ABSTRACT
PHILLIPS, DAVID CHARLES. Analysis and Parameter Estimation of the Aerodynamic
and Handling Qualities of the C-130A Modified With Wing Tip Tanks. (Under the direction
of Dr. Charles E. Hall, Jr.)

This work presents the background, flight testing, and resulting change in the
aerodynamic and handling qualities of a C-130A Hercules modified with wing tip tanks. The
data collected during the baseline and modified flight tests of this aircraft demonstrated the
potential aerodynamic benefits of a tip tank design that incorporates a greater aspect ratio and
end plating effects. Wing mounted pressure belts measured a 24% increase in local Cl near
the tip tanks. This local increase in lift contributed to a 38% increase in CL

max

for the

airplane. The pressure and dynamic data was gathered using a LIFT (Linux In Flight
Testing) system, and it laid the foundation for finding the longitudinal and lateral directional
stability coefficients of the airplane. Then using MATLAB® and the System IDentification
Programs for AirCraft (SIDPAC) to reduce this data, it was possible to generate
aerodynamic, lateral, and longitudinal parameters that clearly proved the overall benefits of
the design change. The demonstrated lift benefits of these uniquely designed tip tanks for the
C-130A cargo transport proved that by capitalizing on the benefits of a combination tip tank
and end plate design it is possible to generate increased lift without adversely affecting the
stability and dynamic parameters of the aircraft.
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1 INTRODUCTION

1.1

Motivation and Background
The purpose of this work was to determine the significant changes in the lift and

handling qualities of the C-130A Hercules with wing tip fuel tanks. First, data was collected
during the experimental flight test program of this high wing, four engine, turboprop aircraft.
Then the data was thoroughly analyzed to find the aerodynamic effects and changes in
handling qualities created by installing wing tip fuel tanks. This work details the background
of tip tanks and wing tip devices, the data capture system that was used in this flight test
program, the data reduction methods used to find the aerodynamic and handling quality
parameters, and how these parameters will affect the lateral and longitudinal dynamics of the
aircraft. Overall, there were significant changes in the amount of lift produced by the wing,
significant changes in the aileron effectiveness, and slight changes in the handling qualities.
To enhance the fuel carrying capability of an aircraft, external fuel tanks can be added
at various locations on the airframe. The most common place is somewhere on the wing.
The purpose of this flight test program was to demonstrate the advantages of wing tip fuel
tanks on the C-130A Hercules. These wing tip tanks would replace under wing pylon
mounted fuel tanks currently in use. The usable fuel capacity will increase by 19% compared
to the basic configuration with no external tanks, and the tip tanks eliminate the drag
inducing wing pylon tanks. The tip tanks, fabricated at Snow Aviation (Fig. 1-1) were
specifically designed to take advantage of the high pressure developed under the wing tips
and by using end-plating effects, capture this energy as additional lift that would normally be
lost outward under the wing tip.
1

Figure 1-1: C-130A With Tip Tanks at Take Off
The C-130 Hercules was initially designed by Lockheed to U.S. Air Force (USAF)
Tactical Air Command specifications in 1951 and first flew as the YC-130 in August 1954.
The initial production model, which was the type tested during this research, was the C130A, with four Allison T56-A-11 three bladed turboprops. A total of 219 were ordered and
the C-130A joined the USAF inventory in December 1956.1 A civilian version, the L-100
has also been produced and has proven effective around the world in use by Southern Air,
Trans Air Freight, and Lynden Air Freight.
Even though five decades have elapsed since the Air Force issued its original design
specification, the remarkable C-130 Hercules remains in production. The venerable "Herk"
is the most successful military transport since the Douglas C-47 and has accumulated over 20
million flight hours. Continuously produced by Lockheed since the 1950’s, the C-130
Hercules is one of the most capable air lifters of all time. More than 2,200 C-130 Hercules
aircraft have been built, and they are currently flown by more than 60 nations worldwide.2
They carry personnel, vehicles, and supplies both tactically and commercially. They can air
2

drop troops and supplies, and even serve as airborne or ground refuelers. They provide
emergency evacuation and humanitarian relief, serve as hurricane hunters, and are currently
planned for use through the 2030’s, more than seventy years after the C-130 first left the
drawing board. In the history of aviation design, the C-130 is one of the few aircraft that
demonstrates both long term durability and multi-mission success.3
During combat and civilian operations, the C-130 typically operates at or near its
maximum gross weight with a limited power margin. With an increase in lift and no
appreciable change in drag or handling qualities, the aircraft’s life cycle will be lengthened
and those aircraft around the world operating at high gross weights and high density altitudes
will receive a much needed boost in performance. Tip tanks in lieu of under wing pylon
tanks (Fig. 1-2) will provide a needed and substantial increase in capabilities without
significant modifications to the existing fleet.

Under Wing Tanks

Figure 1-2: C-130 With Under Wing Pylon Tanks
1.2

Range and Scope
One of the most important aspects of the test plan was to collect useful, high quality in-

flight data. Using computers and transducers that have rapidly become smaller, lighter, and
3

more powerful, the aircraft was thoroughly instrumented to collect this high quality data at
high sampling rates enabling us to thoroughly analyze the aerodynamic and handling
qualities parameters following the flight tests.
However, given a large amount of data collected and the abbreviated time period for
data reduction, the analysis of the aerodynamic and handling quality parameters in this work
was focused on those that would best illuminate the changes in the aerodynamic lift and
controls parameters of the aircraft. This work certainly does not provide an all-inclusive set
of flight test data or serve as a flight test report for this aircraft in this configuration.
However, the primary task of this demonstration was to show the change in lift that could be
realized with the addition of wing tip tanks to the C-130A. Therefore, by focusing the data
reduction on the aerodynamics and handling qualities, new light could be shed on a concept
that is over a century old.

This test flight program has concluded by showing these

improvements setting the stage for follow-on flight tests on operational aircraft.

4

2 AERODYNAMICS AND HANDLING QUALITIES

2.1

Aerodynamics of Tip Tanks and End Plates
Even though wings with tip tanks and end plates have been used for over half a century

in military and civilian applications they have never proven their worth in overall aircraft
design. As early as 1897, the aerospace pioneer Frederick Lanchester took out a patent for an
airplane described as having at the extremities of the wing “two capping planes – in order to
minimize dissipation of the supporting wave.”4 End plate experimental research actually did
not begin until the mid 1920’s when researchers at NACA used Prandtl’s basic lifting line
concept to theoretically reduce the drag created by wingtip vortex generation.5
Vortices are created by a finite wing any time it is producing lift in forward flight. The
lift generated by the local sections of the wing increases pressure on the lower surface of the
wing and decreases pressure on the upper surface of the wing. At the wing tips air “leaks”
around the end producing vortices that flow down and behind the flight path. Fig. 2-16 shows
the vortices produced by a C-130 as it flies just above a cloud layer.

Figure 2-1: C-130 Tip Vortices in Flight
5

These vortices, however, are not the only circulation around the wing. There is also a
bound circulation Γ that is created span-wise along the wing. This bound circulation together
with the wing tip vortices creates a trailing vortex sheet (Fig. 2-2) across the span.

Figure 2-2: Trailing Vortex Sheet
This trailing vortex sheet creates a downwash (W) that changes the direction of the free
stream velocity, V∞ . The sum of V∞ and this downwash vector creates a resultant local flow
at the wing. The incidence of the resultant local flow is the induced angle of attack, αi,
which effectively decreases the local wing section’s angle of attack. This new effective
angle of attack that the local section of the wing sees is: αeff = α - αi.7 The initial angle of
attack is typically reduced by the downwash and there is a reduction in lift, along the
direction of the free stream velocity (Fig. 2-3).8 To maintain the same effective angle of
attack and lifting force using a wing with a finite span, the total angle of attack of the wing
must be increased by an amount equal to the induced angle of attack.
Di
L

αi

L'

V∞
V∞

V

αi

W

Figure 2-3: Induced Drag Formulation
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The reduction in lift varies across the span because the downwash varies along the span, but
collectively it is called induced drag, Di , and the equation for its non dimensional coefficient
is derived using Prandtl’s lifting line theory (LLT). For a full derivation of induced drag
from LLT, see the text Low Speed Aerodynamics, by Katz and Plotkin.9 The equations for
αi, induced drag, and the induced drag coefficient are:

αi =

CL
,
πAR

DInduced = Di = Lα i
C Di = C Lα i

2

,

and C Di =

CL
πeAR

Decreasing this induced drag motivated the initial testing of end plates.

Early

experiments were focused on the discovery of some economical means of increasing the
effective aspect ratio (AR) of an airfoil without increasing the span.

These early

experimental results depicted in Fig. 2-4 showed an increase in CLα slope and a decrease in
CDi with increasing CL for a partial span wing using a NACA 73 airfoil with trapezoid and
disk shaped end plates compared with a plain wing. 10

Increasing
CLα slope

Decreasing CDi

Figure 2-4: Changes in Lift Curve Slope and Induced Drag with Endplates
7

This proved that end plates restrict the size and formation of wing tip vortices,
reducing induced drag, and reducing the angle of attack required to produce a certain lift
coefficient. Further wind tunnel analysis on different shaped end plates yielded similar
results, but also showed that the end plate area was directly proportional to profile drag and
fairly constant throughout CL ranges. Profile drag is a measure of the resistance to flight
caused by the viscous action of the air on the profile of the aircraft.11 So even though larger
end plates would result in greater decreases in induced drag and greater increases in lift, the
subsequent increase in profile drag would also need to be added into the equations.
Another result was that end plates tended to increase the lift-coefficient range at
which the lift to drag ratio remained at or near the maximum value. But the most favorable
effect of end plates on the maximum lift over drag ratio was obtained when the wing AR was
low and the wing profile drag coefficient to the end plate profile drag coefficient ratio was
high.12 An example of this can be seen in end plate designs use on airplane horizontal tail
surfaces and wings on Formula 1 race cars.
The most recent work dealing with end plating effects is an adapted version of the end
plate known as the winglet developed at NASA by Whitcomb in the 1970’s. The winglet is
actually a lifting surface designed to create flow in the opposite direction of the vortex flow
around the wing tip. This is more than a simple barrier, and it has shown the first significant
improvements in reducing induced drag while keeping increased profile drag negligible. The
Boeing 747-400 and the Airbus A321, seen in Fig. 2-5, are notable examples of transport
aircraft that now incorporate winglets into the overall wing design of the aircraft. Whitcomb
noted that when operating at weights much less than maximum gross weight, there is a

8

significant drag reduction due to the winglet, but at higher aircraft weights there is a large
variation in the drag reduction due to differences in structural loading.

Figure 2-5: Winglets on the Boeing 747-400 and the Airbus A321
However, applying the winglet concept to all aircraft and all wings generically is not
effective. Elliptically loaded wings differ from inboard loaded wings, and the bending
moments created across the span due to the wing lift and the winglet lift vary due to the wing
and winglet shape, loading distribution, and given wing weight. This is where compromise
starts to become important. Several wing shapes must be tested with different types of
winglets to find the lowest induced drag while fitting within given design constraints, such as
span restrictions and structural flexibility, which is very important in the C-130A. The
bending moment created by the winglet significantly reduces drag for a lighter aircraft, while
a heavier aircraft may see much of the improvement disappear. Research in this field shows
that designing a wing with winglet, or in this case, a wing with tip tank is extremely complex
due to the many structural and loading considerations that must be optimized concurrently.13
Perhaps the most definitive work on end plating and tip tanks comes from Hoerner. He
quantitatively expressed the increase in aspect ratio due to an end plate with an
approximation: ∆AR / AR ≈ kh / b where h is the height of the endplate and k = 1.9 for h/b up
to .4. For the modified C-130A, this would equal a ∆AR/AR = 3.94%. Applying this change
9

in AR to the induced drag equation would reduce induced drag by 3.79%, increasing lift by
the same amount. His documentation of experiments also shows that the effect of an end
plate increases slightly with its chord wise length. The tip tank designed for the C-130A
extends both in front of the leading edge and aft of the trailing edge, which should increase
its effectiveness.
However, he also noted that interference drag originating from the corners between the
plates and the wings can account for over half of the non-induced drag. Interference drag is
generated when several objects are placed in the same air stream creating eddy currents,
turbulence, or restrictions to smooth flow. Any time two parts of an aircraft are joined or any
object is placed on or in close proximity to an aircraft, interference drag is created. The tip
tank wing junction is an example which produces this drag.14
The major reason end plates are not usually applied in the design of airplanes is that at
some CL (which varies from wing to wing) the lift to drag ratio actually begins to decrease
for end plated wings due to the profile and interference drag created. Therefore the wing
with the enlarged span is far superior to the end plated wing. With the significant number of
conflicting design constraints, end plates should only be used when they perform another
function in addition to improving the lift of the device to which they are attached. 15 On the
C-130A tip tanks perform at least three functions. They carry 512 gallons extra fuel in each,
increase the physical aspect ratio of the wing, and the specific design of those installed on
our test aircraft has end plating effects that reduce the angle of attack required to produce a
certain lift coefficient. Using tip tanks instead of under wing pylon tanks also decreases the
profile drag significantly.

10

In 1945, tip tanks were used on the first operational jet fighter in the USAF, the F-80.
Their teardrop design along with many other concepts of end plating and tip tanks never
showed tangible improvements in lift and drag on airplanes because of their increased
surface area and increased profile drag. However, some multifunctional end plates and tip
tanks have endured the evolution of aircraft. The engine nacelles of the V-22 are one
example of a modern multifunction end plate, and the design of the tanks tested during this
program will fit into this category as well, providing several benefits the aircraft. So it must
also be determined if there is a decrease in lift over drag, and if this decrease or a change in
handling qualities will negate the potential benefit from reducing the induced drag.
Tip tanks also extend beyond the lateral edge of the wing and therefore increase the
area and aspect ratio of the wing. From the equation for induced drag, as the physical aspect
ratio increases, the induced drag also decreases. They do allow a certain amount of flow to
go around them laterally, but they still decrease the vortex flow just as end plates do.
Hoerner’s statistical results yielded the decrease in angle of attack with CL shown below in
Fig. 2-6.16 Applying these statistical results to the tip tank design tested in this program (d =
33” and b=1590”) h/b = 2.08% and ∆(dα / dCL) = - 0.30.
0

2

4

6

8

10

(d/b)%

0
-0.5

+

-1.0
-1.5
∆ (dα / dCL)

h
b

Fig 2-6: Statistical Evaluation of the Influence of Wing Tip Tanks
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2.1.1

Local Lift Coefficient Cl
The most noticeable change in local lift due to the reduction in the vortices around the

wingtips of the C-130A should be demonstrated close to the wing tips. Since the end plating
effects of the tip tanks will reduce the size of the wing tip vortex, the local downwash in the
area affected by the wing tip vortex will be reduced as well. This reduction in downwash
will be seen as an increase in the local effective angle of attack and will result in an increase
in the local lift. The best measure of this local lift is the local lift coefficient Cl and can be
found by integrating the upper and lower surface chord wise pressure distribution. A change
in the local lift and the subsequent change in span-wise lift that could occur due to the tip
tank modification is depicted in Fig. 2-7.

Change in Cl

Figure 2-7: Vortices and Lift With and Without Tip Tanks (not to scale)
Wind tunnel tests conducted at OSU on a .075 scale model verified that the largest
change in Cl will be in the vicinity of the reduced tip vortex from 70% to 100% span.
Measuring this change in Cl during the flight test is the best way to account experimentally
for the additional lift generated due to the tip tanks in flight.
12

Collecting data to generate local Cl requires pressure and velocity measurements at
the specific span wise location. Coupling this data with measured angles of attack will also
help build the curves for Cl with varying α. The lift curve slope of the modified wing section
compared to the unmodified wing section will show how the decreased downwash increases
the effective angle of attack.
Thin airfoil theory says that in two dimensions the lift curve slope of an airfoil is
linearly proportional to the angle of attack. From theory and experimental lift coefficient
data the lift curve slope (a0 ) = 2π/rad (.1096/deg).17 This is not far from the measured slope
for many airfoils including the tested airfoil. The effects of thickness and viscosity which are
ignored in thin airfoil theory cancel each other out to some extent with the result that most
airfoils have a lift curve slope within 10% of the 2π value given by thin airfoil theory.
However, the lift curve slope for a finite wing in three dimensions decreases due to the
downwash induced by the bound circulation and trailing vortices.
2.1.2

Aircraft Lift Coefficient CL
This lift curve slope will not only increase with tip tanks, the overall spanwise lift

curve slope will increase as well. Each incremental span wise location that generates more
lift will add to the overall lift for the wing. This can also be seen in Fig. 2-7 above. Even
though thin airfoil theory predicts CLα = 2π/rad, when this is translated from the two
dimensional case to the three dimensional case with lifting line theory, the slope will
decrease slightly due to the bound vortex and trailing vortex effects. Applying the same
wing to a whole aircraft, the lift curve slope will further change due to fuselage and viscous
effects. Fig. 2-8 shows an example of this difference in lift curve slopes for the Cessna
172.18 The two dimensional lift curve slope is greater than the lift curve slope predicted by
13

LLT, but the actual lift curve slope for the aircraft is greater due to the inclusion of the tail
and fuselage.

