated for the 11 regression flights of the balsa glider with

an aspect ratio of 11.7. The tables include the specific test conditions and a time history of the important

parameters for each of the 11 flights.

Test Conditions

aircraft balsa glider flight regression 1

aspect ratio 11.7 test number 6363

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.9618 -0.2419 1.0876 -14.707 21.822 13.398 4.32 -2.16 5.427 0.658 0.101 -0.018

0.025 -1.8333 -0.2344 1.1246 -14.808 24.882 13.957 4.26 -1.30 5.284 0.666 0.103 -0.009

0.050 -1.7099 -0.2303 1.1658 -14.766 27.895 14.388 4.28 0.71 5.132 0.680 0.108 -0.008

0.075 -1.5918 -0.2295 1.2106 -14.592 30.816 14.683 4.31 1.79 4.971 0.699 0.113 -0.008

0.100 -1.4794 -0.2318 1.2585 -14.289 33.641 14.815 4.37 2.44 4.802 0.721 0.119 -0.010

0.125 -1.3729 -0.2371 1.3088 -13.876 36.364 14.782 4.44 3.93 4.626 0.744 0.123 -0.011

0.150 -1.2726 -0.2451 1.3610 -13.398 38.994 14.579 4.57 6.81 4.446 0.765 0.129 -0.016

0.175 -1.1784 -0.2556 1.4145 -12.907 41.512 14.219 4.79 10.85 4.260 0.781 0.136 -0.025

0.200 -1.0903 -0.2684 1.4685 -12.440 43.897 13.722 5.12 15.75 4.067 0.792 0.146 -0.037

0.225 -1.0081 -0.2831 1.5223 -12.001 46.098 13.105 5.59 21.73 3.870 0.799 0.158 -0.050

0.250 -0.9317 -0.2994 1.5750 -11.573 48.086 12.369 6.22 29.30 3.670 0.803 0.172 -0.062

0.275 -0.8606 -0.3170 1.6261 -11.128 49.832 11.493 7.06 38.59 3.469 0.808 0.190 -0.073

0.300 -0.7946 -0.3357 1.6750 -10.631 51.334 10.436 8.16 49.34 3.267 0.820 0.213 -0.085

0.325 -0.7331 -0.3551 1.7210 -10.046 52.593 9.156 9.54 61.38 3.066 0.842 0.241 -0.096

0.350 -0.6760 -0.3750 1.7639 -9.354 53.630 7.631 11.24 74.44 2.865 0.876 0.275 -0.113

0.375 -0.6228 -0.3952 1.8033 -8.558 54.459 5.871 13.28 88.56 2.667 0.921 0.320 -0.143

0.400 -0.5733 -0.4156 1.8389 -7.672 55.073 3.903 15.69 104.38 2.472 0.973 0.378 -0.188

0.425 -0.5273 -0.4361 1.8706 -6.692 55.445 1.733 18.53 123.80 2.281 1.027 0.450 -0.237

0.450 -0.4845 -0.4563 1.8981 -5.624 55.569 -0.618 21.90 148.55 2.096 1.077 0.534 -0.285

0.475 -0.4446 -0.4762 1.9212 -4.480 55.464 -3.120 25.97 177.96 1.923 1.119 0.633 -0.334

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.500 -0.4071 -0.4957 1.9398 -3.297 55.159 -5.707 30.81 208.45 1.765 1.159 0.754 -0.385

0.525 -0.3719 -0.5148 1.9537 -2.106 54.671 -8.311 36.40 236.68 1.625 1.206 0.922 -0.435

0.550 -0.3386 -0.5333 1.9630 -0.917 54.015 -10.874 42.64 262.97 1.505 1.235 1.152 -0.483

0.575 -0.3073 -0.5512 1.9675 0.279 53.197 -13.342 49.50 288.65 1.405 1.204 1.432 -0.516

0.600 -0.2779 -0.5686 1.9673 1.485 52.234 -15.703 56.98 309.70 1.331 1.071 1.711 -0.543

0.625 -0.2502 -0.5852 1.9623 2.716 51.140 -18.012 64.90 316.60 1.288 0.857 1.919 -0.580

0.650 -0.2241 -0.6011 1.9526 3.979 49.915 -20.326 72.74 303.20 1.281 0.615 2.032 -0.638

0.675 -0.1994 -0.6162 1.9380 5.295 48.541 -22.702 79.98 273.55 1.307 0.389 2.099 -0.678

0.700 -0.1763 -0.6305 1.9189 6.654 46.995 -25.078 86.32 237.54 1.354 0.171 2.131 -0.667

0.725 -0.1547 -0.6439 1.8953 8.022 45.249 -27.346 91.78 200.74 1.416 -0.028 2.115 -0.618

0.750 -0.1348 -0.6563 1.8676 9.347 43.271 -29.358 96.34 161.76 1.489 -0.184 2.029 -0.572

0.775 -0.1166 -0.6676 1.8359 10.589 41.004 -31.040 99.88 118.90 1.574 -0.270 1.906 -0.529

0.800 -0.1000 -0.6778 1.8003 11.724 38.393 -32.374 102.28 74.23 1.667 -0.307 1.796 -0.481

0.825 -0.0849 -0.6868 1.7613 12.773 35.411 -33.456 103.59 31.90 1.759 -0.318 1.717 -0.434

0.850 -0.0713 -0.6946 1.7190 13.706 32.038 -34.310 103.88 -6.59 1.847 -0.320 1.654 -0.389

0.875 -0.0591 -0.7012 1.6738 14.523 28.276 -34.988 103.26 -43.36 1.931 -0.307 1.591 -0.351

0.900 -0.0482 -0.7065 1.6260 15.176 24.108 -35.439 101.73 -80.51 2.014 -0.271 1.529 -0.324

0.925 -0.0383 -0.7106 1.5758 15.656 19.510 -35.654 99.23 -119.63 2.092 -0.210 1.485 -0.297

0.950 -0.0293 -0.7134 1.5235 15.928 14.483 -35.620 95.75 -160.22 2.162 -0.122 1.461 -0.278

0.975 -0.0208 -0.7151 1.4694 15.923 9.045 -35.400 91.24 -200.25 2.223 -0.014 1.442 -0.272

1.000 -0.0126 -0.7160 1.4138 15.519 3.216 -35.037 85.76 -236.46 2.277 0.105 1.412 -0.274

1.025 -0.0044 -0.7164 1.3569 14.665 -2.971 -34.625 79.44 -266.27 2.328 0.225 1.359 -0.268

1.050 0.0043 -0.7164 1.2988 13.363 -9.472 -34.238 72.48 -289.91 2.380 0.347 1.276 -0.231

1.075 0.0138 -0.7162 1.2394 11.746 -16.208 -33.966 65.01 -308.42 2.439 0.466 1.167 -0.163

1.100 0.0245 -0.7161 1.1787 9.911 -23.065 -33.877 57.12 -321.47 2.506 0.574 1.035 -0.081

1.125 0.0369 -0.7164 1.1165 7.918 -29.926 -34.045 48.99 -326.88 2.584 0.647 0.879 -0.004

1.150 0.0512 -0.7177 1.0525 5.803 -36.688 -34.530 40.84 -323.08 2.681 0.666 0.705 0.056

1.175 0.0676 -0.7202 0.9862 3.632 -43.314 -35.346 32.91 -309.71 2.799 0.621 0.530 0.103

1.200 0.0862 -0.7242 0.9171 1.509 -49.776 -36.441 25.43 -287.27 2.942 0.526 0.375 0.152

1.225 0.1067 -0.7296 0.8447 -0.460 -55.991 -37.735 18.61 -256.61 3.107 0.407 0.256 0.207

1.250 0.1288 -0.7362 0.7683 -2.215 -61.802 -39.180 12.67 -217.54 3.290 0.293 0.175 0.262

1.275 0.1524 -0.7438 0.6873 -3.714 -66.964 -40.715 7.76 -172.74 3.484 0.197 0.126 0.304

1.300 0.1769 -0.7521 0.6016 -4.954 -71.197 -42.258 4.09 -124.43 3.686 0.126 0.099 0.313

1.325 0.2022 -0.7607 0.5108 -5.990 -74.374 -43.674 1.59 -73.04 3.885 0.070 0.079 0.314

1.350 0.2281 -0.7695 0.4150 -6.888 -76.384 -44.833 0.43 -18.23 4.093 0.023 0.059 0.317
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Test Conditions

aircraft balsa glider flight regression 2

aspect ratio 11.7 test number 6355

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -3.2238 -0.1562 1.1925 -2.679 4.187 31.378 5.84 20.11 5.407 0.650 0.024 -0.136

0.025 -3.1070 -0.0907 1.1915 -3.220 6.748 31.706 5.54 -8.67 5.262 0.685 0.099 -0.051

0.050 -2.9931 -0.0271 1.1969 -3.646 9.122 31.982 5.31 -10.20 5.185 0.687 0.097 -0.008

0.075 -2.8809 0.0348 1.2077 -4.020 11.675 32.261 5.32 0.82 5.097 0.693 0.098 -0.004

0.100 -2.7710 0.0948 1.2238 -4.366 14.235 32.593 5.40 4.44 5.000 0.702 0.100 -0.006

0.125 -2.6635 0.1524 1.2445 -4.669 16.772 32.940 5.50 4.93 4.894 0.713 0.103 -0.011

0.150 -2.5588 0.2076 1.2695 -4.913 19.251 33.244 5.64 4.54 4.781 0.724 0.106 -0.018

0.175 -2.4572 0.2603 1.2984 -5.084 21.606 33.428 5.74 3.22 4.658 0.737 0.110 -0.021

0.200 -2.3590 0.3103 1.3305 -5.208 23.818 33.509 5.79 2.41 4.526 0.751 0.115 -0.019

0.225 -2.2643 0.3575 1.3655 -5.317 25.926 33.532 5.86 3.79 4.388 0.764 0.119 -0.017

0.250 -2.1732 0.4019 1.4027 -5.439 27.965 33.553 5.99 6.94 4.244 0.776 0.123 -0.020