Figure 2-8: Comparison of Airfoil, Wing, and Aircraft Lift Curve Slopes
There are two other contributing but lesser factors in the increase in CLα. The increase
in surface area of the wing with tip tanks will contribute to the increase in lift since it is
directly proportional to lift: L = 1/2ρV2SCL . And finally, the circulation around the tank
may have some of the effects seen in winglets. If the tip tank is creating an airflow that
opposes the wing tip vortex, this would further reduce the strength of the wing tip vortex in
addition to simply acting as an end plate physical barrier.
Wind tunnel results from OSU and computational analysis of the wing using a NASA
Ames Research Center Panel code (CMARC) both predicted a 4% increase in the lift curve
slope, CLα. The pressure data gathered in the wind tunnel and during the baseline and
modified flights was focused to identify these aerodynamic effects and is discussed in
chapter four.
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2.2

Longitudinal and Lateral Stability and Control
The change in local and span wise lift will also affect the longitudinal stability of the

aircraft. Experimentally, the static longitudinal characteristics of various wing-end plate
combinations have shown a slight variation from the stability characteristics of the wing
alone. A wing with symmetrical endplates usually shows a slight increase in stability over a
basic wing.19
The primary longitudinal stability coefficient that will be affected by a change in CLα is
the pitching moment about the aircraft’s center of gravity Cmcg w . When the C-130 wing
generates increased lift with the reduction of the tip vortex, the pitching moment of the wing
itself will decrease. Since the pitching moment of the wing dominates the aircraft pitching
moment about the pitch axis, there will be a corresponding decrease in Cmcg w . This is shown
in Fig. 2-9 and the equation below.
Lw

Macw
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Dw

Fuselage Reference Line
Wing Chord
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Figure 2-9: Moment Contribution of Wing
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Lateral stability and control will also be affected by the increased lift. The three
coefficients that would reveal the change in lateral stability are the moment coefficients:

CA β , CA δ a and C A p . The change in yawing moment due to sideslip Cη β can be estimated by
measuring the change in sideslip with rudder inputs, and by analyzing the dutch roll mode of
the aircraft.

However this moment will not change significantly and estimations are

discussed in chapter four.
The change in rolling moment due to sideslip, C A β will change slightly because of a
change in dihedral effect.

Wing dihedral affects both the lift distribution and the roll

stability. Dihedral is the angle of the wing from root to tip, Γ, measured from horizontal. A
positive dihedral effect provides increased lateral roll stability. When an aircraft begins to
turn with a roll, it will begin to translate or sideslip in the direction of roll. The angle of
attack of the forward wing will be higher than the angle of attack of the trailing wing. This
will create more lift on the leading wing than the trailing wing and create a rolling moment
about the x-axis of the aircraft. This net rolling moment is opposite that of the rolling
direction and can be estimated by .0002Γ.20 The restoring moment tends to make an aircraft
more stable which is desirable for the C-130A.
The tip tanks cause more lift to be generated near the wing tips and this lift may
structurally bend the wing up increasing the effective dihedral. However, the tip tanks also
structurally bend the wing down due to their weight effectively reducing dihedral.
Measuring the wing tip deflection in flight is necessary to determine the variations of
dihedral by maneuver.
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The increase in local lift near the wing tips will increase aileron effectiveness and
increase the rolling moments created by aileron inputs. An estimate of roll control power for
an aileron can be estimated by integrating the lift over the aileron’s span wise distance: 21

2C Lατδ a
=
∫ cydy
Sb
y1
y2

CA δ a
Increases in CLα increase CA δ a .

The larger CA δ a , the more effective the aileron is at

producing a roll moment.
When the aircraft rolls, the downward rolling wing sees an increased effective angle
of attack. This results in an increased lift distribution of the downward moving wing. The
upward rolling wing sees the opposite effect caused by a decrease in the local angle of attack.
This change in lift distribution between downward and upward rolling wings produces a
rolling moment, C A p , that opposes the rolling motion and is proportional to the rolling rate,
p. This rolling damping derivative can be estimated by:

CA p

− 4C Lα
=
Sb 2

b/2

∫ cy dy
2

0

From this equation it is apparent that depends on the wingspan, and those wings with larger
aspect ratios and wing spans will have larger roll damping than the low aspect ratio or small
span wings. Chapter four details how these coefficients were estimated.

2.3

Stall Characteristics
There are two main factors that affect the stall characteristics of the C-130A wing:
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boundary layer separation of the air flow around the wing and wing twist.

The stall

characteristics and stall speed help describe the low speed boundary of the steady flight
envelope of an airplane. In the stall, the angle of attack (α) is increased until the airflow over
the wing surface can no longer remain attached and separates. The resulting abrupt loss of
lift causes a loss of altitude. In extreme cases with the tips of the wing stalling first, a loss of
aircraft control can be experienced due to loss of aileron effectiveness. The operational
requirement for low takeoff and landing airspeeds places these speeds very near the stall
speed.22 Therefore, “good” stall characteristics are important in evaluation of wing design.
2.3.1

Stall Airflow Separation
The two stall qualities that contribute to a “good” stall are: stall warnings are easily

identified by the pilot and the aircraft pitches nose down at the stall. In the classic stall, the
lift coefficient increases steadily until airflow separation occurs, resulting in a loss of lift.
The separation may occur at various locations on the wing and propagate in different patterns
to influence the stall characteristics.

Good characteristics generally result when the

separation begins on the trailing edge of the wing root and progresses gradually forward and
outboard. As discussed previously, separation at the wing tips is undesirable due to the loss
of lateral control effectiveness and the tendency for large bank angle deviations when one tip
stalls before the other.

Separation at the leading edge is typically abrupt, causing a

dangerous loss of lift with little or no warning. Some wing characteristics which cause these
variations in stall behavior are wing section, aspect ratio, taper ratio, and wing sweep.
The baseline C-130A wing was tested at OSU as a .075 partial span model and tended
to stall from the trailing edge. These wind tunnel tests showed separation at the trailing edge
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of the wing without tanks. With tip tanks separation began at the leading edge and stall
progressed at various points along the upper surface.23
2.3.2

Stall Twist Affects
The structural analysis of adding wing tip tanks showed that twist must be taken into

account for stall analysis as well. Aircraft wings can have a built in twist from the root to the
tip causing an increase or decrease the lift distribution along a wing (Fig. 2-10).

Figure 2-10: Wing Twist
Twist increases or decreases the effective angle of attack seen by different local
sections of the wing. A typical wing is negatively twisted to reduce local lift at the wing tips
and cause the wing to first stall closer to the root.
Structural analysis conducted at SAI of the wing with tip tank design showed that
when it was empty, the tank tended to slightly twist the wing tip up (wash-in), and when it
was full, it tended to twist the wing tip down (wash-out). A negative torsion shown in the
span wise distribution in Fig. 2-11 indicates a downward twist (wash-out) and a positive
torsion indicates an upward twist (wash-in). The discontinuity in the mid span of the wing is
due to the engine weight that induces a large torsion on the wing from the 220 to the 400
stations.
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Figure 2-11: Spanwise Wing Torsion
A three degree twist from root to tip is already built into the wing. More negative
twist created by the full tip tanks (wash-out) causes the wing tips to be loaded less than the
root on the span wise lift distribution, and negates the possibility of tip stall simply because
the angle of attack is lower at the tips versus the root. It also allows for the C-130A ailerons
to remain effective even while the root of the wing is approaching stall. The negative effect
of the ailerons continued effectiveness is that they can change the effective chordline of the
wing section and actually speed the onset of stall.
Two methods for analyzing this wing twist and its effect on span loading are Prandtl’s
lifting line theory and Weissinger’s method. Lifting line theory typically does not work for
swept or non planar wing designs. However, the C-130 only has a partially tapered wing and
the outboard panel is swept 9 degrees forward. For this discussion, LLT can be applied to
wings with less than 10 degrees sweep. Weissinger’s method, an extension of lifting line
theory, is the simplest panel code method that can be applied to nonplanar surfaces. Both of
these methods can be used to analyze the span wise loading distribution of the baseline wing,
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and Weissinger’s method can be used to analyze the tip-tanked aircraft since it involves a
nonplanar wing.

2.4

Aircraft System and Parameter Identification
One of the most effective ways to determine the changes in the aerodynamic

parameters discussed above is system identification and parameter estimation.

System

identification is the development of the mathematical models of a physical system from
measured data. Parameter identification is the calculation of the coefficients that make up
these models.
Since the system and observation models of dynamic flight are known in much detail,
it is not necessary to evaluate many different model structures. This simplifies the system
identification process. However, to determine the aircraft’s dynamic behavior, it is also
necessary to find the parameters within that modeled system. Most stability derivatives come
from theoretical calculations, wind tunnel data, and computational fluid dynamic solutions.
Parameter estimation represents a large class of mathematical techniques which estimate the
aerodynamic parameters of a model using the known inputs and the measured outputs of the
system.
An aircraft dynamic system model has multiple inputs and outputs, and data collected
during flight is typically noisy. As a result the required data volume is substantial and most
tasks using system identification require the use of computers.24 Even though it is widely
used in the flight test community today, it did not become popular until the digital computers
became more available in the 1960’s. And even with digital computers the computational
algorithms of parameter identification can take a significant amount of time. Therefore it is
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important to focus the identification process and using proven computer codes can greatly
shorten this process.
Several sets of computer code exist in MATLAB® for data reduction, system
identification and parameter estimation. Each of these computer codes have both positive
and negative qualities. MATLAB® itself has a System Identification Toolbox that has a
very easy to use graphical user interface that will model multiple input multiple output
systems with predefined or user defined models. However, this toolbox requires a thorough
knowledge of the many different types of models and which best apply to the dynamic
system in question. The models and the toolbox are meant to be generic and can be applied
to any system identification problem.
System IDentification Programs for AirCraft (SIDPAC), on the other hand, is a robust
aircraft based system identification and parameter estimation package for aircraft. It is
specifically designed for aircraft data sets and uses simple and easy to learn functions that
can be manipulated by the user. However, to get the full functionality from this set of tools,
the data set must be in exactly the format expected by the code and all variables and flight
coefficients must be known. Even though this package was less user friendly it was easier to
apply on a function by function basis. This allows the parameter estimation process to be
fully controlled by the user, and in this case proved to be the best method to estimate the
Laplace transfer functions and the parameters within them.
SIDPAC was designed at the NASA Langley Research Center written in MATLAB®
and designed specifically for the aircraft problem.25 It contains various system identification
tools as individual functions. The entire package can be used together or individual functions
can be used separately. Since the composition of the data collected in this flight test was
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uniquely built to measure the changes in specific parameters, using selected functions was
best method to determine estimates of these parameters that best describe the changes from
baseline to tip tanked flights.
The main reason for applying system identification and parameter estimation to this
test flight data was to demonstrate simple and reliable ways to describe changes in flight
parameters using flight data. Therefore, the transfer function estimation technique was
applied using frequency domain parameter estimation. This approach uses one degree of
freedom oscillation approximations and does not account for process noise which greatly
reduces the complexity of the computational algorithms.26
2.4.1 Lateral Motion Parameter Identification
Six simultaneous nonlinear equations of motion are required to completely describe
the behavior of an aircraft.

However, these equations are widely used in aerospace

engineering so the problem of system identification is simplified for analysis of flight data.
In this form however, a solution can be obtained only by the use of computers or numerical
integration.
The lateral motion of an aircraft can be described by three of these six equations. By
linearizing these equations, applying the proper assumptions, and combining certain
aerodynamic terms it is possible to set up both state space and transfer functions that describe
the lateral flight dynamics. From these equations, the lateral modes can be determined and
the various parameters can be estimated from the transfer functions for both the rudder and
aileron inputs.27
State space is the most common way to solve and describe the three lateral equations:
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The matrices A (4 x 4) and B (4 x 2) are made up of the moments of inertia and the lateral
derivatives. A full depiction of these matrices that were used in this derivation is located in
Dynamics of Flight by Etkin and Reid.28 The roots to the lateral directional characteristic
equation given by (λI-A) = 0 are composed of two real roots and a pair of complex roots.
The roots characterize the aircraft response to motion in three modes: the roll mode, the
Dutch Roll mode, and the spiral mode. The spiral mode was not analyzed in this report.
A central and indispensable concept for response analysis is the transfer function that
relates a particular input to a particular response. The transfer function is the ratio of the
Laplace transform of the response to that of the input for the case when the system is at rest.
By examining the transfer functions for β output and δr input and considering a single input
single output mode consisting of primarily side slipping and yawing motions, it is possible to
ignore the rolling moment of the aircraft29 and get the Dutch Roll equation in transfer
function form:30

β ( s)
=
Ix
δ r ( s)
Sqb

C nδ r
s2 −

b
C n s + C nβ
2U r

The first step in the parameter identification process is to plot the data and look at the
aircraft’s response to the inputs throughout the entire maneuver. To best model flight data
only one part of maneuver should be analyzed and not the entire data file. Each of the flight
test maneuvers had two to three doublets per maneuver. Looking at the data closely, it is
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possible to see where a smooth rudder input resulted in a smooth sideslip output and then
how the aircraft responded when the input was removed. After selecting a time range of
input and output, it is necessary to zero the first data point in both the input and output and
apply this offset to the remainder of the input and output data. This removes errors in the
model that could be caused by flight control trim inputs caused by flight conditions.
Then the data can be smoothed using the SMOO function from the SIDPAC set of
tools. SMOO separates the input or output signal from the noise in the data for a measured
time series using Fourier analysis and an optimal Wiener filter.31 A further description of
this function is located in the documentation for SIDPAC.
After smoothing the data, the TFEST function can be used to estimate the parameters
in a transfer function model structure. This function uses equation error in the frequency
domain and the function FINT to compute high accuracy finite Fourier integrals for arbitrary
frequencies. The inputs to the TFEST function are the order of the numerator, the order of
the denominator, and the frequency vector describing the probable power distribution of the
data to be estimated. From the Dutch Roll equation in transfer function form, the numerator
is zero order and the denominator is second order. This transfer function is the selected
model for the system.
The transfer function models a constant coefficient single input single output system
which in this case is the Dutch Roll equation in transfer function form. TFEST will also
prompt the user for input on the frequency cut off from the power spectrum analysis for the
input and output vectors. Typically this power spectrum will also show structural modes in
the aircraft as well as servo dynamic modes in the flight controls, so it is necessary to

25

individually select the cut off frequencies based on the expected frequency of the dynamic
mode of the aircraft the transfer function will model.
Once the function is executed, the model output can be analyzed by plotting it against
the actual output to determine how well the transfer function models the system. The second
analysis tool is plotting the poles and zeros of the transfer function model in the imaginary
plane. This gives a second indication to how well the transfer function is modeling the
system. For the Dutch Roll mode two poles are expected as a complex conjugate pair in the
left half plane, and the example shows these poles plotted as expected. The third indication
of how well the function models the system is the damping ratio and natural frequency of this
system. Using these three comparisons, and numerous iterations of the TFEST function on
different doublets from the maneuver, it is possible to generate a set of transfer functions that
closely estimate the Dutch Roll mode.
The other lateral mode of interest was the roll mode. Using only the rolling moment
equation from the equations of motion and setting the sideslip and yaw angle to zero the one
degree of freedom roll mode equation is:
.

C lδ
φ (s)
=
b
δ a ( s) I xx
a

Sqb

s−

2U
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Analyzing the 45 degree roll doublet maneuvers in the same deliberate manner
described above it was possible to not only find the transfer function for the model but also
estimations for the parameters CA δ a and C A p from the model as well. Analyzing the data in
the same manner as described above generates the model for this single output single input

26

system as well. The only significant change in the transfer function is that it is only a first
order transfer function in the denominator and a zero order on the numerator.
To estimate values for the parameters C A δ a and CA p it was necessary to use the
equation for steady state roll rate. First data was extracted from a region on the time history
of P where the roll rate was constant. Using this roll rate and the aileron deflection at this
point it is possible to solve for an estimation of C A δ a / CA p using this equation:
Pss = −

2U
b

 C lδ
 a
 C l p


δ a


With this estimated ratio, put CA p in terms of C A δ a and set the transfer function found using
TFEST equal to the one degree of freedom roll mode equation and equate the coefficients to
solve for C A δ a . Then using the ratio above an estimation can be found for CA p . The time
constant τ can also be calculated using the transfer function itself where τ = 1/σ and σ is the
zero order term in the denominator of the roll mode transfer function.
2.4.2

Longitudinal Motion Parameter Identification

The longitudinal equations of motion lead to the same method of system
identification and parameter estimation. Again, state space is the most common way to solve
and describe the three longitudinal equations with:
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And again the matrices A (4 x 4) and B (4 x 2) are made up of the moments of inertia
and the longitudinal derivatives. A full depiction of these matrices that were used in this
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derivation is located in Dynamics of Flight by Etkin and Reid.32 The roots to the longitudinal
characteristic are composed of two pairs of complex roots. The roots describe the aircraft
response to motion in two modes: the short period and phugoid modes.
Since the short period occurs at almost constant airspeed, the pitch angle to elevator
angle transfer function can be approximated with the following equation:33
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The short period typically shows high damping, a higher frequency, and a shorter
period. For this reason it is used as the maneuver mode of the aircraft. Using the same
methods described above in the lateral system identification and parameter estimation, the
longitudinal flight maneuver data was analyzed. The pitch doublet maneuvers were designed
to model this short period mode because the elevator input and pitch output can be treated as
a single input, single output system.
Then a sample of this data was taken at a much shorter interval than the previous two
analyses, because during the entry to the maneuver is the best time to get short period mode
data. Any data longer than a short sample may be dominated by longer period terms.
Modeling this sample required changing the numerator and denominator of the transfer
function model to a first order numerator and a third order denominator to match the short
period approximation transfer function. The poles of the system are a complex conjugate
pair in the left half plane, and there is also one real pole at the origin.
This one real pole is an estimation of the Phugoid mode which in the full longitudinal
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polar plot is modeled by a complex conjugate pair with a long period, a low frequency, and
lightly damped.