0.275 -2.0858 0.4434 1.4415 -5.566 29.928 33.558 6.22 10.98 4.096 0.784 0.127 -0.029

0.300 -2.0021 0.4820 1.4815 -5.655 31.769 33.512 6.54 15.08 3.943 0.792 0.133 -0.042

0.325 -1.9219 0.5180 1.5218 -5.637 33.429 33.357 6.97 19.01 3.787 0.799 0.141 -0.052

0.350 -1.8453 0.5513 1.5621 -5.471 34.879 33.062 7.49 22.72 3.628 0.809 0.152 -0.060

0.375 -1.7722 0.5822 1.6017 -5.139 36.114 32.610 8.11 26.51 3.467 0.822 0.166 -0.071

0.400 -1.7024 0.6108 1.6401 -4.662 37.135 32.015 8.82 30.95 3.303 0.836 0.183 -0.086

0.425 -1.6359 0.6373 1.6770 -4.074 37.923 31.302 9.66 36.25 3.139 0.848 0.202 -0.106

0.450 -1.5725 0.6620 1.7119 -3.406 38.452 30.505 10.64 42.56 2.975 0.858 0.223 -0.124

0.475 -1.5120 0.6849 1.7443 -2.650 38.711 29.624 11.80 49.80 2.814 0.870 0.247 -0.139

0.500 -1.4542 0.7064 1.7739 -1.783 38.708 28.645 13.15 58.23 2.658 0.883 0.274 -0.154

0.525 -1.3989 0.7267 1.8005 -0.780 38.457 27.574 14.72 68.01 2.507 0.900 0.308 -0.167

0.550 -1.3460 0.7458 1.8237 0.351 37.976 26.453 16.55 79.05 2.364 0.921 0.349 -0.170
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -1.2952 0.7641 1.8434 1.578 37.308 25.330 18.68 90.83 2.230 0.948 0.398 -0.169

0.600 -1.2464 0.7815 1.8593 2.852 36.481 24.229 21.10 103.08 2.107 0.978 0.455 -0.174

0.625 -1.1995 0.7983 1.8715 4.148 35.513 23.126 23.82 115.34 1.997 1.009 0.520 -0.194

0.650 -1.1544 0.8147 1.8797 5.450 34.395 21.996 26.85 126.44 1.902 1.035 0.596 -0.210

0.675 -1.1109 0.8306 1.8840 6.743 33.126 20.865 30.13 134.79 1.823 1.062 0.683 -0.200

0.700 -1.0689 0.8464 1.8842 8.009 31.727 19.779 33.57 139.20 1.763 1.088 0.782 -0.174

0.725 -1.0284 0.8618 1.8805 9.240 30.228 18.785 37.07 140.41 1.719 1.108 0.889 -0.163

0.750 -0.9894 0.8772 1.8730 10.406 28.633 17.918 40.54 138.40 1.693 1.103 0.987 -0.182

0.775 -0.9518 0.8924 1.8617 11.491 26.915 17.184 43.95 132.07 1.683 1.069 1.069 -0.215

0.800 -0.9155 0.9076 1.8466 12.464 25.016 16.594 47.12 119.90 1.692 1.020 1.138 -0.230

0.825 -0.8804 0.9227 1.8279 13.306 22.911 16.150 49.91 101.37 1.714 0.967 1.202 -0.227

0.850 -0.8466 0.9378 1.8057 13.970 20.587 15.866 52.17 80.11 1.745 0.920 1.252 -0.215

0.875 -0.8140 0.9528 1.7802 14.394 18.040 15.754 53.85 54.81 1.784 0.880 1.269 -0.206

0.900 -0.7822 0.9680 1.7512 14.516 15.241 15.812 54.99 27.83 1.857 0.850 1.439 -0.166

0.925 -0.7518 0.9829 1.7197 14.331 12.278 15.983 55.25 4.45 1.869 0.878 1.654 -0.141

0.950 -0.7233 0.9976 1.6868 13.871 9.229 16.213 55.06 -16.24 1.850 0.899 1.371 -0.203

0.975 -0.6955 1.0125 1.6512 13.122 5.999 16.486 54.50 -39.40 1.921 0.869 0.843 -0.262

1.000 -0.6674 1.0280 1.6120 12.020 2.506 16.821 53.19 -67.41 2.100 0.791 0.585 -0.252

1.025 -0.6388 1.0443 1.5692 10.540 -1.249 17.198 51.09 -92.02 2.280 0.731 0.655 -0.194

1.050 -0.6094 1.0613 1.5230 8.695 -5.230 17.552 48.55 -107.93 2.335 0.731 1.022 -0.116

1.075 -0.5803 1.0785 1.4754 6.574 -9.282 17.790 45.75 -120.39 2.323 0.786 1.160 -0.069

1.100 -0.5517 1.0956 1.4271 4.277 -13.317 17.894 42.59 -133.78 2.371 0.818 0.979 -0.053

1.125 -0.5227 1.1129 1.3773 1.865 -17.406 17.865 39.06 -146.17 2.457 0.816 0.780 -0.017

1.150 -0.4926 1.1306 1.3256 -0.622 -21.521 17.730 35.30 -154.08 2.545 0.801 0.670 0.031

1.175 -0.4613 1.1486 1.2719 -3.136 -25.598 17.473 31.39 -157.21 2.641 0.769 0.564 0.066

1.200 -0.4284 1.1667 1.2161 -5.637 -29.585 17.080 27.47 -156.18 2.749 0.717 0.459 0.076

1.225 -0.3938 1.1853 1.1579 -8.055 -33.505 16.556 23.61 -151.63 2.871 0.646 0.366 0.080

1.250 -0.3573 1.2041 1.0971 -10.318 -37.364 15.918 19.92 -143.97 3.004 0.564 0.291 0.088

1.275 -0.3189 1.2232 1.0334 -12.349 -41.177 15.187 16.45 -132.77 3.145 0.482 0.234 0.117

1.300 -0.2788 1.2426 0.9664 -14.104 -44.834 14.399 13.31 -117.33 3.294 0.414 0.190 0.158

1.325 -0.2369 1.2622 0.8959 -15.568 -48.145 13.632 10.60 -97.87 3.450 0.368 0.156 0.200

1.350 -0.1933 1.2820 0.8218 -16.750 -50.834 13.001 8.44 -75.64 3.612 0.344 0.130 0.218

187



Test Conditions

aircraft balsa glider flight regression 3

aspect ratio 11.7 test number 6099

m (g) 7.20 Ixx (g·cm2) 290.99

Iyy (g·cm2) 306.59 Izz (g·cm2) 592.04

Ixz (g·cm2) 10.19 Ixy (g·cm2) 0.65

Iyz (g·cm2) -0.23 δe (deg) -1.42

CG (%c) 0.48

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -3.1205 0.0805 0.9817 -1.432 -5.305 10.211 4.02 -4.17 4.994 0.562 0.084 0.004

0.025 -2.9995 0.1040 0.9625 -2.248 -4.551 10.306 3.93 -3.30 4.985 0.565 0.083 0.003

0.050 -2.8784 0.1272 0.9451 -2.793 -3.776 10.411 3.85 -2.92 4.973 0.568 0.082 0.002

0.075 -2.7574 0.1500 0.9296 -3.150 -2.987 10.521 3.77 -3.01 4.958 0.573 0.081 0.001

0.100 -2.6365 0.1725 0.9159 -3.404 -2.191 10.639 3.70 -4.03 4.941 0.580 0.079 0.001

0.125 -2.5157 0.1947 0.9041 -3.639 -1.386 10.743 3.58 -3.73 4.923 0.582 0.079 -0.000

0.150 -2.3953 0.2164 0.8943 -3.959 -0.585 10.842 3.51 -1.64 4.899 0.579 0.083 -0.002

0.175 -2.2753 0.2376 0.8863 -4.395 0.210 10.946 3.51 0.94 4.868 0.576 0.087 -0.003

0.200 -2.1560 0.2582 0.8799 -4.884 0.984 11.047 3.56 2.10 4.833 0.577 0.088 -0.003

0.225 -2.0374 0.2780 0.8749 -5.348 1.744 11.134 3.61 1.94 4.796 0.582 0.086 -0.002

0.250 -1.9195 0.2972 0.8714 -5.757 2.490 11.193 3.65 1.20 4.760 0.590 0.084 -0.000

0.275 -1.8024 0.3156 0.8692 -6.126 3.242 11.239 3.67 0.52 4.724 0.599 0.084 -0.000

0.300 -1.6861 0.3333 0.8684 -6.469 3.996 11.288 3.68 0.48 4.683 0.607 0.087 -0.001

0.325 -1.5708 0.3501 0.8691 -6.779 4.747 11.332 3.69 1.30 4.638 0.614 0.090 -0.003

0.350 -1.4566 0.3661 0.8710 -7.028 5.484 11.355 3.74 2.62 4.589 0.618 0.091 -0.005

0.375 -1.3435 0.3811 0.8741 -7.196 6.189 11.335 3.83 3.97 4.540 0.621 0.092 -0.007

0.400 -1.2316 0.3953 0.8782 -7.281 6.852 11.267 3.94 4.85 4.489 0.625 0.093 -0.009

0.425 -1.1210 0.4086 0.8832 -7.310 7.467 11.160 4.07 4.92 4.436 0.632 0.094 -0.010

0.450 -1.0116 0.4211 0.8889 -7.312 8.025 11.020 4.18 4.03 4.381 0.642 0.096 -0.009

0.475 -0.9036 0.4327 0.8954 -7.305 8.535 10.845 4.27 2.54 4.325 0.655 0.099 -0.008

0.500 -0.7970 0.4435 0.9025 -7.297 9.010 10.636 4.31 1.37 4.267 0.669 0.101 -0.008

0.525 -0.6918 0.4534 0.9103 -7.295 9.451 10.392 4.33 0.94 4.207 0.682 0.103 -0.011

0.550 -0.5881 0.4626 0.9186 -7.302 9.845 10.128 4.36 1.10 4.146 0.691 0.104 -0.014
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.4859 0.4709 0.9274 -7.301 10.177 9.852 4.40 1.67 4.086 0.699 0.105 -0.014

0.600 -0.3852 0.4784 0.9365 -7.267 10.447 9.551 4.45 2.73 4.024 0.706 0.108 -0.012

0.625 -0.2860 0.4851 0.9457 -7.170 10.676 9.200 4.53 4.34 3.962 0.714 0.112 -0.012

0.650 -0.1884 0.4912 0.9551 -7.003 10.861 8.778 4.66 6.07 3.898 0.719 0.115 -0.019

0.675 -0.0923 0.4965 0.9643 -6.774 10.980 8.290 4.84 7.57 3.835 0.721 0.116 -0.027

0.700 0.0023 0.5013 0.9732 -6.501 10.993 7.764 5.05 9.26 3.774 0.719 0.118 -0.029

0.725 0.0954 0.5053 0.9817 -6.214 10.903 7.220 5.30 11.59 3.714 0.715 0.121 -0.024

0.750 0.1872 0.5088 0.9894 -5.967 10.735 6.677 5.62 14.20 3.656 0.715 0.126 -0.017

0.775 0.2776 0.5118 0.9962 -5.810 10.527 6.133 6.00 15.39 3.599 0.724 0.130 -0.015

0.800 0.3666 0.5143 1.0021 -5.774 10.284 5.594 6.39 14.09 3.545 0.742 0.133 -0.016

0.825 0.4545 0.5165 1.0069 -5.824 10.004 5.064 6.70 10.97 3.494 0.767 0.135 -0.021

0.850 0.5411 0.5181 1.0109 -5.874 9.659 4.534 6.92 7.59 3.446 0.790 0.140 -0.027

0.875 0.6267 0.5193 1.0139 -5.857 9.235 3.996 7.08 4.97 3.400 0.810 0.145 -0.033

0.900 0.7111 0.5199 1.0161 -5.768 8.716 3.457 7.18 3.20 3.355 0.824 0.151 -0.033

0.925 0.7944 0.5201 1.0174 -5.671 8.115 2.933 7.25 2.50 3.312 0.834 0.154 -0.030

0.950 0.8767 0.5197 1.0176 -5.657 7.445 2.447 7.30 2.90 3.273 0.837 0.155 -0.027

0.975 0.9581 0.5188 1.0168 -5.779 6.713 2.007 7.39 3.34 3.239 0.838 0.156 -0.028

1.000 1.0387 0.5174 1.0148 -6.023 5.912 1.591 7.48 2.70 3.209 0.839 0.158 -0.030

1.025 1.1185 0.5154 1.0115 -6.330 5.026 1.182 7.53 1.08 3.182 0.843 0.161 -0.026

1.050 1.1975 0.5129 1.0069 -6.641 4.061 0.771 7.53 0.08 3.159 0.845 0.164 -0.015

1.075 1.2760 0.5100 1.0010 -6.937 3.056 0.366 7.53 0.80 3.141 0.845 0.166 -0.003

1.100 1.3539 0.5065 0.9936 -7.229 2.051 -0.034 7.58 3.10 3.127 0.840 0.168 0.002

1.125 1.4314 0.5025 0.9849 -7.545 1.067 -0.442 7.68 5.71 3.117 0.830 0.169 -0.008

1.150 1.5084 0.4980 0.9746 -7.905 0.065 -0.877 7.85 6.79 3.113 0.815 0.171 -0.028

1.175 1.5851 0.4931 0.9626 -8.286 -1.025 -1.345 8.01 4.36 3.113 0.803 0.174 -0.040

1.200 1.6616 0.4877 0.9490 -8.660 -2.245 -1.845 8.07 -1.63 3.118 0.803 0.178 -0.034

1.225 1.7379 0.4818 0.9336 -9.019 -3.578 -2.366 7.93 -8.26 3.126 0.809 0.181 -0.012

1.250 1.8141 0.4752 0.9167 -9.386 -4.950 -2.909 7.65 -12.04 3.139 0.813 0.179 0.008

1.275 1.8902 0.4680 0.8982 -9.796 -6.299 -3.486 7.33 -12.14 3.156 0.805 0.171 0.014

1.300 1.9664 0.4600 0.8783 -10.251 -7.621 -4.089 7.06 -10.85 3.180 0.787 0.157 0.011

1.325 2.0429 0.4512 0.8567 -10.708 -8.936 -4.716 6.81 -10.19 3.212 0.763 0.140 0.009

1.350 2.1196 0.4417 0.8334 -11.092 -10.264 -5.344 6.56 -9.34 3.252 0.738 0.124 0.017

1.375 2.1969 0.4315 0.8084 -11.393 -11.557 -5.973 6.32 -8.24 3.298 0.709 0.105 0.026

1.400 2.2749 0.4205 0.7814 -11.608 -12.803 -6.582 6.16 -6.73 3.357 0.685 0.106 0.040

1.425 2.3536 0.4087 0.7526 -11.724 -13.954 -7.218 6.00 -4.32 3.410 0.672 0.116 0.053

1.450 2.4329 0.3961 0.7220 -11.693 -14.970 -7.902 5.93 -0.17 3.466 0.653 0.118 0.064
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

1.475 2.5130 0.3827 0.6897 -11.504 -15.816 -8.654 6.00 5.43 3.524 0.635 0.118 0.074
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Test Conditions

aircraft balsa glider flight regression 4

aspect ratio 11.7 test number 6348

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.8520 0.2585 1.0083 -8.432 9.267 25.424 3.80 2.82 5.024 0.572 0.082 -0.009

0.025 -1.7367 0.3043 1.0204 -8.681 10.829 25.714 3.87 3.37 4.951 0.574 0.082 -0.008

0.050 -1.6230 0.3483 1.0351 -8.926 12.336 25.945 3.97 3.82 4.871 0.579 0.086 -0.007

0.075 -1.5112 0.3904 1.0521 -9.207 13.806 26.142 4.06 3.41 4.782 0.589 0.091 -0.008

0.100 -1.4015 0.4305 1.0713 -9.499 15.225 26.314 4.14 2.87 4.687 0.602 0.095 -0.009

0.125 -1.2940 0.4684 1.0923 -9.739 16.589 26.424 4.20 2.90 4.589 0.615 0.095 -0.008

0.150 -1.1887 0.5043 1.1150 -9.927 17.888 26.448 4.28 3.60 4.490 0.628 0.095 -0.007

0.175 -1.0858 0.5381 1.1391 -10.114 19.136 26.388 4.38 4.02 4.388 0.645 0.098 -0.004

0.200 -0.9853 0.5698 1.1645 -10.365 20.359 26.286 4.49 3.60 4.283 0.667 0.103 -0.002

0.225 -0.8873 0.5994 1.1909 -10.674 21.578 26.164 4.57 2.84 4.174 0.694 0.109 -0.000

0.250 -0.7918 0.6267 1.2183 -10.974 22.804 26.013 4.63 2.79 4.060 0.724 0.116 -0.002

0.275 -0.6992 0.6517 1.2464 -11.202 24.022 25.800 4.71 4.17 3.942 0.752 0.122 -0.010

0.300 -0.6093 0.6743 1.2751 -11.355 25.192 25.509 4.84 6.21 3.820 0.776 0.128 -0.020

0.325 -0.5222 0.6947 1.3040 -11.491 26.273 25.147 5.03 7.92 3.696 0.796 0.133 -0.031

0.350 -0.4380 0.7128 1.3329 -11.647 27.224 24.725 5.24 9.56 3.571 0.813 0.139 -0.040

0.375 -0.3566 0.7288 1.3615 -11.809 28.028 24.238 5.51 12.32 3.446 0.828 0.147 -0.048

0.400 -0.2780 0.7428 1.3894 -11.940 28.672 23.674 5.86 16.74 3.320 0.839 0.155 -0.059

0.425 -0.2020 0.7550 1.4162 -12.022 29.129 23.027 6.35 21.84 3.195 0.848 0.165 -0.069

0.450 -0.1287 0.7655 1.4416 -12.081 29.386 22.300 6.96 26.50 3.073 0.859 0.176 -0.077

0.475 -0.0577 0.7744 1.4653 -12.140 29.437 21.500 7.68 30.82 2.953 0.873 0.191 -0.081

0.500 0.0109 0.7819 1.4871 -12.201 29.295 20.638 8.50 36.02 2.836 0.890 0.208 -0.084

0.525 0.0773 0.7880 1.5066 -12.246 28.978 19.723 9.47 42.40 2.724 0.906 0.229 -0.094

0.550 0.1417 0.7930 1.5237 -12.258 28.476 18.760 10.63 49.24 2.618 0.924 0.259 -0.108
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.2041 0.7970 1.5383 -12.234 27.776 17.736 11.94 55.59 2.516 0.942 0.297 -0.123

0.600 0.2646 0.7998 1.5500 -12.155 26.860 16.647 13.42 62.35 2.419 0.963 0.337 -0.127

0.625 0.3233 0.8016 1.5588 -11.996 25.737 15.483 15.05 70.61 2.330 0.979 0.371 -0.122

0.650 0.3803 0.8025 1.5645 -11.726 24.449 14.252 16.93 79.23 2.254 0.995 0.407 -0.114

0.675 0.4358 0.8025 1.5672 -11.331 23.031 12.950 19.01 85.72 2.190 1.013 0.451 -0.115

0.700 0.4898 0.8021 1.5667 -10.789 21.503 11.582 21.21 88.39 2.136 1.040 0.510 -0.131

0.725 0.5425 0.8013 1.5631 -10.063 19.864 10.143 23.41 88.27 2.090 1.061 0.572 -0.163

0.750 0.5939 0.8000 1.5564 -9.165 18.089 8.652 25.58 85.73 2.055 1.073 0.629 -0.192

0.775 0.6440 0.7984 1.5467 -8.108 16.165 7.110 27.67 79.42 2.031 1.075 0.675 -0.210