2.5

Flying Qualities

During the data calculation and analysis process, the flying qualities of the aircraft
can also measured against known data and the Military Specification for Flying Qualities of
Piloted Airplanes (MILSPEC-F-8785).34 The flying qualities of an airplane are related to the
stability and control characteristics and are defined as those characteristics important in
forming the pilot’s impression of the airplane.35 These qualities also depend on the size of
the airplane (Class I, II, III, or IV) and the type of maneuvers being performed during the
specific phase of flight (Category A, B, or C). The C-130A is classified as a Class II medium
weight, low-to medium maneuverability airplane. It conducts category A maneuvers: terrain
following, close formation flight, in flight refueling; category B maneuvers: climb, cruise,
loiter, descent, and aerial delivery; and category C maneuvers: takeoffs and landings.
There are three levels of flying qualities: Levels 1, 2, and 3. Level 1 is the most
desirable with the flying qualities clearly adequate to accomplish the mission flight phase.
Level 2 shows an increase in pilot workload or a degradation in mission effectiveness. And
Level 3 shows an excessive increase in pilot workload or mission effectiveness is inadequate.
Comparing the baseline and modified parameters identified during the data reduction, it will
be possible to quantify the changes in flying qualities based on these specifications.
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3 EXPERIMENTAL FLIGHT TESTING

3.1

Overview of Flight Test and Objectives

The primary objective of this flight test program was to evaluate the vibration,
performance, and flight characteristics of a C-130A without externally mounted pylon fuel
tanks and compare those characteristics to those of an aircraft with wing tip mounted fuel
tanks.36 The test was divided into four parts. Part one consisted of the unmodified baseline
flights. Part two was the comparison of baseline flight data to wind tunnel testing performed
by Orion America Technologies at The Ohio State University (OSU) Aeronautical and
Astronautical Research Laboratory at Don Scott Field in Columbus, Ohio. Part three was the
modified aircraft tip tanked flights. And finally, part four was the comparison of this
modified flight data to wind tunnel testing and baseline flight data. This demonstration
program is a part of Snow Aviation International’s proposed C-130M Herk “Plus”
modernization program to continually revitalize the C-130. The “Persistent Herk” tip tank
demonstration is a single change extract from the Herk “Plus” modernization and a precursor
to the demonstration of the remaining C-130M features. This subsequent comprehensive
program is called “Advanced Herk.”

3.2

Overview of Test Vehicle

Due to operational and training constraints with military aircraft deployed around the
globe, a civil registered C-130A was used for both the baseline and tip-tanked demonstration
flights. The fuselage of this aircraft is 97 feet long and constructed in a semi-monocoque
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design divided into a flight station and a cargo compartment (Fig. 3-1)

37

.

The cargo

compartment dimensions are: 41 feet long, 9 feet high, and 10 feet wide. The full cantilever
wing span (b) is 132 feet, has a chord length (c) of 16 feet at the root tapered at the 30% span
to 8.33 feet at the tip for a total surface area (S) of 1745.5 square feet. The wing section is a
NACA 64A318 at the root and a NACA 64A412 at the tip. There is 3 degrees of twist from
root to tip with the root. The wing is mounted at positive three degrees to the fuselage and
the tip set at zero degrees to the fuselage. There is also a 2.5 degree outer wing panel
dihedral.38 The C-130A has a maximum gross weight of 125,000 pounds.

Figure 3-1: C-130 Dimensions

The primary flight control system consists of conventional ailerons, an elevator, and a
rudder system. Hydraulic power boost is incorporated in each system. The wing flaps are
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high-lift, Lockheed-Fowler type and are of conventional design and construction. The only
change in the flight controls for the modified aircraft were the ailerons which were decreased
in span wise size to meet the inside edge of the added tip tank.39 This modification was not a
new fabrication. The ailerons used to replace those on the baseline aircraft were those on the
H model C-130 that have already been tested and flown on operational aircraft since 1974.
For propulsion, the C-130A has four 3750 hp Allison turboprop engines with three
bladed propellers that rotate counterclockwise (Fig. 3-2). The wing contains four integral
main fuel tanks giving the C-l30A a total baseline fuel capacity of approximately 5250
gallons usable JP-8 with no additional tanks. Two additional 450 gallon external tanks can
be mounted on pylons under the wings. However, the under wing external fuel tanks and
pylons were not installed during any of the test flights. The wing tip tanks only add 512
gallons (505 usable) of fuel each to the overall fuel capacity, but for testing purposes during
this program they were only filled with water ballast.

Figure 3-2: C-130A Test Vehicle (Unmodified)

A significant issue during this flight test was the lack of reliable fuel gauges. The fuel
system consists of a modified manifold-flow type incorporating fuel cross-feed. Even with
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this cross-feed, the gauges were unreliable at best for fuel flow and fuel quantity. To remedy
this problem and maintain accurate fuel readings in flight, the flight engineer and the
assistant flight test director continuously integrated the fuel flow readings for each of the four
engines to derive in flight fuel quantity readings. Before and after each flight, each tank was
“dipped” to confirm the fuel quantities and further increase the accuracy of the fuel flow
integrations. Finally, during the post flight analysis, an instrumentation engineer doublechecked the fuel flow readings from the in-flight cockpit video recorder and also integrated
the fuel flows during the flight to compare with in flight data. This fuel quantity was the
primary variable in the gross weight and moments of inertia for each flight test maneuver.
Following several accidents involving structural wing failure in the C-130A the Federal
Aviation Administration imposed special operating restrictions on this flight test including a
maximum gross weight limit of 120,000 lbs. and no cargo weight exceeding 28,000 lbs.
Restrictions were also set based on maximum permissible structural G loading. For the
baseline flights a 2.0 G fuselage measured maneuver limitation was set, and on the tip-tanked
flights, a 2.25 G maneuver limitation was set for the full tank configuration.40 If any of these
limitations were exceeded in flight, the test would have been halted and inspections
performed to assess the structural integrity of the wing.

3.3

Instrumentation and Data Capture

Prior to the first baseline flight, a wide array of instrumentation was installed to
capture in flight dynamic and pressure flow data. The purpose of flight testing is to gather
data about the flight characteristics of an airplane and its subsystems for subsequent analysis
on the ground.41 With the expected benefits of tip tanks, the instrumentation package was
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designed around the wing tip flow measurements and the dynamic data that would lead to
parameter estimation. These parameters and flow measurements could then be compared to
wind tunnel and CFD data in the analysis phases of the flight test.
The instrumentation integration required a detailed and coordinated effort of the
engineering staff, the instrumentation engineers, the maintenance personnel, and the flight
crew. Specifically, the test instrumentation captured the data from these sensors (Table 3-1).
Quantity Measured

Sensor

Static pressure

Pstatic

Press. Transducer

Pitch and roll angles

θφ

VG400, VG34

Angular roll rates

P,Q,R

VG400

Linear accelerations

ax,ay,az

VG400

Tip tank accelerations

az(tip tanks)

Accelerometers

Angle of attack

α

Air Data Boom

Angle of sideslip

β

Air Data Boom

Total air temperature

Degrees

Air Data Boom

Control surface deflections

δa,δe,δr

LVDT

Chordwise pressure flow data

Pressures

ZOC Module

Dynamic pressure

qbar

ZOC Module

Global positioning data

lat,long,UTC

GPS

Table 3-1: Instrumentation and Data Captured

Pressure data from the upper and lower wing surfaces was collected at chord wise locations
during baseline and modified flights and at span wise locations on the final modified flight.
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The resulting organized stream of pressure and dynamic data from the transducers
was transferred to an on-board laptop computer and recorded for post flight analysis. The
recorded data stream was synchronized to universal time (UTC) from a Global Positioning
System. Cameras were also installed in the cockpit to record cockpit flight instruments and
below each paratroop door to record wing tip tufting. The data was also viewed in real time
by the instrumentation engineers on the instrumentation pallet (Fig. 3-3) in the cargo
compartment on the aircraft.

The overall instrumentation layout (Fig. 3-4)42, shows all 20

sensors that were installed and tested prior to each flight.

Figure 3-3: Instrumentation Pallet

Figure 3-4: Overview of Instrumentation Layout
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The central component of this data collection system was the primary onboard flight
computer, a Linux In-flight Testing (LIFT) system (Fig. 3-5) that allowed the instrumentation
engineer real time data observation. The LIFT system was developed by Flight Research at
the North Carolina State University for a flexible and expandable system for use in various
flight test programs. This system has been used for real-time control system implementation,
navigation, data acquisition and storage during numerous flight tests. The LIFT system is a
PC104 based computer system running a real time LINUX operating system. The stack of
PC104 cards is assembled to provide system capabilities that will satisfy the mission
requirements, such as the number analog input channels, amount data storage, ethernet
connectivity and CPU speed.43

Figure 3-5: LIFT System

During the flight tests on the Persistent “Herk,” the LIFT system was configured to
collect data from the instrumentation array including a GPS receiver. Data taken from the
transducers related to the dynamics of the aircraft were programmed to be sampled at a rate
of 50Hz, while the surface pressure data was sampled at a rate of 10Hz. For the Persistent
“Herk” program, the LIFT system also functioned as a server for an ethernet connection from
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a client running on a notebook computer.

The server/client connection allowed the

instrumentation engineer to control the data collection process of the LIFT system and
monitor full or partial data sets in real time.
Each of the measured quantities from the LIFT system were calibrated and corrected
for output and alignment errors. Some of these corrections were applied in flight, while
others required post flight analysis.

The data collected in flight was transformed to

engineering units using a linear approximation in order to minimize the in flight
computational load. The use of the linear approximation allowed for easy extraction of the
measured transducer voltages for post flight analysis.

Some of the transducers were

internally compensated so that their outputs were linear. For those transducers that were not
compensated internally, the transducer output voltage was extracted and used in a Gaussian
Interpolation Algorithm of the calibration data to obtain the engineering unit data. The entire
calibration program written in MATLAB© is located in Appendix A.
While measuring this data in real time, the instrumentation engineer was also able to
determine if sufficient data had been collected for each maneuver or if a specific maneuver
needed to be repeated. The system recorded and stored each set of in flight data for each test
flight maneuver. The three main data files generated for each maneuver were the dynamic
(XD), pressure (PSI), and Global Positioning System (GPS) data files. The GPS files were
not reduced or analyzed in this work. The default method for storing these files was as a
MATLAB® compatible array that was synchronized with UTC time from the GPS. Test
flight maneuvers during taxi and in flight created a total of 248 files during the baseline test
and 230 files during the modified tests.
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3.3.1

Dynamic Data (XD File)

The XD data file consisted of the 27 different measurements collected at 50 Hz
describing the motion of the airplane. These measurements are detailed in the following
sections with their source and a short discussion of the corrections applied during analysis.
An example uncorrected and corrected is located in Appendix B.

3.3.1.1 VG400 Inertial Measuring Unit

The flight computer was interfaced with a Crossbow VG400 inertial measuring unit
with full six-degree-of-freedom motion sensing capabilities. Three miniature accelerometers
and three miniature rate sensors incorporated in the system measured the angles theta and
phi, the rate of rotation about the three axes: p, q, and r, and the linear acceleration along the
same three axes ax, ay, and az (Figs. 3-6 and 3-7). These measurements are essential in
calculating the handling quality parameters for an aircraft.
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Figure 3-6: Aircraft Coordinate System

38

x
p

ax

q

r

ay

y

az
z
Figure 3-7: Aircraft Coordinate System (arrows denote + direction)

The six outputs of the VG400 are voltages and must be converted to measurements of
G’s for linear acceleration and radians per second for angular rates. Prior to flight, the
VG400 was carefully checked for alignment and mounted near the CG of the aircraft to the
ceiling of the cargo compartment.

The roll correction was: φ = φ ( meas ) − 1.9

o

.

This

misalignment was applied to the measured values using the following equations:44
Ax = Ax ( meas )
Ay = Ay ( meas ) cos(φ ) + Az ( meas ) sin(φ )
Az = − Ay ( meas ) sin(φ ) + Az ( meas ) cos(φ )
P = P( meas )
Q = Q( meas ) cos(φ ) + R( meas ) sin(φ )
R = − Q( meas ) sin(φ ) + R( meas ) cos(φ )

P, Q, and R were accurate to +/- 1 degree per second and linear accelerations were
accurate to +/- 8.5 mg. The VG400 also provided measurements for θ and φ, the pitch and
roll angles. During the baseline flight test, a significant amount of noise was noted in both of
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these measurements, which was attributed to the high level of vibrations throughout the
aircraft.
3.3.1.2 VG34 Vertical Gyroscope

Installation of the Humphrey VG34 vertical gyro (Fig. 3-8) gave a primary pitch
and roll measurement with much less noise for comparison with VG400 measurements. The
VG34 output to the LIFT flight computer was a voltage. Using this voltage, calibration data
supplied by the manufacturer was applied to the raw data using Gaussian interpolation.

Figure 3-8: VG34 Vertical Gyroscope

During alignment checks it was found that the VG34 was offset in roll by 0.35
degrees. This correction was applied to the calibrated data with the following equation:

φ = φ ( meas ) − 0.35

o

. The VG34 data was not as noisy as the VG400 data because it was a

mechanical gyro mounted to the instrumentation pallet. It had an accuracy of +/- one degree.
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3.3.1.3 Tip tank accelerometers

During the tip-tanked flights, four high performance Crossbow single-axis
accelerometers were installed in the fore and aft portions of the tip tanks. This gave the
instrumentation operator direct feedback on in flight G loading of the wing tip tanks. From
this feedback structural analysis limitations were monitored in flight and during post flight
data analysis. Safety was the paramount concern in collecting this data. However, important
torsion properties of the wing could also be found with this data to determine additional lift
created by aeroelastic effects on the wing during flight.
3.3.1.4 Air Data Boom

In order to measure the aircraft’s angle of attack and sideslip in flight, a Space Age
Control model #100700 air data boom was mounted on the left wing at the 710 wing station

(88%) span location (Fig. 3-9). At the front of this heated air data boom two ports measured
total and static pressures. Immediately behind the total and static pressure tubes on the boom
are two vanes (like miniature weather vanes) that pivot freely on posts extending vertically
and horizontally from the nose boom. A transducer measures the position of these vanes
relative to the air data boom centerline. The resulting angles are angle of attack and angle of
sideslip. Angle of attack is a key measurement in the determination of lift curve slopes.
Angle of attack and sideslip were calibrated prior to flight. The voltages that came into the
LIFT flight computer were applied to the calibration data using Gaussian interpolation to
return angles in radians. Prior to flight, the air data boom was measured to have a + 0.25
degree offset to the fuselage. This offset was applied to all calibrated angles of attack.
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Figure 3-9: Air Data Boom

Based on the proximity of the air data boom to the leading edge of the wing (12”), an
upwash correction was necessary to keep the angle of attack from reading incorrectly due to
the circulation around the wing. This upwash correction was calculated using w/δ data from
each of the baseline and modified flights. w/δ refers to a flight test maneuver where δ = p /
po , with po being the standard day sea level pressure and p being the ambient pressure at

altitude.
Since the drag and the thrust required to maintain a constant mach number will
change as the weight of the airplane changes, it is important that the measurements be taken
so as to account for the changing weight as fuel is burned during each test. The method is
based on the fact that the angle of attack and drag of an airplane will become slightly lower
as fuel is used since the airplane is becoming lighter and less lift is required to hold it up. To
place the airplane at a comparable angle of attack to data taken at a heavier weight, but still
retain the same mach number, the altitude is increased slightly for the lighter weight test
point.45 This method is referred to as flying at constant (W-over-delta).
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At each w/δ a measurement was taken of theta from the VG400 and VG34, and
compared to the reading from the air data boom. Data sets from 17 Jun 04 and 27 Sep 04
were used for this calibration because of the good data quality in the maneuvers. Data points
were chosen where the angle of attack and theta were relatively constant for at least ten
seconds which was estimated from 2.5 times the phugoid period of the aircraft. After
plotting these measurements by flight, a best fit second order polynomial was generated to fit
the raw data to measured data and correct it for the up-wash around the wing (Fig. 3-10).
Since this up-wash should increase with the tip tanks installed, a second calibration was
completed for angle of attack measurements after the first baseline flight (Fig. 3-10).
theta (VG34) = Angle of Attack Calibrated
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Baseline w/δ s
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0

Modified w/δ s
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Figure 3-10: Angle of Attack Calibration

These calibration equations were then applied to all the raw angle of attack data for the
baseline and modified flights. The calibration equations are:
Baseline: α(cal)=.0061202 α (raw)2+.10713 α (raw)+.73413
Modified: α (cal)=.000039 α (raw)2+.26204 α (raw)+.11268
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Total air temperature (TAT) was also measured from a sensor on the air data boom.
This is also known as the stagnation temperature.

TAT is the sum of the outside air

temperature and the adiabatic temperature rise resulting from the stagnation of the airflow.
The location for the TAT was not critical as long as the probe inlet openings were outside the
boundary layer and were aligned with the airflow when the aircraft is in its normal flight
attitude.
The air data boom also measured the dynamic pressure and using the static pressure
from another transducer, the velocity of the air flow near the leading edge of the wing near
the tip could be determined. The air data boom was also heated to prevent icing, but this
feature was not used in flight.
3.3.1.5 Linear Variable Differential Transformers

Three RDP Electronics direct current linear variable differential transformers
(LVDT) were installed to measure the aileron, elevator and rudder positions. The LVDT is
an electromagnetic device that produces an electrical voltage proportional to the
displacement of a movable magnetic core. The term DC LVDT refers to a position sensor
that has all the benefits of the linear variable differential transformer measurement principle
but has built-in dc to dc signal conditioning. Since the LVDT principle of measurement is
based on magnetic transfer, it also means that the resolution of LVDT is very small. Even
the smallest fraction of movement can be detected by suitable signal conditioners. All three
control surfaces were calibrated prior to the flight to establish a set of voltage and deflection
data for the LVDT’s that could be applied to all the data files using Gaussian interpolation in
order to generate deflection angles of the control surfaces.
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3.3.2

Flow Visualization Data (PSI File)

The flow visualization data file consisted of 32 different pressure measurements
collected at 10 Hz from the pressure belts and air data boom. These measurements are
detailed in the following sections with their source and a short discussion of the corrections
applied during analysis. An example uncorrected and corrected file along with a detailed
description is located in Appendix B.
3.3.2.1 Pressure Measurement System

Pressure belts were mounted on the right and left wings of the aircraft during all
baseline and modified flights. These pressure belts were mounted chord wise for all the
baseline flights and for the first three modified flights. During the final flight, the left wing
pressure belts were mounted span wise. For the chord wise measurements, the belt was
mounted at the 740 wing station (93%) span wise location parallel to the x-axis of the
aircraft. The pressure belts were made of vinyl tubing connecting the module to the air data
boom and the pressure belts. The pressure belts were mounted to the upper and lower wing
surfaces using speed tape and carpet tape and can be seen in Fig. 3-11.

Figure 3-11: Pressure Belts
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Of the 16 pressure taps on the left side, one was attached to the air data boom to
measure dynamic pressure. The other 15 pressure taps were arranged around the chord of the
wing from 0.7c on the upper surface to 0.7c on the lower surface in 0.1c increments as shown
in Fig. 3-12. On the right wing, the pressure tubing was attached in a similar manner with
the extra port on the upper surface of the aileron at 0.8c.

*

*

* *

* * *

*

*

*

*

*

*

*
*

Figure 3-12: Chord wise Pressure Taps

During the final modified flight, it was determined that a span wise pressure
measurement would also be useful in analysis of the span wise lift distribution. The pressure
belts on the left wing were modified so that the pressure taps were along the 30% chord on
the upper and lower surface. The pressure taps began just inside the number one engine
propeller disk and followed the 30% chord line to the tip tank. Six evenly spaced taps on the
upper surface and six on the lower surface gave the span wise pressure distribution for
approximately 40% of the span (Fig. 3-13). These locations were chosen to correspond with
wind tunnel tests conducted at OSU. The last three pressure taps were located on the top and
bottom of the tip tank, and on the inside surface of the tank.
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* * * * * * *
* * * * * ** *

Figure 3-13: Spanwise Pressure Taps

To measure the pressure data at each pressure tap, two Scanivalve model ZOC17
temperature compensated electronic pressure scanning modules (Fig. 3-14) were mounted in
each wing behind the leading edge fairing with thermal control units (TCU’s) and interfaced
directly with the left and right pressure belts.

Figure 3-14: Scanivalve ZOC Pressure Module with TCU

Each ZOC17 consists of 16 silicon transducers, one for each pressure tap in the pressure belt
and on the left wing, one for the air data boom. Static accuracy of the PSI module is 0.065%
of the full scale pressure deflection or +/- 2.5 psi.
3.3.2.2 Pressure Measurement Calibration

Each ZOC pressure module must be calibrated prior to flight to ensure the most exact
measurement of pressure data. Using a compressed air source, a water manometer, and a
mercury manometer, the two primary and one backup ZOC modules were calibrated at the
North Carolina State University Wind Tunnel Facility. First, all 16 pressure ports were
pressurized using the calibrate function of the ZOC module. The LIFT system then created a
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PSI data file for each set of pressures applied to the ZOC module. Pressures were set using
the water manometer to -15”, -10”, 10”, and 15” of water. Then pressures were set between
2.5 and -2.5 psi in 0.5 psi increments using the mercury manometer. All of these pressures
were converted to psi. Finally, the five coefficients of the fourth order polynomial that best
fit the voltage to pressure data for each of the 16 pressure ports were found using
MATLAB©.
P( meas ) = c0V o + c1V 1 + c2V 2 + c3V 3 + c4V 4

An example of the calibration equation for pressure port number one for baseline and
modified flights shows that there was little change in the ZOC module calibration (Fig. 3-15).
These coefficients (c1 to c4) were used to convert PSI data files in voltage to pressures in psi
during the data reduction with the following equation. The first coefficient c0 is highly
dependent on the ambient temperature, so it was calculated from a PSI calibration file
recorded at the beginning of each test flight.
3
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Figure 3-15: ZOC Module Calibration For Pressure Port #1
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3.3.2.3 Wing Tip Tufting

Wing tip tufting with ¼ inch thick yarn was applied to the lower surface of the wing
for the baseline and also to the tip tanks during the modified flight tests in order to visualize
the air flow around the wing in forward flight. This allowed post flight analysis of the flow
quality and validated both the wind tunnel and CFD results. Tufting on the tip tank can be
seen in Fig. 3-16 and on the lower surface of the wing in Fig. 3-11.

Figure 3-16: Tip Tank Tufting
3.4

Conduct of Baseline Flights

With instrumentation of the aircraft complete, part one of the test plan, the baseline
flights were conducted from Rickenbacker International Airport in Columbus, Ohio from 918 June 2004, using a contract flight crew. The purpose was to document the baseline
unmodified configuration for comparison to the modified tip tanked configuration. Large
changes in the aerodynamic and handling qualities were not expected based on the wind
tunnel and CMARC analysis so the baseline flights were focused on establishing the flight
parameters of this specific C-130A. CMARC is an inviscid fluid flow analysis code created
at NASA.
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With an instrumentation check flight and several baseline flights, the test team
collected sufficient data for comparison to wind tunnel data and to serve as a baseline for the
modified flights.

The test flights were conducted with cargo ballast in the cargo

compartment and a takeoff gross weight of 120,000 lbs to match the high gross weight
conditions of operational aircraft. The flight maneuvers conducted during each baseline
flight were:
Flight Test Maneuver

Measures

Maximum Performance Takeoff

Performance

3000’ Pressure Altitude Trim

Performance

Climb to Combat Ceiling

Performance

W/d’s

Performance

Level acceleration from 1.2 Vstall to 240K

Performance

Sawtooth Climbs

Performance

Pitch Doublets

Handling Qualities

Yaw Doublets

Handling Qualities

Steady Heading Sideslip

Handling Qualities

45 degree Roll Mode

Handling Qualities

Stall Evaluation

Max lift coefficient

Maximum Range Descent

Performance

Table 3-2: Flight Test Maneuvers

The baseline flight profile, also depicted in Fig. 3-17, consisted of performance
measurements and flying characteristics measurements.

Data collection began with a

maximum performance takeoff and climb to 3000’ pressure altitude. Then data was taken for
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an initial trim shot. The pilot established the airplane in level flight 3000’. The pilot then
uses the trim devices in the airplane's control system to allow the airplane to continue in
stable, level flight, but with the pilot's hands and feet off of the controls. A short data
recording was taken of this condition, usually referred to as a "trim shot.” Then the pilot
established a maximum rate of climb to the combat ceiling, defined as the altitude at which
the aircraft can no longer climb faster than 400 foot per minute. The aircraft reached 16,500’
pressure altitude which was far short of the projected ceiling of 25,000’. This was attributed
to the reduction of power in the engines due to their age.

Figure 3-17: Baseline Flight Profile

At 16,500’, a series of W/δ maneuvers with varying engine temperatures from 900 to
725 degrees in increments of 25 degrees were conducted as described in section 3.3.1.4.
Then, the pilot conducted a set of saw-tooth climbs each at a constant airspeed from 180 to
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150 knots in increments of 10 knots. These climb and descent maneuvers resembling a
sawtooth are used to identify the maximum rate of climb, and speed for best rate of climb.46
Then the pilot descended to 15,000’ and conducted a series of flying characteristics
maneuvers. These maneuvers consist of roll mode, pitch and yaw doublets, and the steady
heading sideslip. They are designed to excite the lateral and longitudinal modes of the
aircraft. This determination of dynamic response was one of the most important stability
measurements for the airplane. For a stable airplane dynamic response is the measure of the
frequency and damping of the oscillatory motion. In order to measure the dynamic response,
the aircraft must first be disturbed from trimmed flight. The control doublet is the primary
method of initiating this disturbance. Once the disturbance is initiated, the following aircraft
motion is the motion of interest and can be analyzed with parameter identification
techniques.
The pitch doublets were created with abrupt elevator input help determine the variation
in lift and drag, the longitudinal stability, and the elevator trim requirements over a range of
angles of attack at a particular flight condition of speed and altitude. The yaw doublets
(rudder inputs) helped to determine the Dutch Roll mode and the roll mode (45 degree left
and right turns) helped to identify the aileron effectiveness and the roll mode. These data
sets were used with parameter identification to identify the frequency and damping of the
aircraft’s modes and also help identify the control effectiveness. The steady heading sideslip
gave a measure of sideslip and rudder effectiveness. All four of these maneuvers were
repeated at airspeeds of 150, 195, and 230 knots.
Following the doublet maneuvers, two stalls were conducted to determine the aircraft
stall speed, the local lift coefficient near the wingtip, and the maximum lift coefficient for the
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aircraft. Then prior to landing, the pilot descended to 10,000’ PA and conducted a second
series of W/δ and saw-tooth climb maneuvers.
Both baseline flights were conducted with this profile and sufficient data was collected
for comparison to wind tunnel and CFD results.

This data was thoroughly calibrated,

reduced, and analyzed prior to the first modified flight.

3.5

Conduct of Modified Flights

Following two months of structural work to add the tip tanks, data reduction and
analysis of the baseline flight data, and a ground vibration test conducted by SAI, the tiptanked flight test demonstration was conducted again from Rickenbacker International
Airport between 21-28 September 2004.
Of primary concern were the structural qualities of the wing modified with the tip
tanks. Before any actual in-flight testing was conducted several progressive taxi tests were
conducted to test the G loading on the wing tips and compare it to structural analysis
conducted by SAI’s structural engineering staff. These taxi tests were conducted with empty,
partially full, and fully loaded tip tanks. Following each test, the data was reduced and
analyzed to determine if any structural limitations had been exceeded. Tests were conducted
on the actual runways to be used for takeoff at speeds of up to 70 knots. With no limitations
exceeded, the flight test program proceeded with a confidence flight to test the airworthiness
of the experimental tip tank design and to re-establish the flight envelope for the test flight
maneuvers (Fig. 3-18).
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Figure 3-18: Modified Aircraft with Tip Tanks

The first test flight with tip tanks was designed as an instrumentation and functional
check with a built in confidence profile depicted in Fig. 3-19. It was conducted at a light
takeoff gross weight of 91,000 lbs with no internal cargo ballast and only 25 gallons of
ballast in each tank. The flight began similar to the baseline flights with a climb to 3000’
PA, but the airspeed was restricted to 120 knots. At 3000’, the water ballast in the tip tanks
was dumped from drain valves to test the tip tank dump capability. Then the pilot began an
envelope expansion of the modified aircraft with a climb to 10000’ PA. With no anomalies
or G loading limitations exceeded in the first four minutes of flight, the pilot conducted a
series of aileron and rudder pulses at 20 knot increments increasing to 230 knots. After each
pulse, the tanks were observed visually for any aileron binding or bending in the fairing
surrounding the tip tanks.

With all systems operating normally and flight controls

responding favorably, seven W/δ’s, four saw-tooth climbs, and two stalls were conducted to
gather performance and handling quality data.
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Figure 3-18: Instrumentation Check Flight Profile

This flight was very successful so the next flight was the first demonstration flight
profile that was nearly identical to the baseline flights performed in June.

The first

demonstration flight was with at 120,000 lb takeoff gross weight with 25,000 lb cargo
ballast, but only a partial liftoff fuel load of 17,000 lb This reduced wing weight was based
on a progressive increase in the wing weight to measure the G loading structural limitations
of the wing and tip tanks. After this first demonstration flight with no limitations exceeded,
the cargo ballast was reduced to 17,000 lb and the lift off fuel was increased to its maximum
of 25,000 lb. Fig. 3-19 shows noticeable wing bending due to the full wing tanks and a tip
tank with full ballast. This flight profile was again nearly identical to the baseline flight
profile with the addition of two stalls prior to tank ballast dump and two stalls after tank
ballast dump. By dumping the ballast prior to landing additional structural stress to the wing
was avoided.
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Figure 3-20: Wing Bending Due to Fuel Loading and Tip Tank Ballast

The final flight focused on repeating the doublets from the baseline flights in order to
get useful longitudinal and lateral mode data. The maneuvers were much more distinct in
this last flight in comparison to the first set of baseline data due to the increased test flight
maneuver proficiency of the flight crew. Altogether the four modified flights were very
successful, yielding a large amount of data for reduction and analysis.
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4 RESULTS AND DISCUSSION

4.1 Results

Data reduction and analysis yielded the aerodynamic results shown in Table 4-1.
These results were obtained from the analysis of data collected during the baseline and
modified test flights and then compared to both wind tunnel and computational results. A
thorough discussion of each of the results is included in the following sections.
Baseline
1.26

Modified
1.58
Clmax
+24%
.0788
.0814
Clα
+3.3%
1.61
2.23
CLmax
+38%
.117
.120
CLα
+2.5%
.31
.52
CA δ a
+67%
-.80
-.85
CA p
-6.4%
89 knots
Vstall
107 knots
-16%
Table 4-1: Experimental Results

4.2 Data Gathering and Reduction

Following the baseline and modified flights, the first task was to convert the raw
data into usable engineering unit data that could be analyzed to determine performance and
handling qualities of the airplane.

Since this was a uniquely designed instrumentation

package, no data analysis tool existed to convert the raw data. Therefore, it was primarily
done by applying the calibrations described in chapter three using MATLAB® as the
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computational tool. A copy of the data reduction code with thorough description of the unit
conversions can be found in Appendix A.
After calibration of the data from raw data in voltage to usable data in engineering
units, it was then possible to apply mathematical computational tools to estimate data trends,
conduct error analysis, and conduct parameter identification. The primary tools used in this
analysis were XFOIL (an isolated airfoil design and analysis code) and the System
Identification Programs for AirCraft (SIDPAC).
4.3 Moments of Inertia

In all the aircraft equations of motion the aircraft moments of inertia Ixx, Iyy, and Izz
play a large part in the changes of the modes from the baseline to modified flights. This
change can be seen in the transfer functions as well. The issue of unreliable fuel gauges
presented a problem in the calculation of an accurate mass model of the aircraft and its
corresponding moments of inertia. However, with the estimates of the aircraft’s empty and
fully fueled moments of inertia depicted in table 4-3 below, it was still possible to calculate
the changes in both the aerodynamic and handling quality parameters. Iyy did not change
appreciably because the center of gravity of the tip tanks was nearly aligned with the x-y
plane.
Baseline

Baseline

Modified

Empty Wt

Full Fuel

Full Fuel

Ixx

894,185

2,694,171

3,190,171

Iyy

787,737

787,737

787,737

Izz

1,578,631

3,378,631

3,978,631

Table 4-2: Moments of Inertia (slug-ft2)
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A thorough computation of the estimated fuel quantity and resulting decreased moment from
the full fuel conditions above was used to calculate the parameters from each specific flight
maneuver.
4.4 Aerodynamic Increases in Lift

As discussed previously, the best place to measure the change in lift due to the addition
of tip tanks was close to the tips of the wings.

To accomplish this task, a pressure

distribution was calculated for the local wing section using pressure data from the chord wise
pressure belts. This distribution is simply the pressure coefficients at all points around the
airfoil. Fig. 4-1 below shows a sample pressure distribution of the NACA 64A412 airfoil.

Figure 4-1: XFOIL Cp Distribution – NACA 64A412

This distribution was plotted using XFOIL which is an airfoil analysis tool. The
distribution is drawn so that negative numbers are higher on the graph since the upper surface
of the airfoil has a more suction or negative pressure. The lower surface will have more
positive pressure and will be the bottom line on the graph. The XFOIL inputs are airfoil
geometry, angle of attack, Reynolds number, and mach number. Using this data the code
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calculates the local lift coefficient, pitching moment, drag coefficient, and lift to drag ratio.
The equations for local Reynolds number and mach number that were used are:
Re =

ρ V∞ c
µ0

M =

∞

V

γRT

where µ is the absolute viscosity of air, c is the chord length, γ is the specific heat ratio, R is
specific gas constant and T is the temperature.
The pressure belts were located at 93% span and provided the pressure data necessary
to construct definitive chord wise pressure plots. These pressure distributions are plotted as
pressure coefficients or Cp .
C pi =

Pi − P∞ Pi − P∞
=
_
1
2
ρV ∞
q
2

Pi was measured by the actual port in the pressure belt and compared to the free stream

pressure in the ZOC module. Dividing Pi − P∞ by the dynamic pressure measured by the air
data boom resulted in the Cp for that specific pressure port on the pressure belt. This
calculation for both the numerator and the denominator was conducted by the pressure
module. Cp distributions provide a robust analysis tool to analyze the local airflow and local
lift near the tip of the wing. With the data gathered in flight there were 15 data points that
were connected for the pressure distribution from 70% chord on the upper surface to 70%
chord on the lower surface shown in Fig. 3-14. Then using XFOIL and OSU CMARC
results it was possible to determine the leading and trailing edge stagnation points to provide
a closed curve from leading to trailing edges. By simply connecting these points, it was
possible to plot a closed pressure distribution with an upper and lower surface.