0.800 0.6930 0.7965 1.5340 -6.919 14.084 5.530 29.53 68.04 2.020 1.083 0.714 -0.211

0.825 0.7410 0.7944 1.5184 -5.594 11.868 3.928 31.06 53.20 2.019 1.087 0.746 -0.211

0.850 0.7881 0.7921 1.5000 -4.134 9.527 2.356 32.17 37.92 2.029 1.086 0.769 -0.199

0.875 0.8344 0.7898 1.4789 -2.538 7.082 0.869 32.94 23.75 2.047 1.066 0.779 -0.177

0.900 0.8800 0.7874 1.4551 -0.856 4.540 -0.504 33.36 10.05 2.075 1.038 0.774 -0.144

0.925 0.9252 0.7851 1.4288 0.853 1.921 -1.771 33.45 -3.83 2.112 1.008 0.753 -0.105

0.950 0.9700 0.7827 1.3999 2.510 -0.750 -2.944 33.17 -18.23 2.158 0.984 0.719 -0.065

0.975 1.0147 0.7803 1.3685 4.086 -3.439 -4.021 32.55 -32.71 2.214 0.963 0.676 -0.032

1.000 1.0594 0.7780 1.3347 5.557 -6.117 -4.982 31.57 -44.78 2.277 0.933 0.628 -0.021

1.025 1.1044 0.7760 1.2985 6.928 -8.787 -5.792 30.31 -52.25 2.349 0.874 0.588 -0.038

1.050 1.1499 0.7742 1.2599 8.164 -11.503 -6.502 28.95 -55.91 2.425 0.802 0.555 -0.060

1.075 1.1957 0.7725 1.2189 9.189 -14.322 -7.192 27.51 -61.61 2.504 0.736 0.525 -0.065

1.100 1.2419 0.7708 1.1753 9.923 -17.266 -7.926 25.90 -72.04 2.585 0.701 0.483 -0.039

1.125 1.2887 0.7692 1.1291 10.347 -20.287 -8.692 23.93 -83.44 2.675 0.684 0.427 -0.002

1.150 1.3363 0.7677 1.0805 10.493 -23.309 -9.439 21.71 -90.35 2.776 0.662 0.366 0.019

1.175 1.3851 0.7663 1.0293 10.393 -26.292 -10.130 19.43 -90.97 2.885 0.624 0.315 0.024

1.200 1.4352 0.7649 0.9755 10.037 -29.231 -10.818 17.19 -88.71 3.001 0.579 0.274 0.032

1.225 1.4867 0.7633 0.9190 9.413 -32.111 -11.579 15.03 -85.42 3.120 0.541 0.244 0.055
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Test Conditions

aircraft balsa glider flight regression 5

aspect ratio 11.7 test number 6366

m (g) 6.25 Ixx (g·cm2) 290.74

Iyy (g·cm2) 275.64 Izz (g·cm2) 561.35

Ixz (g·cm2) 7.40 Ixy (g·cm2) 0.74

Iyz (g·cm2) -0.22 δe (deg) 0.94

CG (%c) 0.8

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -1.4980 0.2832 0.4064 -10.174 7.043 24.299 3.90 11.01 5.842 0.482 0.084 -0.011

0.025 -1.3587 0.3230 0.4126 -10.573 9.142 24.264 4.13 8.36 5.759 0.491 0.085 -0.007

0.050 -1.2213 0.3607 0.4228 -10.830 11.165 24.134 4.32 6.80 5.669 0.503 0.088 -0.004

0.075 -1.0861 0.3963 0.4370 -10.980 13.144 23.937 4.49 6.32 5.572 0.516 0.091 -0.001

0.100 -0.9533 0.4296 0.4549 -11.076 15.082 23.694 4.64 7.37 5.468 0.532 0.095 0.006

0.125 -0.8234 0.4607 0.4764 -11.095 17.102 23.448 4.84 8.48 5.356 0.553 0.099 0.006

0.150 -0.6965 0.4894 0.5014 -11.124 19.205 23.230 5.06 7.48 5.237 0.575 0.102 -0.002

0.175 -0.5730 0.5156 0.5296 -11.214 21.297 23.027 5.21 3.08 5.112 0.600 0.106 -0.011

0.200 -0.4531 0.5393 0.5609 -11.336 23.284 22.800 5.22 -2.65 4.981 0.627 0.109 -0.012

0.225 -0.3370 0.5604 0.5952 -11.410 25.166 22.507 5.08 -6.03 4.844 0.655 0.110 -0.007

0.250 -0.2251 0.5789 0.6321 -11.374 26.999 22.118 4.91 -5.35 4.703 0.679 0.111 -0.006

0.275 -0.1173 0.5948 0.6714 -11.245 28.805 21.638 4.82 -2.50 4.558 0.696 0.111 -0.014

0.300 -0.0139 0.6081 0.7126 -11.074 30.532 21.079 4.81 -0.50 4.409 0.710 0.113 -0.025

0.325 0.0852 0.6189 0.7551 -10.918 32.121 20.470 4.82 0.63 4.257 0.719 0.116 -0.033

0.350 0.1799 0.6274 0.7984 -10.797 33.548 19.830 4.84 3.44 4.101 0.724 0.118 -0.038

0.375 0.2704 0.6337 0.8420 -10.701 34.811 19.160 4.98 8.90 3.943 0.721 0.121 -0.047

0.400 0.3567 0.6381 0.8851 -10.612 35.879 18.452 5.28 14.53 3.786 0.717 0.127 -0.058

0.425 0.4393 0.6407 0.9272 -10.522 36.716 17.700 5.71 17.47 3.628 0.724 0.136 -0.060

0.450 0.5181 0.6419 0.9678 -10.399 37.324 16.893 6.16 17.75 3.469 0.749 0.150 -0.047

0.475 0.5934 0.6416 1.0068 -10.242 37.791 16.053 6.60 18.29 3.310 0.789 0.166 -0.036

0.500 0.6652 0.6400 1.0438 -10.039 38.190 15.196 7.09 22.20 3.151 0.832 0.184 -0.040

0.525 0.7335 0.6371 1.0787 -9.783 38.520 14.317 7.74 31.13 2.991 0.865 0.202 -0.061

0.550 0.7986 0.6330 1.1113 -9.446 38.722 13.372 8.66 44.41 2.834 0.885 0.220 -0.091

continued on next page

193



time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.8606 0.6279 1.1411 -8.993 38.732 12.305 9.96 59.02 2.683 0.897 0.241 -0.125

0.600 0.9198 0.6222 1.1680 -8.388 38.514 11.087 11.62 71.91 2.538 0.916 0.269 -0.163

0.625 0.9765 0.6159 1.1917 -7.632 38.040 9.740 13.56 82.24 2.400 0.946 0.305 -0.200

0.650 1.0308 0.6094 1.2120 -6.706 37.296 8.264 15.73 92.11 2.270 0.984 0.355 -0.229

0.675 1.0830 0.6025 1.2287 -5.634 36.292 6.684 18.15 103.11 2.147 1.022 0.419 -0.242

0.700 1.1331 0.5954 1.2419 -4.412 35.072 5.018 20.88 114.47 2.035 1.063 0.499 -0.245

0.725 1.1813 0.5883 1.2513 -3.065 33.697 3.321 23.89 125.29 1.933 1.104 0.595 -0.257

0.750 1.2276 0.5811 1.2569 -1.631 32.188 1.647 27.13 138.29 1.845 1.134 0.697 -0.284
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Test Conditions

aircraft balsa glider flight regression 6

aspect ratio 11.7 test number 6127

m (g) 7.20 Ixx (g·cm2) 290.99

Iyy (g·cm2) 306.59 Izz (g·cm2) 592.04

Ixz (g·cm2) 10.19 Ixy (g·cm2) 0.65

Iyz (g·cm2) -0.23 δe (deg) 0.94

CG (%c) 0.76

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -2.2008 0.3228 1.4404 -5.053 17.185 7.964 4.28 5.20 4.118 0.774 0.121 -0.020

0.025 -2.1016 0.3255 1.4627 -5.224 18.098 7.900 4.44 7.51 4.018 0.783 0.124 -0.019

0.050 -2.0050 0.3275 1.4854 -5.353 18.936 7.819 4.65 9.71 3.917 0.795 0.126 -0.020

0.075 -1.9112 0.3287 1.5084 -5.433 19.707 7.707 4.92 11.85 3.816 0.809 0.129 -0.022

0.100 -1.8199 0.3293 1.5315 -5.485 20.393 7.551 5.24 13.50 3.714 0.828 0.133 -0.022

0.125 -1.7312 0.3293 1.5543 -5.532 21.005 7.345 5.60 14.62 3.611 0.853 0.140 -0.020

0.150 -1.6451 0.3287 1.5768 -5.588 21.554 7.095 5.97 15.46 3.508 0.883 0.150 -0.019

0.175 -1.5615 0.3275 1.5988 -5.655 22.056 6.813 6.37 16.41 3.404 0.916 0.160 -0.025

0.200 -1.4805 0.3257 1.6202 -5.737 22.492 6.522 6.79 17.65 3.299 0.949 0.173 -0.033

0.225 -1.4021 0.3233 1.6407 -5.840 22.850 6.228 7.26 19.49 3.194 0.978 0.188 -0.044

0.250 -1.3261 0.3204 1.6603 -5.971 23.098 5.948 7.78 22.45 3.089 1.002 0.205 -0.056

0.275 -1.2525 0.3169 1.6788 -6.130 23.224 5.670 8.38 26.40 2.984 1.020 0.225 -0.070

0.300 -1.1813 0.3131 1.6957 -6.309 23.201 5.375 9.10 30.97 2.881 1.035 0.244 -0.084

0.325 -1.1123 0.3087 1.7110 -6.492 23.011 5.042 9.94 35.71 2.781 1.045 0.260 -0.100

0.350 -1.0455 0.3040 1.7243 -6.659 22.635 4.671 10.89 41.03 2.688 1.047 0.278 -0.119