The
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following equation along with Fig. 4-247 shows that by integrating the area under a Cp
distribution gives the local Cl at a given flight condition.
TE

Cl = ∫ C p (lower ) − C p ( upper ) dx
LE

Cp (upper)

-1.0
Area = Cl

Cp

1.0
0

x/c
Cp (lower)

1.0

Figure 4-2: Finding the Local Lift Coefficient from Cp

Cruise data from the W/δ maneuvers and stall data from the stall maneuvers were both
analyzed to determine the change in local lift distributions. Figure 4-3 depicts the pressure
distributions for α = 6 degrees during the baseline and modified flights with their
corresponding Cl’s. Aircraft loading, airspeed, and altitude were closely matched for this
comparison in the W/δ flight maneuvers. This experimental data shows that during cruise
there is a 15% local lift increase. Aileron inputs were also analyzed to determine if any
variation existed that could have resulted in this increased this local lift, but no significant
inputs were found. This improvement was replicated in several different maneuvers.

61

-3

α = 6 degrees
----Baseline Cl = .69
----Modified Cl = .80

-2.5

Cp (Pressure Coefficient)

-2
-1.5
-1
-0.5
0
0.5
1
1.5

0

0.2

0.4

0.6

0.8

1

X/C

Figure 4-3: Baseline and Modified Cp Distributions During Cruise

CMARC results for the baseline airfoil depicted in Fig. 4-448 compared favorably
with this experimental data collected in flight when comparing the Cp distributions. The
XFOIL also compared favorably for the baseline airfoil with Re = 12.23x106 , M = 0.1938.
Since XFOIL calculates coefficients in two dimensions, it predicted a larger Cl (.91) than the
experimental three dimensional test.

Figure 4-4: CFD Pressure Distributions During Cruise for the 64A412 Airfoil
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Analyzing the stall Cp distributions was also important in determining the local
maximum lift coefficient and its contribution to the increased CLmax for the aircraft. Fig. 4-5
depicts the local maximum Cl for the baseline and the modified flights. The reduced tip
vortex allowed the local airfoil section to have an increased leading edge suction peak and
more positive pressure on the lower surface of the airfoil.
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Figure 4-5: Baseline and Modified Cp Distributions During Stall

Close attention was also paid to the aileron deflection during the stall maneuver also. Fig. 46 shows the aileron deflection and the airflow around the leading edge of the tip tank during
the approach to the stall maneuver, and then at a higher angle of attack near the stall
maneuver. In both cases, the aileron is deflected up, effectively decreasing the airfoil angle
of attack.

For this reason, the measured pressure distribution and calculated Cl were

decreased by the aileron deflection. Knowing the aileron deflection for the data collected
and using XFOIL to model this condition, it is possible to generate a comparison of local lift
lost due to aileron deflection of 3%.
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Aileron Deflection

Tip Tank Tufting

Figure 4-6: Aileron Deflected Up During Stall Maneuver

Wing tip and tip tank tufting both show that the circulation around the front of the wing
increases with angle of attack. By plotting each Cp distributions at each time increment and
placing them in sequence using MATLAB®, it was possible to watch the progression of the
stall maneuver in real time. As the airfoil angle of attack was increased steadily, the suction
peak on the upper surface leading edge grew steadily and with increased positive pressure on
the lower surface created greater lift. Observing the change in Cp closely it was possible to
determine where separated flow occurred first on the airfoil and how it spread.
During the baseline flights, there was no significant indication of separation. The stall
speed shown at 107 knots in table 4-1 was 3 knots higher than the predicted stall speed of
104 knots. Examining the Cp distribution, it steadily increased in size to a maximum 16
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degrees angle of attack and Cl = 1.28. Reaching the stall angle of attack, the suction peak
smoothly decreased and the lift decreased back to cruise conditions. This difference in stall
speed and separation was also attributed to premature pilot recovery actions at buffet onset.
Using a lifting line theory computer code to analyze the C-130A wing and generate a
Cl distribution for the baseline wing yielded the results in Fig. 4-7. The span wise Cl and
loading distributions show both the cruise and stall flight conditions.

As the wing

approaches stall, it approaches the local Cl max line (shown in black). The built in 3 degree
wash-out and the partial taper of the wing cause the root section of the wing to approach the
Cl max slightly earlier than the outboard sections of the wing. This is typical as discussed
earlier because it prevents the tips of the wing from stalling first. This verifies that the wing
section analyzed using the in flight pressure distribution did not truly stall because the
inboard section of the wing reached its Cl max first.
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Figure 4-7: Span Wise Cl and Loading Distributions Unmodified Wing

Also, in post flight debriefs of the baseline stalls, both the pilot and flight test director
commented that the aircraft did not truly break the stall as intended. The pilot smoothly
decreased the airspeed of the aircraft while maintaining a constant altitude. As the aircraft
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began to buffet, he may have naturally flown the aircraft through the stall instead of letting
the wing actually stall and then recovering the aircraft. This flight test maneuver was
corrected for the modified tip tanked flights and Fig. 4-8 shows how the airflow actually
separated all along the upper surface for one of the stalls during the modified flights.

Figure 4-8: Upper Surface Flow Separation During Stall Modified Flights

Flow separation on the upper surface of the airfoil further outboard on the wing
indicates that the outboard section of the wing is operating closer to Cl

max

, creating more

span wise lift. Since the only change to the wing from the baseline flights was the addition
of tip tanks, it follows that the tip tanks are decreasing the vortex generated by the wing tip
and decreasing the induced drag.
Selecting angles of attack and calculating the corresponding lift coefficients from the
baseline and modified flights it is now possible to determine a local lift slope for the pressure
belted section of the wing. It was necessary to compare similar flight and loading conditions
to negate as many atmospheric and structural variables as possible. The flight conditions
were: (1) baseline loaded with cargo ballast, (2) modified with no cargo ballast or tip tank
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ballast, (3) modified with cargo ballast and tip tank ballast, and (4) modified with cargo
ballast but no tip tank ballast. The resulting lift curve slopes were calculated with a least
squares linear estimate and are depicted in Fig. 4-9 for four different flight conditions.
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Figure 4-9: Baseline and Modified Local Lift Curve Slopes

Analyzing these lift curve slopes, it is apparent that there was an almost 50% increase
in lift curve slope from the baseline flights to the modified flights. This is far greater than the
4% increase predicted by the wind tunnel, CMARC, and theoretical analysis. However,
examining the curves closely, the stall points during the baseline and modified flights
influenced the lift curve slopes of the flights more than the W/δ points at lower angles of
attack. Using XFOIL to calculate a sample lift curve slope (Fig. 4-10) for this airfoil and
comparing the lift curve slope to the experimental data, it was determined that the
experimental data does not accurately depict the nonlinear lift curve slope for the airfoil at
higher angles of attack. And again XFOIL over predicted the lift curve slope to be -0.108.
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So for a better measure of lift curve slope for the baseline and modified flights, the stall
points were removed for all flights and the results are shown in Fig. 4-11.

Figure 4-10: XFOIL Predicted Lift Curve Slope

The improvement in lift curve slope from baseline to modified now better matched
the theoretical, CMARC, and wind tunnel analysis.
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Figure 4-11: Baseline and Modified Local Lift Curve Slopes Without Stall Points
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The best comparison for the lift curve slope from baseline (0.0788) to modified (0.0814)
flights with similar cargo and tip tank ballast loading conditions showed a 3.3% increase in
Clα which is slightly less than the 4% predicted by the OSU wind tunnel and CMARC data.
During the final modified test flight, the chord wise pressure belts were changed to
span wise pressure belts on the left wing. The right wing belts remained in their original
chord wise configuration. This new set up was based on an OSU experimental airfoil code
that builds a chord wise pressure distribution from two measured data points: one measured
on the upper surface and one measured on the lower surface of the wing at the 30% chord
location. Fig. 4-12 shows the span wise distribution during cruise and just prior to stall.
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Figure 4-12: Span Wise Pressure Distribution at Cruise and Stall
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The chord wise distribution from the right wing closely matches those previously
discussed from the left wing. The span wise pressure taps show a loading increase on the
outboard section of the wing during the stall maneuver. Closely examining the pressure taps
on the tip tank itself show a positive pressure on top, and a suction on the bottom, which is
opposite of the rest of the wing. This shows that the tank is not producing lift during stall,
and could be producing a slightly negative lift which would create an opposing vortex
reducing the dominant wing tip vortex. Looking closely at the distribution and noting the
pressure tap on the inner surface of the tank also supports the theory that there is a local flow
around the tank opposing circulation similar to that of a winglet. However, since this
pressure distribution was at only one chord wise location, there is no way to accurately
predict the remainder of the flow around the tank. To best visualize this flow, it would be
necessary to conduct a follow on test with more pressure taps and use this data to conduct a
chord wise and span wise pressure distribution. Figure 4-13 shows another indicator of the
airflow at the trailing edge of the tank as water is dumped in flight at 1.2 Vstall.

Figure 4-13: Flow Visualization With In-Flight Water Dump

There were possible errors in the lift slope curves. The variation of the lift curve
slopes can be seen by the different increases in Clα when the aircraft had no cargo ballast or
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no tip tank ballast. One source of this error was the structural effects on the aircraft including
the bending moment of the wing and possibly a twisting affect caused by the tip tank. Even
though wing deflection was measured in flight with a sextant from take-off through landing,
the deflection did not vary significantly from the baseline flights. However, a slight increase
or decrease in dihedral angle could account for only a small portion of the change in lift.
During take-off the wing dihedral was 3.4 degrees and in flight the maximum deflection was
5.2 degrees during stall for the tip tanked flights. More than the dihedral angle change, a
twisting effect would change the circulation near the tip of the wing at higher Cl’s. This
twisting effect was calculated by SAI structural engineers, however no strain gauges were
used to test this theoretical twist in the wing.
A second source of the difference in lift curve slopes could be the angle of attack
measurement from the air data boom. The air data boom was mounted near the tip tank
which could have caused slightly inaccurate total and static pressure readings, as well as
inaccurate angle of attack measurements. And even though the boom’s offset to the fuselage
was measured on the ground, it could have also been affected by a twist in the wing in flight.
Even with these problems the baseline data closely resembled that from the C-130A
operational flight test.49 Using the speed, gross weight, and atmospheric density during the
baseline and modified flight test maneuvers it was also possible to determine CL at several
angles of attack. CLmax for the baseline flights was 1.61 and stall occurred at an angle of
attack of 16 degrees. Again this closely matched known C-130A flight test data. CLmax for
the modified flights increased to 2.23 and stall occurred at an angle of attack of 13 degrees.
This reduced angle of attack could be caused by the twist of the wing or the airflow
circulation near the tip tank as discussed above. Then, by conducting the same analysis on
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CL at various angles of attack during the W/δ maneuvers the lift curve slope CLα for the
aircraft was calculated (Fig. 4-14). The increase in CLmax was also found from this data.
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Figure 4-14: Baseline and Modified Lift Curve Slopes With and Without Stall Points

4.5 Tip Tank Vibrations During Taxi and Flight

A major concern during the taxi testing of the modified aircraft was the wing
structure and it’s susceptibility to the adverse effects of high G loading or high vibrations at
the wing tip caused by the tip tank. As discussed previously, the data from the tip tank
accelerometers was reduced and quickly analyzed after each flight to determine if any
structural limitations had been exceeded.

Each accelerometer gave a reading of the

vibrations on the tip tanks. During taxi the most noticeable vibrations came during taxi
speeds between 5 and 10 knots. When taxiing at speeds between 10 and 15 knots, much of
the vibration was smoothed out. Braking while taxiing and bumps on the runway during
takeoff also created greater loading on the wing tips. It was discovered that when the tanks
were full, the heavier weight in the tanks produced a damping effect. Using a power
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spectrum analysis, it was possible to determine the frequencies of vibration, and the relative
magnitudes of that vibration. A power spectrum analysis describes the distribution (over
frequency) of the power contained in a signal, based on a finite set of data. Estimation of
power spectra is useful in a variety of applications. Then by plotting the linear acceleration
of the fuselage in the z direction from the VG400 with the acceleration of the tip tanks, it was
possible to determine if the tanks were vibrating in or out of phase with the fuselage (Fig. 415). The power spectrum again gave us the tool to see if the fuselage frequency and the wing
tip frequency were the same or different (Fig. 4-16). No limitations were exceeded either
during taxi tests or in flight due to the addition of the tip tanks.
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Figure 4-16: Power Spectrum Analysis of Wing Tip and Fuselage Vibrations

4.6 Handling Quality Changes

Parameter estimation and analysis yielded the handling quality results shown in Table
4-2. These results for natural frequency, damping ratio, eigenvalues, and time constant are
depicted at 195 knots. The MILSPEC limitations are also depicted for comparison.
V = 195 knots

Short Period

Roll Mode

Dutch Roll

Baseline

Modified

MILSPEC-F-8785

ωn = 1.63 ζ = 0.12

ωn = 1.35 ζ = 0.28

1.0 < ωn <1.9

λ = - 0.186 + 1.66i

λ = - 0.265 + 1.66i

.35 < ζ <1.30

τ = 0.71

τ = 0.90

τ < 1.4

ωn = 1.29 ζ = 0.32

ωn = 0.84 ζ = 0.36

ωn > 0.4

λ = -0.422 + 1.22i

λ = - 0.309 + 0.781i

ζ > 0.19

Table 4-3: Handling Quality Results

74

4.6.1

Lateral Parameter Identification

To estimate the lateral parameters of the aircraft three flight maneuvers were analyzed
from the baseline and modified flights. The steady heading sideslips, 45 degree left and right
turns, and the yaw doublets provided the necessary flight data for this analysis.
4.6.1.1 Sideslip With Rudder Deflection

First, data points were taken during each steady heading sideslip maneuver and
plotted below in Fig. 4-17. The tip tanked steady heading sideslip required more rudder to
reach the same angle of sideslip than the baseline flights. This is indicated by the slope of
the sideslip to rudder input curve 0.80 > 0.75. Both baseline flights resulted in a similar
slope for the rudder input required for a certain angle of sideslip. Note that all three flights
are offset from each other. This was due to the aircraft trim settings in differing wind
conditions during the sideslip maneuvers.
20

Baseline 4
0.7465
Baseline 5
0.7517
Modified 5
0.8048

15

δr

10

5

0

-5
-10

-5

0
5
10
AOS (Angle of Sideslip - deg)

15

Figure 4-17: Sideslip vs Rudder Deflection
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During the maneuver the pilot set the angle of sideslip with the flight controls using
the cockpit sideslip indicator. The actual measurement of the sideslip was from the angle of
sideslip from the air data boom. The sideslip indicator measures the acceleration of the
aircraft in the y direction and even a slight crosswind will create some acceleration about the
y axis that must be corrected with trim rudder input.
4.6.1.2 Lateral Mode System Identification and Parameter Estimation

The first step in the parameter identification of the Dutch Roll maneuver is to plot the
yaw doublet data and look at the aircraft’s response to the inputs throughout the entire
maneuver. A sample yaw doublet maneuver from the modified flights at 195 knots is shown
in Fig. 4-18.
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Figure 4-18: Yaw Doublet Maneuver Data – 195 knots Modified

Once the function is executed, the model output must be plotted against the actual
output to determine how well the transfer function models the actual output. The input and
output data from the same 195 knot yaw doublet is plotted with smoothed data and model

76

generated data in Fig. 4-19. The smoothed sample is depicted in red and the transfer function
estimation is depicted in green. This example shows that the model is a good fit of the
experimental data.
The second analysis comes from plotting the poles and zeros of the transfer function
model in the imaginary plane. This gives a second indication to how well the transfer
function is modeling the system. For the Dutch Roll mode two poles are expected as a
complex conjugate pair in the left half plane, and the example shows these poles plotted as
expected.
The third indication of how well the function models the system is the damping ratio
and natural frequency of this system. The damping ratio, ζ, of the modified flight estimated
transfer function shown in Fig. 4-19 is 0.36 and the natural frequency, ωn = 0.84 rad/s.
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Figure 4-19: Yaw Doublet Output Analysis for Dutch Roll

Analyzing the data in the same manner as described above generates the output
shown in the roll doublet maneuver from a 195 knot baseline flight shown in Fig. 4-20. The
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only significant change in the transfer function is that it is only a first order transfer function
in the denominator and a zero order on the numerator.
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Figure 4-20: 45 Degree Roll Doublet Analysis for Roll Mode 195 knots - Baseline

The estimations for the maneuver shown in Fig. 4-18 are C A δ a = 0.31 and CA p = -0.80.
The time constant τ can also be calculated using the transfer function itself and in this case
τ = 0.67.
4.6.2

Longitudinal Parameter Identification

Using the same methods described in the lateral mode system identification and
parameter estimation, the longitudinal flight maneuver data was analyzed. The pitch doublet
maneuvers were the best maneuvers to model this short period mode because the elevator
input and pitch output can be treated as a single input and single output. An example of a
195 knot pitch double from the modified flights is shown in Fig. 4-21.
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Figure 4-21: Pitch Doublet Maneuver Data – 195 Knots Modified