0.375 -0.9805 0.2988 1.7355 -6.802 22.051 4.273 11.98 46.74 2.602 1.042 0.300 -0.139

0.400 -0.9173 0.2932 1.7442 -6.892 21.231 3.864 13.22 51.12 2.523 1.038 0.330 -0.148

0.425 -0.8557 0.2873 1.7502 -6.896 20.173 3.422 14.56 53.96 2.451 1.040 0.364 -0.141

0.450 -0.7957 0.2811 1.7536 -6.761 18.907 2.919 15.92 57.55 2.387 1.040 0.405 -0.128

0.475 -0.7371 0.2745 1.7540 -6.469 17.478 2.336 17.40 63.78 2.333 1.027 0.451 -0.126

0.500 -0.6798 0.2678 1.7515 -6.026 15.909 1.695 19.07 68.96 2.285 1.013 0.494 -0.142

0.525 -0.6239 0.2610 1.7458 -5.468 14.177 1.030 20.84 66.56 2.249 1.015 0.529 -0.153

0.550 -0.5690 0.2543 1.7370 -4.805 12.274 0.339 22.42 56.37 2.227 1.041 0.553 -0.147

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.5152 0.2474 1.7253 -4.022 10.217 -0.385 23.63 44.83 2.218 1.063 0.579 -0.132

0.600 -0.4622 0.2405 1.7106 -3.081 8.041 -1.126 24.61 37.30 2.217 1.061 0.605 -0.126

0.625 -0.4100 0.2337 1.6932 -1.966 5.769 -1.843 25.47 30.68 2.224 1.037 0.621 -0.136

0.650 -0.3585 0.2270 1.6729 -0.760 3.382 -2.505 26.16 19.14 2.242 1.017 0.616 -0.146

0.675 -0.3074 0.2204 1.6498 0.455 0.836 -3.100 26.44 2.27 2.273 1.006 0.603 -0.131

0.700 -0.2567 0.2138 1.6240 1.621 -1.858 -3.657 26.26 -14.61 2.314 0.993 0.587 -0.098

0.725 -0.2061 0.2074 1.5955 2.751 -4.656 -4.164 25.70 -26.54 2.361 0.960 0.570 -0.065

0.750 -0.1555 0.2009 1.5645 3.832 -7.515 -4.626 24.92 -35.03 2.416 0.917 0.542 -0.050

0.775 -0.1049 0.1946 1.5309 4.842 -10.429 -5.022 23.97 -44.09 2.479 0.872 0.504 -0.049

0.800 -0.0539 0.1884 1.4946 5.731 -13.415 -5.364 22.74 -55.54 2.552 0.834 0.460 -0.044

0.825 -0.0025 0.1824 1.4557 6.501 -16.472 -5.629 21.21 -66.27 2.634 0.789 0.417 -0.039

0.850 0.0495 0.1766 1.4141 7.152 -19.609 -5.816 19.42 -73.29 2.721 0.735 0.374 -0.035

0.875 0.1023 0.1710 1.3697 7.692 -22.834 -5.908 17.54 -78.15 2.817 0.673 0.330 -0.028

0.900 0.1560 0.1657 1.3225 8.069 -26.130 -5.962 15.55 -83.63 2.921 0.618 0.285 -0.015

0.925 0.2106 0.1604 1.2723 8.243 -29.498 -6.021 13.39 -89.62 3.034 0.575 0.245 0.022

0.950 0.2663 0.1552 1.2190 8.244 -32.845 -6.123 11.09 -92.20 3.155 0.543 0.210 0.073

0.975 0.3233 0.1500 1.1626 8.109 -36.037 -6.262 8.81 -87.83 3.282 0.514 0.179 0.129

1.000 0.3818 0.1449 1.1030 7.848 -38.882 -6.451 6.74 -75.38 3.415 0.486 0.151 0.171

1.025 0.4419 0.1399 1.0402 7.434 -41.212 -6.722 5.06 -56.66 3.554 0.459 0.128 0.186

1.050 0.5038 0.1348 0.9742 6.848 -42.924 -7.099 3.92 -35.71 3.699 0.434 0.111 0.170

1.075 0.5676 0.1295 0.9049 6.124 -44.055 -7.559 3.28 -17.29 3.847 0.415 0.100 0.140
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Test Conditions

aircraft balsa glider flight regression 7

aspect ratio 11.7 test number 6143

m (g) 7.20 Ixx (g·cm2) 290.99

Iyy (g·cm2) 306.59 Izz (g·cm2) 592.04

Ixz (g·cm2) 10.19 Ixy (g·cm2) 0.65

Iyz (g·cm2) -0.23 δe (deg) 0.94

CG (%c) 0.76

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -3.2493 0.4224 0.9138 -2.482 3.597 15.544 1.92 53.29 6.455 0.674 0.119 -0.093

0.025 -3.0936 0.4580 0.9228 -2.238 7.806 15.928 2.77 22.66 6.341 0.665 0.100 -0.079

0.050 -2.9413 0.4924 0.9406 -1.987 11.270 16.205 3.08 1.67 6.230 0.654 0.087 -0.063

0.075 -2.7927 0.5257 0.9661 -1.766 14.159 16.417 3.04 -9.67 6.119 0.642 0.079 -0.047

0.100 -2.6481 0.5578 0.9985 -1.634 16.419 16.582 2.60 -10.24 6.001 0.632 0.079 -0.009

0.125 -2.5081 0.5885 1.0368 -1.559 18.939 16.815 2.50 -4.16 5.874 0.620 0.078 -0.019

0.150 -2.3727 0.6180 1.0803 -1.679 21.288 17.108 2.52 2.78 5.737 0.599 0.079 -0.027

0.175 -2.2423 0.6461 1.1277 -1.994 23.396 17.466 2.63 6.19 5.592 0.576 0.081 -0.028

0.200 -2.1166 0.6728 1.1779 -2.438 25.277 17.860 2.82 10.19 5.443 0.556 0.083 -0.023

0.225 -1.9954 0.6982 1.2298 -2.890 26.991 18.238 3.12 14.14 5.293 0.549 0.087 -0.014

0.250 -1.8787 0.7221 1.2829 -3.205 28.622 18.535 3.52 15.79 5.138 0.562 0.094 -0.003

0.275 -1.7665 0.7447 1.3367 -3.269 30.244 18.692 3.91 14.07 4.978 0.597 0.102 0.006

0.300 -1.6589 0.7658 1.3912 -3.101 31.918 18.709 4.21 10.45 4.812 0.647 0.110 0.009

0.325 -1.5563 0.7853 1.4464 -2.808 33.654 18.616 4.42 7.38 4.640 0.700 0.117 0.007

0.350 -1.4588 0.8033 1.5023 -2.521 35.435 18.460 4.58 5.84 4.463 0.750 0.121 0.001

0.375 -1.3666 0.8197 1.5588 -2.310 37.226 18.280 4.72 5.42 4.283 0.793 0.125 -0.007

0.400 -1.2797 0.8345 1.6154 -2.200 38.991 18.113 4.86 5.75 4.099 0.831 0.129 -0.016

0.425 -1.1981 0.8478 1.6719 -2.190 40.691 17.983 5.02 7.02 3.912 0.863 0.134 -0.027

0.450 -1.1215 0.8596 1.7276 -2.271 42.288 17.891 5.22 9.43 3.723 0.890 0.140 -0.038

0.475 -1.0497 0.8699 1.7821 -2.402 43.754 17.809 5.50 12.81 3.532 0.918 0.149 -0.046

0.500 -0.9826 0.8789 1.8350 -2.543 45.077 17.693 5.87 16.89 3.339 0.950 0.160 -0.050

0.525 -0.9198 0.8866 1.8857 -2.664 46.266 17.515 6.35 21.95 3.145 0.988 0.173 -0.055

0.550 -0.8611 0.8931 1.9339 -2.764 47.335 17.264 6.98 28.55 2.952 1.031 0.190 -0.065

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.8063 0.8986 1.9792 -2.856 48.281 16.958 7.80 37.52 2.759 1.074 0.214 -0.087

0.600 -0.7549 0.9031 2.0214 -2.954 49.077 16.613 8.88 49.49 2.566 1.113 0.246 -0.122

0.625 -0.7069 0.9068 2.0600 -3.056 49.682 16.236 10.30 64.61 2.376 1.150 0.290 -0.162

0.650 -0.6617 0.9096 2.0948 -3.152 50.062 15.820 12.15 83.23 2.189 1.190 0.344 -0.199

0.675 -0.6191 0.9119 2.1253 -3.227 50.209 15.355 14.51 106.65 2.009 1.237 0.414 -0.228

0.700 -0.5788 0.9135 2.1515 -3.263 50.137 14.825 17.52 136.64 1.837 1.292 0.505 -0.256

0.725 -0.5406 0.9146 2.1731 -3.245 49.864 14.218 21.36 172.92 1.679 1.358 0.629 -0.293

0.750 -0.5042 0.9154 2.1899 -3.157 49.399 13.522 26.20 213.34 1.536 1.439 0.810 -0.333

0.775 -0.4694 0.9158 2.2019 -2.988 48.757 12.733 32.05 256.29 1.412 1.522 1.070 -0.373

0.800 -0.4362 0.9160 2.2091 -2.727 47.955 11.836 38.94 298.57 1.310 1.563 1.419 -0.431

0.825 -0.4046 0.9160 2.2114 -2.361 46.998 10.825 46.86 331.05 1.233 1.525 1.805 -0.521

0.850 -0.3745 0.9157 2.2089 -1.878 45.879 9.680 55.41 341.89 1.189 1.392 2.156 -0.627

0.875 -0.3459 0.9153 2.2015 -1.281 44.580 8.419 63.87 328.02 1.179 1.171 2.448 -0.678

0.900 -0.3187 0.9148 2.1896 -0.594 43.096 7.081 71.66 297.33 1.198 0.874 2.659 -0.668