Then a sample of this data was taken at a much shorter interval than the previous two
analyses, because during the entry to the maneuver is the best time to get short period mode
data. Any data longer than a short sample may be dominated by longer period terms. This
three second sample can be seen below in Fig. 4-22. The smoothed sample is depicted in red
and the transfer function model is depicted in green. The poles of the system are a complex
conjugate pair in the left half plane which is what should be expected, and there is also one
real pole in the left half plane.
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Figure 4-22: Pitch Doublet Analysis of Short Period Mode – 195 Knots Modified

This one real pole is an estimation of the Phugoid mode which in the full longitudinal
polar plot is modeled by a complex conjugate pair with a long period, a low frequency, and
lightly damped.
4.6.3

Flying Qualities

The short period limitations for a Class II aircraft are depicted in Table 4-3 (ζ = 0.35
to 1.30 and ωn = 1 to 1.9 rad/s). Data results showed that both the baseline flights and the tip
tanked flights did not meet Level 1 flying qualities due to low damping ratios. The damping
ratio did increase with tip tanks from ζ = 0.12 to 0.28. This positive trend in damping for the
short period was supported by the flight data. The damping ratio for the short period was the
only parameter that was estimated below expected from the flight data, which points to the
possibility of error in the model or in the maneuver data. Different models of elevator input
and pitch rate output for the short period approximation also yielded the same results, so this
decreases the possibility of error in the model. However, the flight test director also noted
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that the C-130A had a very short, short period 50 and a damping ratio of 0.28 still falls within
the standards for Level 2 flying qualities for short period. The natural frequencies of the
short periods were both within limits for Level 1, 2, and 3 flying qualities but ωn decreased
from 1.63 to 1.35 rad/s.
The MILSPEC requirements for Dutch Roll are ζ > 0.19 and ωn > 0.4 rad/s. The tip
tanked aircraft had a Dutch Roll ζ = 0.36 and ωn = 0.85 rad/s. The long period and light
damping for this oscillation was noted in flight by the instrumentation engineer for both the
baseline and the tip tanked maneuvers. This was a slight decrease in natural frequency and a
very slight increase in damping ratio. And finally, the maximum time constant, τ, measured
from the roll mode transfer function is τ < 1.4. The tip tanked flights showed a greater time
constant τ = 0.90 which was to be expected with increased aileron effectiveness.
V = 195 knots

Short Period

Roll Mode

Dutch Roll

Baseline

Modified

MILSPEC-F-8785

ωn = 1.63 ζ = 0.12

ωn = 1.35 ζ = 0.28

1.0 < ωn <1.9

λ = - 0.186 + 1.66i

λ = - 0.265 + 1.66i

.35 < ζ <1.30

τ = 0.71

τ = 0.90

τ < 1.4

ωn = 1.29 ζ = 0.32

ωn = 0.84 ζ = 0.36

ωn > 0.4

λ = -0.422 + 1.22i

λ = - 0.309 + 0.781i

ζ > 0.19

Table 4-3: Handling Quality Results
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5 SUMMARY AND CONCLUSIONS

5.1 Summary of Results

Over a period of six months, flight testing was conducted on the C-130A with and
without wing tip tanks. Even though much research has been conducted in this field, no
significant gains to cargo aircraft have been realized in practice with the use of end plates or
tip tanks until this flight test. The addition of these unique tip tanks (Fig. 5-1) to the C-130A
increased lift by 24% near the wing tip and increased the maximum lift generated by the
aircraft during stall by over 30%.

Figure 5-1: C-130A Tip Tank

Due to their end plating effects, they effectively increased the aspect ratio of the wing,
reducing the induced drag and generating more local span wise lift. The addition of the tip
tanks changed the handling qualities only slightly and very a positive result was an increase
in the aileron’s effectiveness by 67%. Flying qualities remained within limitations set by
military standards, and overall the flight test program was a complete success.
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These increases in lift and aileron effectiveness were measured with a wide variety of
instrumentation and were supported by both wind tunnel and CMARC analysis. NACA
researchers conducting tests on end plates over 80 years ago showed a change in the lift of a
wing to increase from .072 to .078 or approximately an 8% increase in lift at a given angle of
attack. Test results from this test program not only met this increase but doubled it.
5.2 Recommendations for Further Work

The limited time for the reduction of this data from the flight test to publication of
this work resulted in a focused parameter identification plan that did not include all of the
stability derivatives or handling quality parameters necessary for a full flight test report. It
did, however, focus on the parameters that theoretically showed the most changes in wind
tunnel and CMARC testing. However, much more information can be gleaned from this data
and work will continue to progress with reduction and a more thorough parameter estimation
of the full set of aircraft parameters. It will be necessary to establish a baseline set of data for
other specific C-130 models prior to adding the tip tanks on operational aircraft. With
demonstration test flights and partial data analysis complete, the lessons learned can now be
applied to future operational testing.

Figure 5-2: “Persistent Herk II” Team
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APPENDIX A
%------------------------------------------------------------------------------------%XD Data Calibration and Correction Program
%Applies Gaussian Interpolation and all Calibrations to Raw Data from LIFT System
%David C. Phillips
%Snow Aviation/C130 Flight Test
%Started 6 July 2004
%Revised 8 Oct 2004 Set up for first two baseline flights
%------------------------------------------------------------------------------------function GaussInterp(file,directory)
%Go to the original directory where the files are
%Requires a data directory structure like this:
%Snow Aviation
%
SnowAv – root directory where function is located
%
data directory – holds data from all flights
%
flight directory – specific directory you wish to look in
%
Calibration Data – all surface calibrations
%
SnowAvCal – directory to rewrite calibrated files to
cd('Unedited Data');
cd SnowAv;
cd(directory);
%Load header data from file to save for rewrite
fid=fopen(file);
hdrline1=fgetl(fid);
hdrline2=fgetl(fid);
hdrline3=fgetl(fid);
hdrline4=fgetl(fid);
hdrline5=fgetl(fid);
hdrline6=fgetl(fid);
%Load numerical data from raw data file
a=fscanf(fid,'
%x %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g
%g',[29 inf]);
b='';
c=strcmp(a,b);
%Checks to see if there is data in the file
if c == 0
%Shows that there is data in the file
a=a';
fclose(fid);
hn = a(:,1);
%Hex Number Identifying file
length = a(:,2); %Length of Data Stream
t = a(:,3);
%Time(seconds)
Pstatic =a(:,4); %Pstatic(PSI)
theta = a(:,5); %Pitch Angle VG400(V)
phi = a(:,6);
%Roll Angle VG400(V)
P = a(:,7);
%Angular Roll Rate(V)
Q = a(:,8);
%Angular Pitch Rate(V)
R = a(:,9);
%Angular Yaw Rate(V)
ax = a(:,10);
%Linear Acceleration in x (V)
ay = a(:,11);
%Linear Acceleration in y (V)
az = a(:,12);
%Linear Acceleration in z (V)
a1 = a(:,13);
%Not installed
a2 = a(:,14);
%Not installed
a3 = a(:,15);
%Not installed
a4 = a(:,16);
%Not installed
%i1 = a(:,17);
%Removed
%i2 = a(:,18);
%Removed
thetavg34 = a(:,19);%Pitch Angle (V)
phivg34 = a(:,20); %Roll Angle (V)
AOAI = a(:,21); %Angle of Attack (V)
AOAII = a(:,22); %Angle of Attack (V)
AOSI = a(:,23); %Angle of Sideslip (V)
AOSII = a(:,24); %Angle of Sideslip (V)
TATI = a(:,25); %Temperature (F)
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TATII = a(:,26);
deltaaV = a(:,27);
deltaeV = a(:,28);
deltarV = a(:,29);

%Temperature (F)
%Aileron angle (deg)
%Elevator angle (deg)
%Rudder angle (deg)

%Open Calibration Data folder and loads Calibration Data
cd ..;
cd ..;
cd ..;
cd Calibration_Data;
Calibration_Data;
cd ..;
%Get Voltages using linear equation from thetavg34 and phivg34 to use for interpolation
thetavg34V=(thetavg34+1.0514)/.209853;
phivg34V=(phivg34+1.5755)/.314464;
%Gaussian Interpolation
AOAIcalibrated=interp1(AOAIcalV,AOAIcal,AOAI);%degrees
AOAIIcalibrated=interp1(AOAIIcalV,AOAIIcal,AOAII);%degrees
AOSIcalibrated=interp1(AOSIcalV,AOSIcal,AOSI);%degrees
AOSIcalibrated=AOSIcalibrated*pi/180;%converts to rad
AOSIIcalibrated=interp1(AOSIIcalV,AOSIIcal,AOSII);%degrees
AOSIIcalibrated=AOSIIcalibrated*pi/180;%converts to rad
deltaacalibrated=interp1(deltaacalV,deltaacal,deltaaV);%degrees
deltaacalibrated=deltaacalibrated*pi/180;%converts to rad
deltaecalibrated=interp1(deltaecalV,deltaecal,deltaeV);%degrees
deltaecalibrated=deltaecalibrated*pi/180;%converts to rad
deltarcalibrated=interp1(deltarcalV,deltarcal,deltarV);%degrees
deltarcalibrated=deltarcalibrated*pi/180;%converts to rad
thetavg34interpolated=interp1(thetavg34calV,thetavg34cal,thetavg34V);%rad
phivg34interpolated=interp1(phivg34calV,phivg34cal,phivg34V);%rad
%Offsets applied to interpolated VG34 voltages
thetavg34calibrated=thetavg34interpolated+thetavg34offset;%rad
thetavg34degrees=thetavg34calibrated*180/pi;%degrees for plotting
phivg34calibrated=phivg34interpolated+phivg34offset;%rad
phivg34degrees=phivg34calibrated*180/pi;%degrees for plotting
%Offsets applied to VG400
thetacalibrated=theta+thetavg400offset;%rad
thetadegrees=thetacalibrated*180/pi;%deg for plotting
phicalibrated=phi+phivg400offset;%rad
phidegrees=phicalibrated*180/pi;%deg for plotting
%Offset applied to AOAI and AOAII
AOAIcalibrated=AOAIcalibrated-airdataoffset;%deg
AOAIcorrect=.0061202*AOAIcalibrated.^2+AOAIcalibrated.*.10713+.73413;
AOAIcorrect=AOAIcorrect*pi/180;%converts to rad
AOAIIcalibrated=AOAIIcalibrated-airdataoffset;%deg
AOAIIcorrect=.0061202*AOAIIcalibrated.^2+AOAIIcalibrated.*.10713+.73413;
AOAIIcorrect=AOAIIcorrect*pi/180;%converts to rad
%Correct P,Q, and R calibrations
Pcorrect=(1.27832/.63140)*P;%rad/s
Qcorrect=(1.27832/.63140)*Q;%rad/s
Rcorrect=(1.27832/.63140)*R;%rad/s
Qcorrect=Qcorrect*cos(.033161)+Rcorrect*sin(.033161);%offset angle correction
Rcorrect=Qcorrect*(-sin(.033161))+Rcorrect*cos(.033161);%offset angle correction
%Acceleration corrections using Vbias, M, and the offset angle
axcorrect=(ax-2.517)*5.907;
aycorrect=(ay-2.516)*6.003;
azcorrect=(az-2.552)*5.923;
aycorrect=aycorrect*cos(.033161)+azcorrect*sin(.033161);
azcorrect=azcorrect*(-sin(.033161))+azcorrect*cos(.033161);
axcorrect=axcorrect*32.174;
aycorrect=aycorrect*32.174;
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azcorrect=azcorrect*32.174;
%Reconstruct "anew" matrix (calibrated data)
anew=[hn length t Pstatic thetacalibrated phicalibrated Pcorrect Qcorrect Rcorrect axcorrect aycorrect azcorrect a1 a2 a3 a4
thetavg34calibrated phivg34calibrated AOAIcorrect AOAIIcorrect AOSIcalibrated AOSIIcalibrated TATI TATII deltaacalibrated
deltaecalibrated deltarcalibrated]';
index=find(isnan(anew));
anew(index)=0;
cd SnowAvCal;
cd (directory);
%Writes data to new file
fid = fopen(file,'w');
fprintf(fid,'%s \n',hdrline1);
fprintf(fid,'%s \n',hdrline2);
fprintf(fid,'%s \n',hdrline3);
fprintf(fid,'%s \n',hdrline4);
fprintf(fid,'%s \n',hdrline5);
fprintf(fid,'%s \n',hdrline6);
fprintf(fid,'
%x %f %7.2f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %g %g %g %g %7.6f %7.6f %7.6f
%7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f \n',anew);
fprintf(fid,'];');
fclose(fid);
cd ..;
cd ..;
else
cd ..
cd ..
cd ..
cd SnowAvCal;
cd (directory);
%Writes data to new file
fid = fopen(file,'w');
fprintf(fid,'%s \n',hdrline1);
fprintf(fid,'%s \n',hdrline2);
fprintf(fid,'%s \n',hdrline3);
fprintf(fid,'%s \n',hdrline4);
fprintf(fid,'%s \n',hdrline5);
fprintf(fid,'%s \n',hdrline6);
fprintf(fid,'];');
fclose(fid);
cd ..;
cd ..;
end
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%------------------------------------------------------------------------------------%Pressure Data Calibration Program
%Applies Polynomial Raw Data from ZOC Modules
%David C. Phillips
%Snow Aviation/C130 Flight Test
%Started 27 July 2004
%Revised 8 October 2004
%------------------------------------------------------------------------------------function psical(file,directory)
%Go to the original directory where the files are
cd('Unedited Data');
cd SnowAv;
cd(directory);
%Load header data from file to save for rewrite
fid=fopen(file);
hdrline1=fgetl(fid);
hdrline2=fgetl(fid);
hdrline3=fgetl(fid);
hdrline4=fgetl(fid);
hdrline5=fgetl(fid);
hdrline6=fgetl(fid);
%Load numerical data from raw data file
a=fscanf(fid,'%x %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g %g
%g %g %g %g %g %g',[35 inf]);
b='';
c=strcmp(a,b);
%Checks to see if there is data in the file
if c == 0
%Shows that there is data in the file
a=a';
fclose(fid);
hn = a(:,1);
%Hex Number Identifying file
length = a(:,2); %Length of Data Stream
t = a(:,3);
%Time(seconds)
qbar =a(:,4);
%q bar
R1 = a(:,5);
L2 = a(:,6);
R2 = a(:,7);
L3 = a(:,8);
R3 = a(:,9);
L4 = a(:,10);
R4 = a(:,11);
L5 = a(:,12);
R5 = a(:,13);
L6 = a(:,14);
R6 = a(:,15);
L7 = a(:,16);
R7 = a(:,17);
L8 = a(:,18);
R8 = a(:,19);
L9 = a(:,20);
R9 = a(:,21);
L10 = a(:,22);
R10 = a(:,23);
L11 = a(:,24);
R11 = a(:,25);
L12 = a(:,26);
R12 = a(:,27);
L13 = a(:,28);
R13 = a(:,29);
L14 = a(:,30);
R14 = a(:,31);
L15 = a(:,32);
R15 = a(:,33);
L16 = a(:,34);
R16 = a(:,35);
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%Open Calibration Data folder and loads Calibration Data
cd ..;
cd ..;
cd ..;
cd Calibration_Data;
Calibration_Data;
load unit313Coeff.txt;
z=unit313Coeff;
load unit311Coeff.txt;
x=unit311Coeff;
% load unit312Coeff.txt;
% y=unit311Coeff;
cd ..;
%Apply polynomial to each pressure port from Zock module 311 (left wing all flights)
%Coefficients are entered manually
qbar =.169271 + qbar.*2.126929 + -.010327*qbar.^2 + -.003027*qbar.^3 + .002241*qbar.^4;
L2 =.123028 + L2.*2.119959 + -.007832*L2.^2 + -.004109*L2.^3 + .001796*L2.^4;
L3 =.222808 + L3.*2.257568 + -.014718*L3.^2 + -.005206*L3.^3 + .003342*L3.^4;
L4 =.098668 + L4.*2.146533 + -.014049*L4.^2 + -.005760*L4.^3 + .002673*L4.^4;
L5 =.185500 + L5.*2.192672 + -.014379*L5.^2 + -.006142*L5.^3 + .002800*L5.^4;
L6 =.139519 + L6.*2.253666 + -.013199*L6.^2 + -.007908*L6.^3 + .002510*L6.^4;
L7 =.181399 + L7.*2.234418 + -.012461*L7.^2 + -.008122*L7.^3 + .002037*L7.^4;
L8 =.124976 + L8.*2.195681 + -.011003*L8.^2 + -.008578*L8.^3 + .001658*L8.^4;
L9 =.136847 + L9.*2.162009 + -.007689*L9.^2 + -.008752*L9.^3 + .000817*L9.^4;
L10=.170131 + L10.*2.238084 + -.009833*L10.^2 + -.009592*L10.^3 + .000863*L10.^4;
L11=.143646 + L11.*2.127390 + -.004419*L11.^2 + -.008563*L11.^3 + -.000029*L11.^4;
L12=.143545 + L12.*2.167279 + -.005719*L12.^2 + -.008924*L12.^3 + .000206*L12.^4;
L13=.215383 + L13.*2.169298 + -.009391*L13.^2 + -.009605*L13.^3 + .000418*L13.^4;
L14=.058443 + L14.*2.265982 + -.009222*L14.^2 + -.011578*L14.^3 + .000835*L14.^4;
L15=.111529 + L15.*2.338247 + -.007896*L15.^2 + -.013050*L15.^3 + .000460*L15.^4;
L16=.183392 + L16.*2.221911 + -.010297*L16.^2 + -.011863*L16.^3 + .000832*L16.^4;
%Apply polynomial to each pressure port from Zock module 313 (flights 1-3)
R1 = z(1,1) + R1.*z(1,2) + z(1,3)*R1.^2 + z(1,4)*R1.^3 + z(1,5)*R1.^4;
R2 = z(2,1) + R2.*z(2,2) + z(2,3)*R2.^2 + z(2,4)*R2.^3 + z(2,5)*R2.^4;
R3 = z(3,1) + R3.*z(3,2) + z(3,3)*R3.^2 + z(3,4)*R3.^3 + z(3,5)*R3.^4;
R4 = z(4,1) + R4.*z(4,2) + z(4,3)*R4.^2 + z(4,4)*R4.^3 + z(4,5)*R4.^4;
R5 = z(5,1) + R5.*z(5,2) + z(5,3)*R5.^2 + z(5,4)*R5.^3 + z(5,5)*R5.^4;
R6 = z(6,1) + R6.*z(6,2) + z(6,3)*R6.^2 + z(6,4)*R6.^3 + z(6,5)*R6.^4;
R7 = z(7,1) + R7.*z(7,2) + z(7,3)*R7.^2 + z(7,4)*R7.^3 + z(7,5)*R7.^4;
R8 = z(8,1) + R8.*z(8,2) + z(8,3)*R8.^2 + z(8,4)*R8.^3 + z(8,5)*R8.^4;
R9 = z(9,1) + R9.*z(9,2) + z(9,3)*R9.^2 + z(9,4)*R9.^3 + z(9,5)*R9.^4;
R10= z(10,1) + R10.*z(10,2) + z(10,3)*R10.^2 + z(10,4)*R10.^3 + z(10,5)*R10.^4;
R11= z(11,1) + R11.*z(11,2) + z(11,3)*R11.^2 + z(11,4)*R11.^3 + z(11,5)*R11.^4;
R12= z(12,1) + R12.*z(12,2) + z(12,3)*R12.^2 + z(12,4)*R12.^3 + z(12,5)*R12.^4;
R13= z(13,1) + R13.*z(13,2) + z(13,3)*R13.^2 + z(13,4)*R13.^3 + z(13,5)*R13.^4;
R14= z(14,1) + R14.*z(14,2) + z(14,3)*R14.^2 + z(14,4)*R14.^3 + z(14,5)*R14.^4;
R15= z(15,1) + R15.*z(15,2) + z(15,3)*R15.^2 + z(15,4)*R15.^3 + z(15,5)*R15.^4;
R16= z(16,1) + R16.*z(16,2) + z(16,3)*R16.^2 + z(16,4)*R16.^3 + z(16,5)*R16.^4;
% %Apply polynomial to each pressure port from Zock module 312 (flights 4,5)
% R1 = y(1,1) + y(1,2)*R1. + y(1,3)*R1.^2 + y(1,4)*R1.^3 + y(1,5)*R1.^4;
% R2 = y(2,1) + y(2,2)*R1. + y(2,3)*R1.^2 + y(2,4)*R1.^3 + y(2,5)*R1.^4;
% R3 = y(3,1) + y(3,2)*R1. + y(3,3)*R1.^2 + y(3,4)*R1.^3 + y(3,5)*R1.^4;
% R4 = y(4,1) + y(4,2)*R1. + y(4,3)*R1.^2 + y(4,4)*R1.^3 + y(4,5)*R1.^4;
% R5 = y(5,1) + y(5,2)*R1. + y(5,3)*R1.^2 + y(5,4)*R1.^3 + y(5,5)*R1.^4;
% R6 = y(6,1) + y(6,2)*R1. + y(6,3)*R1.^2 + y(6,4)*R1.^3 + y(6,5)*R1.^4;
% R7 = y(7,1) + y(7,2)*R1. + y(7,3)*R1.^2 + y(7,4)*R1.^3 + y(7,5)*R1.^4;
% R8 = y(8,1) + y(8,2)*R1. + y(8,3)*R1.^2 + y(8,4)*R1.^3 + y(8,5)*R1.^4;
% R9 = y(9,1) + y(9,2)*R1. + y(9,3)*R1.^2 + y(9,4)*R1.^3 + y(9,5)*R1.^4;
% R10= y(10,1) + y(10,2)*R1. + y(10,3)*R1.^2 + y(10,4)*R1.^3 + y(10,5)*R1.^4;
% R11= y(11,1) + y(11,2)*R1. + y(11,3)*R1.^2 + y(11,4)*R1.^3 + y(11,5)*R1.^4;
% R12= y(12,1) + y(12,2)*R1. + y(12,3)*R1.^2 + y(12,4)*R1.^3 + y(12,5)*R1.^4;
% R13= y(13,1) + y(13,2)*R1. + y(13,3)*R1.^2 + y(13,4)*R1.^3 + y(13,5)*R1.^4;
% R14= y(14,1) + y(14,2)*R1. + y(14,3)*R1.^2 + y(14,4)*R1.^3 + y(14,5)*R1.^4;
% R15= y(15,1) + y(15,2)*R1. + y(15,3)*R1.^2 + y(15,4)*R1.^3 + y(15,5)*R1.^4;
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% R16= y(16,1) + y(16,2)*R1. + y(16,3)*R1.^2 + y(16,4)*R1.^3 + y(16,5)*R1.^4;
%Reconstruct "anew" matrix (calibrated data)
anew=[hn length t qbar R1 L2 R2 L3 R3 L4 R4 L5 R5 L6 R6 L7 R7 L8 R8 L9 R9 L10 R10 L11 R11 L12 R12 L13 R13 L14 R14 L15
R15 L16 R16]';
index=find(isnan(anew));
anew(index)=0;
cd SnowAvCal;
cd (directory);
%Writes data to new file
fid = fopen(file,'w');
fprintf(fid,'%s \n',hdrline1);
fprintf(fid,'%s \n',hdrline2);
fprintf(fid,'%s \n',hdrline3);
fprintf(fid,'%s \n',hdrline4);
fprintf(fid,'%s \n',hdrline5);
fprintf(fid,'%s \n',hdrline6);
fprintf(fid,'
%x %f %7.2f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f
%7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f %7.6f \n',anew);
fprintf(fid,'];');
fclose(fid);
cd ..;
cd ..;
else
cd ..
cd ..
cd ..
cd SnowAvCal;
cd (directory);
%Writes data to new file
fid = fopen(file,'w');
fprintf(fid,'%s \n',hdrline1);
fprintf(fid,'%s \n',hdrline2);
fprintf(fid,'%s \n',hdrline3);
fprintf(fid,'%s \n',hdrline4);
fprintf(fid,'%s \n',hdrline5);
fprintf(fid,'%s \n',hdrline6);
fprintf(fid,'];');
fclose(fid);
cd ..;
cd ..;
end
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APPENDIX B
% ncsu flt tst data RAW DATA
% Persistent Herk
% array info
% 19:12:07 26.09.04
XD_DATA = [
0x1300 00025 0.00 14.397172 0.022060 0.107201 0.108453 0.111379 0.111379 0.406262 0.432237 1.434166 -1.251388 1.113998 0.937451 0.980745 0.000492 0.023500 -0.135868 -0.144303 -1.091595 -1.087648 76.324519 76.965388 -0.622559 0.244017 -0.138744
0x1300 00025 0.02 14.388627 0.018140 0.110478 0.124643 0.123082 0.134981 0.473863 0.510097 1.586906 -1.080397 0.972089 0.855112 1.139408 0.002349 0.028586 -0.123314 -0.144303 -1.091956 -1.086924 76.110896 75.958308 -0.630799 0.246076 -0.141194
0x1300 00025 0.04 14.393510 0.013868 0.120192 0.120936 0.122887 0.124643 0.465751 0.562309 1.494720 -1.319632 0.875194 1.065113 0.905589 0.002093 0.025515 -0.132640 -0.158993 -1.100092 -1.095612 74.554498 76.294001 -0.638733 0.246601 -0.137225
0x1300 00025 0.06 14.391679 0.015741 0.113404 0.138687 0.125033 0.141223 0.466653 0.446893 1.526352 -1.114135 0.998792 0.946515 1.109042 0.002989 0.029450 -0.132102 -0.145029 -1.087437 -1.084570 76.599177 75.714167 -0.618287 0.244865 -0.136742
0x1300 00025 0.08 14.392899 0.014687 0.118436 0.151951 0.115280 0.124643 0.505411 0.492693 1.512795 -1.196180 0.895794 0.958602 0.912422 -0.000277 0.023500 -0.140531 -0.154459 -1.095753 -1.088191 75.500544 75.988825 -0.628968 0.245066 -0.131633
0x1300 00025 0.10 14.388627 0.013108 0.109308 0.114304 0.121717 0.129714 0.485581 0.528417 1.530871 -1.223018 0.939282 0.860400 1.028572 0.004270 0.031561 -0.128156 -0.139951 -1.082917 -1.078778 76.385554 76.202448 -0.642396 0.241069 -0.135499
0x1300 00025 0.12 14.388016 0.015156 0.113170 0.134200 0.144148 0.148830 0.513523 0.508265 1.494720 -1.179311 1.027784 0.917810 0.892684 0.000043 0.022540 -0.137841 -0.161351 -1.094849 -1.090001 75.073297 76.171931 -0.610047 0.243573 -0.131357
0x1300 00025 0.14 14.387406 0.015682 0.121830 0.148050 0.102601 0.131665 0.451330 0.527501 1.606790 -1.144039 1.003370 0.880796 0.923809 0.005807 0.029162 -0.146271 -0.159356 -1.092318 -1.088372 75.622614 76.171931 -0.665284 0.246560 -0.134947
0x1300 00025 0.16 14.390458 0.018667 0.122532 0.154292 0.143758 0.154096 0.540563 0.563225 1.481163 -1.163209 1.014051 0.892882 0.993651 0.001964 0.024556 -0.148423 -0.158993 -1.090329 -1.086562 75.408991 76.324519 -0.606995 0.248741 -0.137156
0x1300 00025 0.18 14.389847 0.011411 0.099360 0.116450 0.148440 0.144539 0.512621 0.518341 1.521833 -1.137138 1.015577 0.926875 0.912422 0.003502 0.031657 -0.138200 -0.150107 -1.081832 -1.076606 76.751765 76.721248 -0.653992 0.246924 -0.137363
0x1300 00025 0.20 14.392289 0.020188 0.123819 0.126398 0.134396 0.138882 0.527043 0.544905 1.535390 -1.141739 1.001081 0.944249 1.052105 0.001452 0.025323 -0.151472 -0.157543 -1.085448 -1.080407 76.660212 76.934871 -0.627137 0.246116 -0.133497
0x1300 00025 0.22 14.395341 0.015039 0.098658 0.118791 0.116060 0.130689 0.438711 0.495441 1.490201 -1.061994 1.004133 0.827163 1.048310 0.003822 0.029642 -0.141607 -0.165341 -1.083279 -1.077149 76.843318 76.355036 -0.634766 0.243048 -0.134326
0x1300 00025 0.24 14.395951 0.020656 0.123234 0.167751 0.158388 0.127568 0.492792 0.493609 1.551658 -1.157075 0.926312 0.948026 0.990614 0.003886 0.030889 -0.154162 -0.165341 -1.083640 -1.077511 77.331600 77.453670 -0.641785 0.243451 -0.134498
0x1300 00025 0.26 14.391679 0.016794 0.102637 0.113524 0.143368 0.118206 0.494594 0.476205 1.499239 -1.127937 1.061354 0.852091 1.228228 0.004398 0.029546 -0.153803 -0.167336 -1.083279 -1.080950 75.805720 75.408991 -0.639954 0.241433 -0.135292
0x1300 00025 0.28 14.390458 0.013108 0.113170 0.141028 0.145709 0.146294 0.527944 0.533913 1.475740 -1.186212 0.970563 0.994105 1.128020 0.000427 0.023116 -0.165999 -0.174772 -1.087437 -1.088191 75.470026 76.324519 -0.629578 0.247650 -0.135775
0x1300 00025 0.30 14.391068 0.013927 0.117149 0.115475 0.106892 0.127373 0.488285 0.552233 1.551658 -1.121036 1.043806 0.884573 1.133335 0.004398 0.030218 -0.151472 -0.164616 -1.084002 -1.075882 76.812800 76.507624 -0.652466 0.244703 -0.140331
0x1300 00025 0.32 14.394730 0.020129 0.119021 0.128154 0.128739 0.138882 0.518029 0.527501 1.514603 -1.137138 0.979719 0.993350 0.952657 0.000043 0.022444 -0.167793 -0.188374 -1.096838 -1.087286 75.500544 76.507624 -0.598145 0.245591 -0.134740
0x1300 00025 0.34 14.389237 0.012464 0.111882 0.162484 0.143368 0.133810 0.499101 0.539409 1.615828 -1.146340 0.914868 0.938961 0.975431 0.006319 0.029258 -0.169048 -0.184384 -1.090510 -1.083665 75.195368 75.531061 -0.662842 0.241110 -0.132082
0x1300 00025 0.36 14.394730 0.023933 0.114808 0.142393 0.140832 0.128739 0.515325 0.490861 1.488393 -1.201548 0.972089 1.004681 0.891925 0.002605 0.025131 -0.170124 -0.178580 -1.082917 -1.080769 76.416072 76.934871 -0.608826 0.240746 -0.131944
0x1300 00025 0.38 14.389847 0.014863 0.104509 0.119376 0.135176 0.136931 0.540563 0.554981 1.553466 -0.993750 1.034651 0.926875 0.990614 0.004590 0.031177 -0.161336 -0.174772 -1.077313 -1.071357 76.324519 76.294001 -0.648804 0.239777 -0.136569