0.925 -0.2932 0.9142 2.1731 0.152 41.438 5.742 78.59 257.74 1.239 0.541 2.745 -0.655

0.950 -0.2692 0.9134 2.1523 0.946 39.596 4.442 84.51 211.35 1.300 0.257 2.704 -0.655

0.975 -0.2469 0.9126 2.1274 1.798 37.543 3.197 89.18 160.36 1.377 0.077 2.592 -0.660

1.000 -0.2263 0.9117 2.0985 2.730 35.236 1.976 92.52 112.01 1.462 -0.045 2.483 -0.637

1.025 -0.2074 0.9106 2.0660 3.738 32.649 0.802 94.76 72.07 1.549 -0.147 2.384 -0.595

1.050 -0.1901 0.9095 2.0301 4.806 29.767 -0.312 96.12 36.41 1.635 -0.224 2.280 -0.553

1.075 -0.1746 0.9085 1.9912 5.912 26.562 -1.276 96.65 0.06 1.721 -0.248 2.175 -0.503

1.100 -0.1608 0.9077 1.9493 7.035 23.011 -2.071 96.13 -36.79 1.804 -0.223 2.088 -0.453

1.125 -0.1485 0.9074 1.9049 8.164 19.114 -2.707 94.80 -69.55 1.883 -0.212 2.022 -0.411

1.150 -0.1375 0.9075 1.8581 9.283 14.848 -3.159 92.71 -98.97 1.956 -0.199 1.975 -0.375

1.175 -0.1278 0.9082 1.8094 10.376 10.199 -3.408 89.89 -125.05 2.021 -0.184 1.944 -0.344
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Test Conditions

aircraft balsa glider flight regression 8

aspect ratio 11.7 test number 6159

m (g) 7.92 Ixx (g·cm2) 291.14

Iyy (g·cm2) 325.10 Izz (g·cm2) 610.41

Ixz (g·cm2) 11.85 Ixy (g·cm2) 0.60

Iyz (g·cm2) -0.23 δe (deg) -0.94

CG (%c) 0.34

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -3.2459 0.2117 1.3621 3.694 -9.335 16.841 2.47 1.52 5.536 0.410 0.060 0.003

0.025 -3.1130 0.2397 1.3348 3.840 -9.153 17.436 2.52 1.93 5.546 0.411 0.063 0.002

0.050 -2.9800 0.2686 1.3079 4.018 -8.962 18.068 2.56 1.95 5.553 0.413 0.065 0.002

0.075 -2.8470 0.2984 1.2814 4.228 -8.766 18.717 2.61 1.59 5.558 0.415 0.068 0.001

0.100 -2.7140 0.3291 1.2554 4.471 -8.572 19.368 2.64 0.71 5.561 0.418 0.069 0.000

0.125 -2.5811 0.3609 1.2299 4.746 -8.378 19.990 2.65 -0.00 5.562 0.420 0.073 -0.001

0.150 -2.4484 0.3938 1.2049 5.060 -8.192 20.568 2.64 -0.37 5.558 0.421 0.078 -0.001

0.175 -2.3160 0.4277 1.1806 5.407 -8.021 21.102 2.63 -0.57 5.548 0.422 0.079 -0.001

0.200 -2.1841 0.4627 1.1568 5.746 -7.864 21.605 2.61 -1.01 5.539 0.423 0.077 -0.000

0.225 -2.0525 0.4988 1.1335 6.053 -7.715 22.098 2.58 -1.32 5.533 0.424 0.072 0.001

0.250 -1.9213 0.5360 1.1108 6.345 -7.565 22.581 2.55 -1.02 5.531 0.424 0.070 0.002

0.275 -1.7903 0.5744 1.0885 6.654 -7.401 23.063 2.53 -0.34 5.528 0.425 0.071 0.002

0.300 -1.6598 0.6140 1.0668 7.000 -7.229 23.557 2.53 0.33 5.521 0.425 0.074 0.002

0.325 -1.5298 0.6549 1.0456 7.368 -7.050 24.062 2.55 0.68 5.511 0.426 0.077 0.001

0.350 -1.4005 0.6969 1.0249 7.713 -6.872 24.577 2.57 0.86 5.498 0.427 0.078 -0.000

0.375 -1.2717 0.7401 1.0046 8.014 -6.700 25.086 2.59 1.06 5.485 0.426 0.078 -0.001

0.400 -1.1437 0.7845 0.9848 8.263 -6.542 25.580 2.61 0.96 5.473 0.426 0.077 -0.002

0.425 -1.0164 0.8302 0.9653 8.468 -6.395 26.054 2.64 0.40 5.462 0.426 0.075 -0.002

0.450 -0.8897 0.8771 0.9462 8.636 -6.265 26.507 2.64 -0.45 5.451 0.427 0.075 -0.001

0.475 -0.7638 0.9251 0.9274 8.770 -6.144 26.956 2.62 -0.65 5.439 0.428 0.076 -0.001

0.500 -0.6385 0.9743 0.9089 8.907 -6.032 27.416 2.60 0.20 5.426 0.427 0.077 -0.000

0.525 -0.5141 1.0247 0.8908 9.060 -5.923 27.895 2.63 1.51 5.412 0.425 0.078 -0.000

0.550 -0.3905 1.0762 0.8728 9.255 -5.823 28.393 2.68 2.24 5.398 0.425 0.078 -0.000

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.2677 1.1288 0.8550 9.467 -5.735 28.903 2.74 1.94 5.384 0.426 0.079 -0.000

0.600 -0.1457 1.1825 0.8373 9.681 -5.657 29.419 2.77 1.09 5.370 0.431 0.081 0.001

0.625 -0.0248 1.2375 0.8198 9.861 -5.572 29.951 2.79 0.24 5.352 0.436 0.083 0.001

0.650 0.0953 1.2934 0.8025 9.998 -5.483 30.476 2.79 -0.40 5.334 0.440 0.084 -0.001

0.675 0.2144 1.3502 0.7856 10.104 -5.402 30.982 2.77 -0.89 5.315 0.442 0.081 -0.002

0.700 0.3326 1.4081 0.7689 10.217 -5.335 31.476 2.75 -0.68 5.300 0.442 0.073 -0.001

0.725 0.4500 1.4672 0.7524 10.349 -5.281 32.038 2.74 1.41 5.293 0.435 0.070 -0.001

0.750 0.5664 1.5278 0.7358 10.474 -5.264 32.730 2.80 4.46 5.286 0.425 0.073 -0.003

0.775 0.6817 1.5897 0.7191 10.540 -5.283 33.521 2.96 5.64 5.275 0.420 0.082 -0.006

0.800 0.7959 1.6527 0.7021 10.516 -5.361 34.331 3.09 2.46 5.252 0.425 0.086 -0.006

0.825 0.9090 1.7167 0.6848 10.444 -5.485 35.101 3.09 -3.03 5.233 0.441 0.081 -0.001

0.850 1.0210 1.7819 0.6675 10.377 -5.605 35.806 2.93 -6.72 5.226 0.455 0.073 0.005

0.875 1.1321 1.8483 0.6503 10.408 -5.670 36.478 2.75 -6.71 5.223 0.463 0.071 0.007

0.900 1.2424 1.9159 0.6335 10.520 -5.672 37.110 2.61 -3.97 5.217 0.462 0.077 0.004

0.925 1.3518 1.9845 0.6171 10.661 -5.646 37.715 2.55 -1.03 5.197 0.457 0.085 -0.001

0.950 1.4601 2.0539 0.6008 10.726 -5.644 38.315 2.57 1.12 5.182 0.449 0.085 -0.004

0.975 1.5674 2.1243 0.5845 10.763 -5.666 38.968 2.60 2.01 5.166 0.443 0.088 -0.007

1.000 1.6736 2.1955 0.5681 10.711 -5.747 39.707 2.65 1.85 5.148 0.436 0.093 -0.011

1.025 1.7786 2.2676 0.5514 10.534 -5.912 40.571 2.69 0.64 5.128 0.429 0.098 -0.015
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Test Conditions

aircraft balsa glider flight regression 9

aspect ratio 11.7 test number 6165

m (g) 7.92 Ixx (g·cm2) 291.14

Iyy (g·cm2) 325.10 Izz (g·cm2) 610.41

Ixz (g·cm2) 11.85 Ixy (g·cm2) 0.60

Iyz (g·cm2) -0.23 δe (deg) -0.94

CG (%c) 0.34

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -3.2114 0.2927 1.0965 0.517 -10.545 8.479 2.32 2.45 5.659 0.410 0.053 -0.001

0.025 -3.0768 0.3244 1.0654 -0.301 -10.266 7.728 2.38 2.02 5.677 0.408 0.057 -0.001

0.050 -2.9417 0.3560 1.0348 -1.118 -10.016 7.092 2.42 1.53 5.690 0.407 0.061 -0.001

0.075 -2.8059 0.3872 1.0050 -1.943 -9.789 6.543 2.45 0.98 5.700 0.406 0.064 -0.000

0.100 -2.6698 0.4178 0.9758 -2.784 -9.570 6.053 2.48 0.24 5.708 0.406 0.067 -0.000

0.125 -2.5332 0.4478 0.9474 -3.655 -9.374 5.591 2.47 0.05 5.710 0.407 0.072 0.001

0.150 -2.3963 0.4771 0.9197 -4.577 -9.177 5.130 2.47 0.61 5.706 0.408 0.074 0.003

0.175 -2.2591 0.5054 0.8927 -5.524 -8.972 4.653 2.50 1.25 5.701 0.409 0.073 0.002

0.200 -2.1218 0.5328 0.8665 -6.452 -8.762 4.185 2.54 0.90 5.699 0.410 0.071 0.001

0.225 -1.9841 0.5591 0.8410 -7.325 -8.564 3.755 2.55 0.08 5.698 0.411 0.071 0.001

0.250 -1.8462 0.5844 0.8161 -8.157 -8.366 3.383 2.54 -0.16 5.694 0.412 0.073 0.004

0.275 -1.7081 0.6084 0.7920 -8.998 -8.141 3.063 2.54 0.57 5.684 0.415 0.075 0.006

0.300 -1.5698 0.6309 0.7686 -9.878 -7.869 2.768 2.57 1.49 5.674 0.418 0.074 0.005

0.325 -1.4315 0.6519 0.7460 -10.770 -7.557 2.480 2.61 1.85 5.666 0.421 0.072 0.003

0.350 -1.2930 0.6714 0.7240 -11.618 -7.224 2.183 2.66 1.44 5.658 0.420 0.071 -0.002

0.375 -1.1544 0.6893 0.7028 -12.395 -6.915 1.888 2.68 0.53 5.649 0.418 0.071 -0.006

0.400 -1.0158 0.7057 0.6823 -13.113 -6.663 1.589 2.68 -0.68 5.637 0.413 0.072 -0.008

0.425 -0.8772 0.7204 0.6622 -13.801 -6.501 1.286 2.65 -2.11 5.624 0.410 0.072 -0.006

0.450 -0.7387 0.7335 0.6425 -14.467 -6.404 0.973 2.58 -3.38 5.612 0.409 0.073 -0.000

0.475 -0.6004 0.7449 0.6232 -15.111 -6.328 0.654 2.48 -3.89 5.600 0.413 0.073 0.008

0.500 -0.4622 0.7544 0.6041 -15.740 -6.201 0.310 2.40 -2.58 5.586 0.418 0.074 0.013

0.525 -0.3242 0.7621 0.5855 -16.346 -5.974 -0.053 2.36 0.63 5.572 0.422 0.075 0.013

0.550 -0.1864 0.7677 0.5673 -16.904 -5.645 -0.442 2.43 4.75 5.556 0.423 0.076 0.010

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.0489 0.7715 0.5494 -17.346 -5.243 -0.848 2.58 7.30 5.539 0.425 0.078 0.005

0.600 0.0882 0.7735 0.5320 -17.672 -4.808 -1.289 2.79 6.34 5.520 0.429 0.079 -0.003

0.625 0.2250 0.7737 0.5151 -17.910 -4.430 -1.777 2.91 2.85 5.501 0.434 0.080 -0.008

0.650 0.3613 0.7722 0.4986 -18.132 -4.151 -2.331 2.92 -0.43 5.481 0.435 0.079 -0.008

0.675 0.4971 0.7687 0.4825 -18.358 -3.977 -2.936 2.89 -0.62 5.462 0.433 0.078 -0.003

0.700 0.6324 0.7634 0.4668 -18.590 -3.838 -3.569 2.89 1.97 5.443 0.429 0.077 0.003

0.725 0.7671 0.7561 0.4512 -18.795 -3.665 -4.206 2.98 4.60 5.424 0.428 0.078 0.003

0.750 0.9013 0.7470 0.4357 -18.978 -3.461 -4.850 3.12 4.46 5.405 0.434 0.079 -0.000

0.775 1.0349 0.7361 0.4204 -19.135 -3.267 -5.513 3.20 0.68 5.386 0.444 0.079 -0.004

0.800 1.1679 0.7233 0.4053 -19.271 -3.132 -6.215 3.16 -4.02 5.367 0.456 0.078 -0.003

0.825 1.3002 0.7086 0.3907 -19.379 -3.063 -6.987 3.00 -6.28 5.349 0.465 0.079 0.002

0.850 1.4319 0.6919 0.3766 -19.494 -3.006 -7.849 2.85 -5.05 5.329 0.466 0.080 0.005

0.875 1.5629 0.6734 0.3630 -19.645 -2.940 -8.802 2.77 -1.05 5.306 0.462 0.081 0.006

0.900 1.6930 0.6529 0.3498 -19.844 -2.868 -9.821 2.80 4.20 5.282 0.452 0.080 0.006

0.925 1.8222 0.6305 0.3367 -20.098 -2.776 -10.854 2.98 9.89 5.261 0.441 0.079 0.007

0.950 1.9507 0.6064 0.3235 -20.436 -2.639 -11.850 3.29 14.65 5.244 0.436 0.083 0.009

0.975 2.0782 0.5805 0.3100 -20.843 -2.417 -12.805 3.69 15.51 5.221 0.441 0.089 0.004

1.000 2.2046 0.5527 0.2962 -21.248 -2.151 -13.752 4.06 12.11 5.192 0.454 0.089 -0.008

1.025 2.3299 0.5230 0.2822 -21.522 -2.003 -14.775 4.26 5.47 5.173 0.468 0.084 -0.016

1.050 2.4543 0.4913 0.2683 -21.803 -1.974 -15.851 4.31 -2.55 5.154 0.482 0.080 -0.026

1.075 2.5777 0.4575 0.2545 -22.028 -2.161 -17.030 4.13 -12.32 5.138 0.496 0.076 -0.036

1.100 2.7001 0.4216 0.2409 -22.182 -2.640 -18.341 3.67 -23.84 5.125 0.509 0.070 -0.047
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Test Conditions

aircraft balsa glider flight regression 10

aspect ratio 11.7 test number 6168

m (g) 7.92 Ixx (g·cm2) 291.14

Iyy (g·cm2) 325.10 Izz (g·cm2) 610.41

Ixz (g·cm2) 11.85 Ixy (g·cm2) 0.60

Iyz (g·cm2) -0.23 δe (deg) -1.89

CG (%c) 0.34

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -2.4840 0.2929 1.6781 -8.433 -0.994 0.515 4.09 -3.44 4.689 0.548 0.114 0.003

0.025 -2.3680 0.3041 1.6692 -9.370 -1.106 0.591 4.00 -3.23 4.658 0.546 0.108 0.002

0.050 -2.2527 0.3139 1.6603 -10.110 -1.210 0.648 3.93 -2.54 4.630 0.544 0.102 0.001

0.075 -2.1379 0.3225 1.6511 -10.685 -1.315 0.678 3.89 -1.35 4.606 0.540 0.096 -0.001

0.100 -2.0237 0.3300 1.6416 -11.151 -1.441 0.688 3.86 0.57 4.585 0.536 0.093 0.000

0.125 -1.9098 0.3363 1.6317 -11.468 -1.562 0.630 3.90 2.46 4.567 0.529 0.086 -0.004

0.150 -1.7964 0.3415 1.6213 -11.724 -1.717 0.529 3.99 2.87 4.557 0.525 0.082 -0.006

0.175 -1.6832 0.3457 1.6103 -12.015 -1.919 0.403 4.05 1.07 4.548 0.527 0.085 -0.003

0.200 -1.5703 0.3489 1.5986 -12.353 -2.150 0.264 4.04 -1.06 4.536 0.533 0.092 0.003

0.225 -1.4578 0.3508 1.5864 -12.713 -2.371 0.084 3.99 -1.42 4.520 0.540 0.097 0.005

0.250 -1.3457 0.3515 1.5737 -13.044 -2.573 -0.147 3.97 0.10 4.506 0.540 0.097 0.004

0.275 -1.2339 0.3509 1.5605 -13.344 -2.771 -0.442 4.00 2.13 4.495 0.537 0.095 0.001

0.300 -1.1225 0.3492 1.5466 -13.633 -2.987 -0.793 4.08 3.34 4.487 0.533 0.095 0.001

0.325 -1.0114 0.3463 1.5321 -13.944 -3.221 -1.199 4.17 3.66 4.480 0.531 0.096 0.001

0.350 -0.9006 0.3424 1.5168 -14.268 -3.465 -1.657 4.25 3.74 4.473 0.530 0.098 0.001

0.375 -0.7901 0.3374 1.5009 -14.601 -3.722 -2.163 4.35 3.94 4.467 0.530 0.099 -0.001

0.400 -0.6799 0.3313 1.4842 -14.929 -3.998 -2.712 4.45 3.56 4.463 0.530 0.100 -0.004

0.425 -0.5700 0.3241 1.4668 -15.236 -4.316 -3.308 4.52 1.84 4.460 0.532 0.101 -0.005

0.450 -0.4603 0.3157 1.4486 -15.501 -4.687 -3.956 4.54 -1.22 4.459 0.540 0.101 -0.004

0.475 -0.3508 0.3061 1.4297 -15.698 -5.112 -4.657 4.46 -5.02 4.460 0.551 0.100 0.001

0.500 -0.2415 0.2953 1.4102 -15.808 -5.553 -5.406 4.30 -7.94 4.462 0.564 0.099 0.006

0.525 -0.1324 0.2830 1.3903 -15.813 -5.971 -6.199 4.07 -8.78 4.467 0.572 0.098 0.008

0.550 -0.0233 0.2694 1.3701 -15.731 -6.346 -7.036 3.86 -7.31 4.471 0.571 0.097 0.003

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 0.0856 0.2545 1.3496 -15.617 -6.710 -7.917 3.70 -5.19 4.476 0.564 0.095 -0.004

0.600 0.1945 0.2383 1.3288 -15.501 -7.105 -8.831 3.61 -4.28 4.482 0.551 0.092 -0.010

0.625 0.3032 0.2208 1.3075 -15.396 -7.578 -9.776 3.50 -4.37 4.492 0.540 0.090 -0.007

0.650 0.4119 0.2020 1.2855 -15.297 -8.105 -10.758 3.38 -4.03 4.503 0.530 0.087 -0.000

0.675 0.5205 0.1818 1.2627 -15.213 -8.650 -11.789 3.29 -2.51 4.516 0.523 0.086 0.008

0.700 0.6290 0.1603 1.2392 -15.179 -9.158 -12.866 3.26 -0.55 4.532 0.520 0.085 0.013

0.725 0.7375 0.1373 1.2149 -15.221 -9.610 -13.983 3.26 0.65 4.549 0.520 0.083 0.013

0.750 0.8460 0.1129 1.1898 -15.339 -10.003 -15.133 3.29 0.86 4.569 0.521 0.083 0.008

0.775 0.9545 0.0870 1.1641 -15.533 -10.375 -16.297 3.30 0.53 4.589 0.519 0.084 0.002

0.800 1.0630 0.0595 1.1378 -15.778 -10.759 -17.463 3.31 0.06 4.608 0.514 0.086 0.000

0.825 1.1714 0.0305 1.1107 -16.062 -11.172 -18.617 3.31 -0.02 4.626 0.508 0.087 0.002

0.850 1.2798 0.0000 1.0830 -16.361 -11.601 -19.763 3.31 0.49 4.646 0.503 0.087 0.009

0.875 1.3881 -0.0320 1.0546 -16.661 -11.998 -20.906 3.34 1.75 4.668 0.499 0.086 0.012

0.900 1.4963 -0.0657 1.0255 -16.955 -12.340 -22.050 3.40 3.17 4.691 0.497 0.085 0.012

0.925 1.6044 -0.1010 0.9957 -17.239 -12.630 -23.186 3.49 3.51 4.714 0.496 0.083 0.009

0.950 1.7124 -0.1381 0.9652 -17.505 -12.897 -24.297 3.58 2.31 4.739 0.499 0.078 0.008

0.975 1.8204 -0.1770 0.9340 -17.739 -13.130 -25.343 3.62 1.35 4.769 0.503 0.072 0.013

1.000 1.9283 -0.2179 0.9023 -17.986 -13.292 -26.403 3.63 2.38 4.804 0.504 0.070 0.014

1.025 2.0363 -0.2609 0.8702 -18.268 -13.366 -27.504 3.69 3.80 4.840 0.498 0.078 0.003

1.050 2.1441 -0.3058 0.8376 -18.543 -13.464 -28.658 3.84 3.05 4.861 0.495 0.086 -0.007

1.075 2.2518 -0.3525 0.8048 -18.792 -13.658 -29.880 3.86 -0.54 4.884 0.493 0.092 -0.015

1.100 2.3592 -0.4010 0.7717 -19.014 -13.986 -31.200 3.78 -6.53 4.903 0.491 0.098 -0.023
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Test Conditions

aircraft balsa glider flight regression 11

aspect ratio 11.7 test number 6128

m (g) 7.20 Ixx (g·cm2) 290.99

Iyy (g·cm2) 306.59 Izz (g·cm2) 592.04

Ixz (g·cm2) 10.19 Ixy (g·cm2) 0.65

Iyz (g·cm2) -0.23 δe (deg) 0.94

CG (%c) 0.76

time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.000 -2.2165 0.5643 1.0741 -6.976 5.792 13.475 3.76 3.31 4.929 0.633 0.103 0.000

0.025 -2.0961 0.5862 1.0788 -7.193 7.093 13.377 3.86 4.36 4.864 0.644 0.102 -0.001

0.050 -1.9773 0.6070 1.0858 -7.330 8.387 13.244 3.98 4.49 4.798 0.658 0.101 -0.002

0.075 -1.8602 0.6266 1.0951 -7.430 9.672 13.088 4.09 3.41 4.728 0.674 0.102 -0.004

0.100 -1.7450 0.6449 1.1066 -7.528 10.938 12.921 4.15 2.09 4.653 0.691 0.106 -0.007

0.125 -1.6317 0.6620 1.1202 -7.644 12.166 12.748 4.18 1.25 4.571 0.707 0.109 -0.010

0.150 -1.5207 0.6777 1.1357 -7.802 13.341 12.566 4.21 0.92 4.486 0.721 0.111 -0.011

0.175 -1.4119 0.6921 1.1529 -8.005 14.458 12.371 4.24 0.74 4.397 0.736 0.113 -0.009

0.200 -1.3055 0.7052 1.1717 -8.258 15.534 12.164 4.26 0.92 4.306 0.751 0.114 -0.009

0.225 -1.2016 0.7168 1.1918 -8.532 16.576 11.950 4.29 2.02 4.213 0.764 0.117 -0.013

0.250 -1.1002 0.7272 1.2130 -8.786 17.562 11.709 4.36 4.03 4.116 0.775 0.120 -0.018

0.275 -1.0013 0.7362 1.2350 -8.980 18.460 11.436 4.49 6.38 4.016 0.785 0.124 -0.019

0.300 -0.9051 0.7440 1.2574 -9.120 19.272 11.123 4.68 8.75 3.915 0.798 0.129 -0.016

0.325 -0.8114 0.7506 1.2802 -9.222 20.019 10.769 4.93 11.26 3.813 0.815 0.135 -0.013

0.350 -0.7203 0.7560 1.3029 -9.312 20.726 10.377 5.24 13.71 3.710 0.837 0.142 -0.015

0.375 -0.6317 0.7601 1.3254 -9.405 21.387 9.951 5.61 15.08 3.605 0.864 0.151 -0.021

0.400 -0.5458 0.7632 1.3475 -9.516 21.979 9.502 5.99 14.52 3.499 0.899 0.159 -0.026

0.425 -0.4624 0.7650 1.3692 -9.667 22.489 9.044 6.34 13.05 3.394 0.937 0.167 -0.028

0.450 -0.3815 0.7658 1.3902 -9.888 22.917 8.586 6.64 12.55 3.290 0.977 0.179 -0.026

0.475 -0.3032 0.7653 1.4106 -10.172 23.281 8.123 6.97 14.25 3.184 1.013 0.197 -0.028

0.500 -0.2274 0.7638 1.4300 -10.501 23.581 7.644 7.37 17.65 3.076 1.047 0.215 -0.036

0.525 -0.1541 0.7612 1.4484 -10.843 23.809 7.142 7.87 22.20 2.969 1.072 0.233 -0.057

0.550 -0.0833 0.7578 1.4655 -11.205 23.915 6.617 8.48 27.71 2.865 1.086 0.249 -0.086

continued on next page
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time x y z φ θ ψ V α α̇ CL CD Cm

(s) (m) (m) (m) (deg) (deg) (deg) (m/s) (deg) (deg/s)

0.575 -0.0148 0.7533 1.4810 -11.602 23.846 6.067 9.25 33.52 2.765 1.086 0.267 -0.118

0.600 0.0515 0.7480 1.4945 -12.031 23.531 5.485 10.16 38.18 2.670 1.084 0.289 -0.137

0.625 0.1159 0.7418 1.5059 -12.441 22.949 4.850 11.17 41.60 2.580 1.086 0.315 -0.139

0.650 0.1783 0.7348 1.5148 -12.780 22.116 4.147 12.24 45.91 2.499 1.086 0.343 -0.132

0.675 0.2391 0.7271 1.5211 -13.064 21.070 3.375 13.45 52.88 2.425 1.080 0.376 -0.128

0.700 0.2982 0.7187 1.5246 -13.328 19.844 2.553 14.85 59.83 2.360 1.065 0.414 -0.140

0.725 0.3558 0.7098 1.5252 -13.613 18.423 1.681 16.44 61.93 2.304 1.062 0.454 -0.161

0.750 0.4120 0.7006 1.5227 -13.874 16.771 0.761 17.96 58.09 2.259 1.071 0.490 -0.179

0.775 0.4669 0.6909 1.5172 -14.040 14.856 -0.230 19.30 51.36 2.225 1.091 0.514 -0.173

0.800 0.5207 0.6808 1.5087 -14.009 12.714 -1.286 20.50 45.63 2.205 1.100 0.533 -0.156

0.825 0.5734 0.6703 1.4972 -13.730 10.381 -2.403 21.57 40.25 2.199 1.100 0.551 -0.138

0.850 0.6253 0.6592 1.4828 -13.171 7.917 -3.553 22.52 33.51 2.203 1.096 0.575 -0.134

0.875 0.6765 0.6478 1.4654 -12.346 5.336 -4.724 23.24 24.06 2.214 1.099 0.599 -0.126

0.900 0.7270 0.6359 1.4454 -11.252 2.678 -5.888 23.72 12.73 2.234 1.097 0.609 -0.120

0.925 0.7769 0.6236 1.4226 -9.943 -0.046 -7.026 23.87 1.47 2.263 1.090 0.602 -0.112

0.950 0.8264 0.6109 1.3973 -8.447 -2.805 -8.099 23.76 -9.17 2.302 1.066 0.581 -0.111

0.975 0.8758 0.5979 1.3695 -6.810 -5.607 -9.091 23.41 -20.03 2.349 1.036 0.556 -0.112

1.000 0.9252 0.5846 1.3393 -5.053 -8.463 -9.993 22.77 -33.10 2.406 1.002 0.531 -0.113

1.025 0.9748 0.5712 1.3066 -3.189 -11.408 -10.796 21.77 -47.55 2.468 0.968 0.506 -0.105

1.050 1.0247 0.5576 1.2715 -1.227 -14.450 -11.496 20.40 -59.82 2.535 0.924 0.472 -0.078

1.075 1.0751 0.5438 1.2341 0.761 -17.556 -12.092 18.78 -67.23 2.609 0.859 0.427 -0.050

1.100 1.1261 0.5299 1.1942 2.690 -20.708 -12.600 17.05 -70.79 2.692 0.781 0.372 -0.029

1.125 1.1779 0.5158 1.1517 4.482 -23.896 -13.035 15.26 -74.12 2.786 0.703 0.313 -0.016

1.150 1.2305 0.5017 1.1064 6.105 -27.135 -13.409 13.37 -78.71 2.891 0.638 0.259 0.014

1.175 1.2842 0.4876 1.0579 7.527 -30.390 -13.747 11.35 -81.68 3.007 0.587 0.213 0.067

1.200 1.3390 0.4734 1.0063 8.692 -33.539 -14.098 9.30 -79.68 3.132 0.549 0.179 0.128
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[94] M. H. Dickinson and K. G. Götz. Unsteady Aerodynamic Performance of Model Wings at Low Reynolds
Number. Journal of Experimental Biology, 174:45–64, 1993.

[95] A. H. Rao, D. V. Uhlig, and M. S. Selig. Glide and Powered Flight Characteristics of Micro Air Vehicles
from Experimental Measurements. AIAA Paper 2012-2768, 2012.

211