0x1300 00025 0.40 14.392289 0.019954 0.122415 0.129714 0.143368 0.125423 0.461244 0.532081 1.477548 -1.165509 0.912579 0.965400 0.979986 0.002413 0.023212 -0.169766 -0.193996 -1.083821 -1.077330 76.416072 76.690730 -0.648804 0.246197 -0.132289
0x1300 00025 0.42 14.390458 0.019018 0.115042 0.130494 0.143173 0.125228 0.504509 0.504601 1.586906 -1.083464 1.105605 0.883817 0.882815 0.004334 0.028010 -0.159363 -0.184565 -1.077493 -1.072986 76.995906 76.477107 -0.635987 0.244865 -0.138468
0x1300 00025 0.44 14.395341 0.019135 0.110361 0.154877 0.132835 0.123862 0.473863 0.448725 1.469413 -1.161675 0.925549 0.821875 1.039959 0.002541 0.028778 -0.171021 -0.184021 -1.076589 -1.069909 77.331600 77.209529 -0.647584 0.247166 -0.137536
0x1300 00025 0.46 14.389847 0.015858 0.106031 0.121912 0.153316 0.138687 0.477469 0.516509 1.517314 -1.086531 0.948438 0.802235 0.954175 0.004014 0.028682 -0.172815 -0.188011 -1.078036 -1.079140 75.317438 75.347956 -0.642396 0.240020 -0.139020
0x1300 00025 0.48 14.395341 0.016326 0.118787 0.148050 0.148830 0.136541 0.482877 0.441397 1.510084 -1.123336 0.856121 0.801479 1.014907 0.001964 0.029546 -0.170304 -0.186016 -1.075686 -1.072262 76.629695 77.392635 -0.610047 0.244501 -0.134464
0x1300 00025 0.50 14.391679 0.011528 0.101349 0.125618 0.126398 0.142588 0.513523 0.563225 1.587810 -1.108767 0.955304 0.762199 0.979986 0.005999 0.031273 -0.169766 -0.193815 -1.082194 -1.077149 76.324519 76.232966 -0.656434 0.239374 -0.134912
0x1300 00025 0.52 14.392899 0.021300 0.114925 0.137126 0.145904 0.147269 0.548675 0.534829 1.546236 -1.166276 0.931653 0.841515 0.881297 0.002477 0.023500 -0.184293 -0.197442 -1.080024 -1.074977 76.416072 77.240047 -0.605774 0.247408 -0.133152
0x1300 00025 0.54 14.389847 0.021885 0.109659 0.146489 0.140832 0.144929 0.534254 0.567805 1.623058 -1.033623 0.756174 0.887594 0.905589 0.002285 0.022540 -0.191109 -0.204515 -1.088341 -1.080588 75.103815 75.561579 -0.653077 0.247893 -0.133290
0x1300 00025 0.56 14.393510 0.020539 0.128384 0.157803 0.140052 0.119376 0.453132 0.488113 1.513699 -1.142506 0.805003 0.954825 0.838784 0.002413 0.023692 -0.185369 -0.193271 -1.076047 -1.069728 77.270564 77.484188 -0.612183 0.246520 -0.136431
0x1300 00025 0.58 14.388627 0.009363 0.098892 0.133420 0.111964 0.149415 0.513523 0.513761 1.568830 -1.133304 0.934704 0.933674 0.985300 0.005103 0.030218 -0.180348 -0.197260 -1.084363 -1.080588 75.744684 75.897272 -0.632020 0.241271 -0.138985
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0x1300 00025 0.60 14.395341 0.019837 0.113638 0.147074 0.134981 0.126593 0.537859 0.546737 1.531775 -1.197714 0.916394 0.941228 0.923809 0.001708 0.022924 -0.188060 -0.201069 -1.078036 -1.073891 76.538142 76.965388 -0.631409 0.245026 -0.135603
0x1300 00025 0.62 14.390458 0.017145 0.102871 0.121522 0.126203 0.095189 0.478370 0.440481 1.561600 -1.101866 1.001844 0.827163 1.009593 0.004654 0.030985 -0.177837 -0.202339 -1.076047 -1.073529 75.927790 75.744684 -0.619812 0.239656 -0.135637
0x1300 00025 0.64 14.399003 0.017613 0.109308 0.134396 0.120546 0.127764 0.416177 0.504601 1.493816 -1.180845 0.984296 0.888350 1.080953 0.004974 0.029834 -0.182858 -0.201069 -1.075324 -1.072262 76.660212 76.721248 -0.662537 0.243613 -0.133152
0x1300 00025 0.66 14.389237 0.018550 0.126160 0.143953 0.150390 0.141028 0.532451 0.592537 1.557081 -1.134071 0.963697 0.909501 0.911663 0.006319 0.028874 -0.193440 -0.209774 -1.086171 -1.079864 75.286920 75.500544 -0.654908 0.244663 -0.133532
0x1300 00025 0.68 14.395951 0.015565 0.099711 0.117425 0.134396 0.139272 0.459442 0.454221 1.438685 -1.120269 0.941571 0.858889 0.961007 0.003822 0.030602 -0.182679 -0.202157 -1.077493 -1.072443 76.690730 77.270564 -0.611573 0.244340 -0.135465
0x1300 00025 0.70 14.392289 0.014922 0.125809 0.161899 0.145124 0.146099 0.543267 0.589789 1.599559 -1.148640 0.982007 0.932918 1.023258 0.007344 0.031945 -0.185011 -0.205966 -1.080748 -1.076968 76.507624 76.324519 -0.659485 0.240908 -0.135534
0x1300 00025 0.72 14.396561 0.022704 0.116915 0.132640 0.142783 0.133030 0.492792 0.509181 1.453145 -1.315031 0.839336 0.981264 1.130298 0.002029 0.023212 -0.189315 -0.199255 -1.077132 -1.069728 76.873836 77.423152 -0.600281 0.242765 -0.135775
0x1300 00025 0.74 14.393510 0.020949 0.119021 0.138492 0.157412 0.150585 0.505411 0.517425 1.570638 -1.185445 1.020155 0.950292 1.049069 0.001260 0.024556 -0.194158 -0.209049 -1.078397 -1.072262 76.202448 76.934871 -0.635987 0.242927 -0.134015
0x1300 00025 0.76 14.397172 0.021300 0.121245 0.138687 0.122692 0.111184 0.412572 0.471625 1.455857 -1.246788 0.935467 0.919321 1.067288 0.002669 0.025035 -0.185549 -0.198167 -1.072431 -1.071357 76.812800 77.423152 -0.619507 0.244743 -0.133290
0x1300 00025 0.78 14.390458 0.016618 0.114340 0.149025 0.178674 0.169896 0.563097 0.625513 1.562504 -1.199247 0.841625 0.900436 0.970117 0.005871 0.028874 -0.192723 -0.207598 -1.080567 -1.076968 75.714167 76.049860 -0.636292 0.244703 -0.130425
0x1300 00025 0.80 14.398392 0.019603 0.103807 0.148050 0.118206 0.124057 0.434204 0.495441 1.485682 -1.165509 0.859172 0.889861 1.029331 -0.000085 0.024364 -0.190391 -0.201794 -1.078217 -1.074072 76.141413 76.843318 -0.644837 0.248498 -0.133221
0x1300 00025 0.82 14.388627 0.016443 0.109893 0.136931 0.135371 0.130299 0.506312 0.537577 1.523641 -1.040524 1.064406 0.925364 1.018703 0.007664 0.030985 -0.187522 -0.207961 -1.083098 -1.077330 75.317438 75.897272 -0.633545 0.242079 -0.133014
% ncsu flt tst data CALIBRATED AND CORRECTED
% Persistent Herk
% array info
% 19:12:07 26.09.04
XD_DATA = [
1300 25.000000 0.00 14.397172 0.002060 0.034040 -0.030428 -0.067152 -0.032348 -0.143738 -0.095451 -0.064172 0.126388
0.213998 0.037451 -0.019255 0.000492 0.029609 -0.032454 -0.034659 -1.091595 -1.087648 76.324519 76.965388 0.002991 0.044017 0.068744
1300 25.000000 0.02 14.388627 -0.001860 0.037317 0.002350 -0.041887 0.014572 -0.076137 -0.012570 0.083420 -0.044603
0.072089 -0.044888 0.139408 0.002349 0.034695 -0.029171 -0.034659 -1.091956 -1.086924 76.110896 75.958308 0.002774 0.046076 0.071194
1300 25.000000 0.04 14.393510 -0.006132 0.047031 -0.005155 -0.042976 -0.006311 -0.084249 0.036557 -0.005659 0.194632 0.024806 0.165113 -0.094411 0.002093 0.031624 -0.031610 -0.038499 -1.100092 -1.095612 74.554498 76.294001 0.002565 0.046601 0.067225
1300 25.000000 0.06 14.391679 -0.004259 0.040243 0.030783 -0.037520 0.027058 -0.083347 -0.077747 0.024907 -0.010865
0.098792 0.046515 0.109042 0.002989 0.035559 -0.031469 -0.034849 -1.087437 -1.084570 76.599177 75.714167 0.003104 0.044865 0.066742
1300 25.000000 0.08 14.392899 -0.005313 0.045275 0.057637 -0.058368 -0.005800 -0.044589 -0.032421 0.011807 0.071180 0.004206 0.058602 -0.087578 -0.000277 0.029609 -0.033673 -0.037314 -1.095753 -1.088191 75.500544 75.988825 0.002823 0.045066 0.061633
1300 25.000000 0.10 14.388627 -0.006892 0.036147 -0.018582 -0.045003 0.004018 -0.064419 0.003882 0.029273 0.098018
0.039282 -0.039600 0.028572 0.004270 0.037670 -0.030438 -0.033522 -1.082917 -1.078778 76.385554 76.202448 0.002469 0.041069 0.065499
1300 25.000000 0.12 14.388016 -0.004844 0.040009 0.021699 0.001669 0.041151 -0.036477 -0.017457 -0.005659 0.054311
0.127784 0.017810 -0.107316 0.000043 0.028649 -0.032970 -0.039115 -1.094849 -1.090001 75.073297 76.171931 0.003321 0.043573 0.061357
1300 25.000000 0.14 14.387406 -0.004318 0.048669 0.049739 -0.083552 0.009244 -0.098670 0.005484 0.102634 0.019039
0.103370 -0.019204 -0.076191 0.005807 0.035271 -0.035174 -0.038594 -1.092318 -1.088372 75.622614 76.171931 0.001866 0.046560 0.064947
1300 25.000000 0.16 14.390458 -0.001333 0.049371 0.062377 0.001233 0.051821 -0.009437 0.037023 -0.018759 0.038209
0.114051 -0.007118 -0.006349 0.001964 0.030665 -0.035736 -0.038499 -1.090329 -1.086562 75.408991 76.324519 0.003401 0.048741 0.067156
1300 25.000000 0.18 14.389847 -0.008589 0.026199 -0.014238 0.010066 0.032190 -0.037379 -0.006488 0.020540 0.012138
0.115577 0.026875 -0.087578 0.003502 0.037766 -0.033064 -0.036176 -1.081832 -1.076606 76.751765 76.721248 0.002163 0.046924 0.067363
1300 25.000000 0.20 14.392289 0.000188 0.050658 0.005903 -0.018732 0.021698 -0.022957 0.020511 0.033640 0.016739 0.101081
0.044249 0.052105 0.001452 0.031432 -0.036533 -0.038120 -1.085448 -1.080407 76.660212 76.934871 0.002871 0.046116 -0.063497
1300 25.000000 0.22 14.395341 -0.004961 0.025497 -0.009498 -0.056384 0.006368 -0.111289 -0.030424 -0.010026 -0.063006
0.104133 -0.072837 0.048310 0.003822 0.035751 -0.033954 -0.040158 -1.083279 -1.077149 76.843318 76.355036 0.002670 0.043048 0.064326
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1300 25.000000 0.24 14.395951 0.000656 0.050073 0.089625 0.029056 -0.002780 -0.057208 -0.030217 0.049360 0.032075
0.026312 0.048026 -0.009386 0.003886 0.036998 -0.037236 -0.040158 -1.083640 -1.077511 77.331600 77.453670 0.002485 0.043451 0.064498
1300 25.000000 0.26 14.391679 -0.003206 0.029476 -0.020162 -0.001965 -0.020695 -0.055406 -0.049350 -0.001292 0.002937
0.161354 -0.047909 0.228228 0.004398 0.035655 -0.037142 -0.040679 -1.083279 -1.080950 75.805720 75.408991 0.002533 0.041433 0.065292
1300 25.000000 0.28 14.390458 -0.006892 0.040009 0.035523 0.004657 0.035920 -0.022056 0.007548 -0.023999 0.061212
0.070563 0.094105 0.128020 0.000427 0.029225 -0.040330 -0.042622 -1.087437 -1.088191 75.470026 76.324519 0.002807 0.047650 0.065775
1300 25.000000 0.30 14.391068 -0.006073 0.043988 -0.016212 -0.075158 0.000280 -0.061715 0.028374 0.049360 -0.003964
0.143806 -0.015427 0.133335 0.004398 0.036327 -0.036533 -0.039968 -1.084002 -1.075882 76.812800 76.507624 0.002204 0.044703 0.070331
1300 25.000000 0.32 14.394730 0.000129 0.045860 0.009458 -0.030178 0.022077 -0.031971 0.002428 0.013554 0.012138 0.079719
0.093350 -0.047343 0.000043 0.028553 -0.040799 -0.046176 -1.096838 -1.087286 75.500544 76.507624 0.003635 0.045591 -0.064740
1300 25.000000 0.34 14.389237 -0.007536 0.038721 0.078962 -0.000918 0.010844 -0.050899 0.017685 0.111367 0.021340
0.014868 0.038961 -0.024569 0.006319 0.035367 -0.041127 -0.045133 -1.090510 -1.083665 75.195368 75.531061 0.001930 0.041110 0.062082
1300 25.000000 0.36 14.394730 0.003933 0.041647 0.038286 -0.006389 0.000765 -0.034675 -0.035061 -0.011773 0.076548
0.072089 0.104681 -0.108075 0.002605 0.031240 -0.041408 -0.043617 -1.082917 -1.080769 76.416072 76.934871 0.003353 0.040746 0.061944
1300 25.000000 0.38 14.389847 -0.005137 0.031348 -0.008314 -0.017284 0.017702 -0.009437 0.031181 0.051107 -0.131250
0.134651 0.026875 -0.009386 0.004590 0.037286 -0.039111 -0.042622 -1.077313 -1.071357 76.324519 76.294001 0.002300 0.039777 0.066569
1300 25.000000 0.40 14.392289 -0.000046 0.049254 0.012616 -0.001481 -0.006108 -0.088756 0.005776 -0.022252 0.040509
0.012579 0.065400 -0.020014 0.002413 0.029321 -0.041314 -0.047644 -1.083821 -1.077330 76.416072 76.690730 0.002300 0.046197 0.062289
1300 25.000000 0.42 14.390458 -0.000982 0.041881 0.014196 -0.001888 -0.006489 -0.045491 -0.018063 0.083420 -0.041536
0.205605 -0.016183 -0.117185 0.004334 0.034119 -0.038596 -0.045181 -1.077493 -1.072986 76.995906 76.477107 0.002638 0.044865 0.068468
1300 25.000000 0.44 14.395341 -0.000865 0.037200 0.063561 -0.022899 -0.008557 -0.076137 -0.077803 -0.030113 0.036675
0.025549 -0.078125 0.039959 0.002541 0.034887 -0.041642 -0.045038 -1.076589 -1.069909 77.331600 77.209529 0.002332 0.047166 0.067536
1300 25.000000 0.46 14.389847 -0.004142 0.032870 -0.003179 0.019539 0.020034 -0.072531 -0.008469 0.016173 -0.038469
0.048438 -0.097765 -0.045825 0.004014 0.034791 -0.042111 -0.046081 -1.078036 -1.079140 75.317438 75.347956 0.002469 0.040020 0.069020
1300 25.000000 0.48 14.395341 -0.003674 0.045626 0.049739 0.010318 0.015998 -0.067123 -0.083779 0.009187 -0.001664 0.043879 -0.098521 0.014907 0.001964 0.035655 -0.041455 -0.045560 -1.075686 -1.072262 76.629695 77.392635 0.003321 0.044501 0.064464
1300 25.000000 0.50 14.391679 -0.008472 0.028188 0.004324 -0.034667 0.029725 -0.036477 0.040559 0.084293 -0.016233
0.055304 -0.137801 -0.020014 0.005999 0.037382 -0.041314 -0.047597 -1.082194 -1.077149 76.324519 76.232966 0.002099 0.039374 0.064912
1300 25.000000 0.52 14.392899 0.001300 0.041764 0.027623 0.005117 0.037878 -0.001325 0.010800 0.044121 0.041276 0.031653
-0.058485 -0.118703 0.002477 0.029609 -0.045110 -0.048544 -1.080024 -1.074977 76.416072 77.240047 0.003434 0.047408 -0.063152
1300 25.000000 0.54 14.389847 0.001885 0.036498 0.046579 -0.005303 0.033488 -0.015746 0.046305 0.118353 -0.091377 0.143826 -0.012406 -0.094411 0.002285 0.028649 -0.046890 -0.050391 -1.088341 -1.080588 75.103815 75.561579 0.002187 0.047893 0.063290
1300 25.000000 0.56 14.393510 0.000539 0.055223 0.069485 -0.008596 -0.018108 -0.096868 -0.036969 0.012680 0.017506 0.094997 0.054825 -0.161216 0.002413 0.029801 -0.045391 -0.047455 -1.076047 -1.069728 77.270564 77.484188 0.003265 0.046520 0.066431
1300 25.000000 0.58 14.388627 -0.010637 0.025731 0.020120 -0.063415 0.044492 -0.036477 -0.009507 0.065953 0.008304
0.034704 0.033674 -0.014700 0.005103 0.036327 -0.044079 -0.048497 -1.084363 -1.080588 75.744684 75.897272 0.002742 0.041271 0.068985
1300 25.000000 0.60 14.395341 -0.000163 0.040477 0.047763 -0.018373 -0.003181 -0.012141 0.022222 0.030147 0.072714
0.016394 0.041228 -0.076191 0.001708 0.029033 -0.046094 -0.049491 -1.078036 -1.073891 76.538142 76.965388 0.002758 0.045026 0.065603
1300 25.000000 0.62 14.390458 -0.002855 0.029710 -0.003969 -0.038243 -0.066067 -0.071630 -0.082986 0.058967 -0.023134
0.101844 -0.072837 0.009593 0.004654 0.037094 -0.043423 -0.049823 -1.076047 -1.073529 75.927790 75.744684 0.003064 0.039656 0.065637
1300 25.000000 0.64 14.399003 -0.002387 0.036147 0.022095 -0.047503 0.000155 -0.133823 -0.021149 -0.006533 0.055845
0.084296 -0.011650 0.080953 0.004974 0.035943 -0.044735 -0.049491 -1.075324 -1.072262 76.660212 76.721248 0.001938 0.043613 0.063152
1300 25.000000 0.66 14.389237 -0.001450 0.052999 0.041444 0.013776 0.024962 -0.017549 0.068836 0.054600 0.009071 0.063697
0.009501 -0.088337 0.006319 0.034983 -0.047499 -0.051765 -1.086171 -1.079864 75.286920 75.500544 0.002139 0.044663 -0.063532
1300 25.000000 0.68 14.395951 -0.004435 0.026550 -0.012264 -0.018705 0.022486 -0.090558 -0.073329 -0.059805 -0.004731
0.041571 -0.041111 -0.038993 0.003822 0.036711 -0.044688 -0.049775 -1.077493 -1.072443 76.690730 77.270564 0.003281 0.044340 0.065465
1300 25.000000 0.70 14.392289 -0.005078 0.052648 0.077778 0.003461 0.035565 -0.006733 0.067498 0.095646 0.023640 0.082007
0.032918 0.023258 0.007344 0.038054 -0.045297 -0.050770 -1.080748 -1.076968 76.507624 76.324519 0.002019 0.040908 -0.065534
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1300 25.000000 0.72 14.396561 0.002704 0.043754 0.018540 -0.002154 0.009307 -0.057208 -0.017920 -0.045833 0.190031 0.060664 0.081264 0.130298 0.002029 0.029321 -0.046421 -0.049018 -1.077132 -1.069728 76.873836 77.423152 0.003578 0.042765 0.065775
1300 25.000000 0.74 14.393510 0.000949 0.045860 0.030388 0.028626 0.043808 -0.044589 -0.005785 0.067700 0.060445 0.120155
0.050292 0.049069 0.001260 0.030665 -0.047686 -0.051575 -1.078397 -1.072262 76.202448 76.934871 0.002638 0.042927 -0.064015
1300 25.000000 0.76 14.397172 0.001300 0.048084 0.030783 -0.044274 -0.033501 -0.137428 -0.055365 -0.043212 0.121788
0.035467 0.019321 0.067288 0.002669 0.031144 -0.045438 -0.048733 -1.072431 -1.071357 76.812800 77.423152 0.003072 0.044743 0.063290
1300 25.000000 0.78 14.390458 -0.003382 0.041179 0.051713 0.072945 0.081414 0.013097 0.101974 0.059840 0.074247 -0.058375
0.000436 -0.029883 0.005871 0.034983 -0.047312 -0.051196 -1.080567 -1.076968 75.714167 76.049860 0.002630 0.044703 -0.060425
1300 25.000000 0.80 14.398392 -0.000397 0.030646 0.049739 -0.052487 -0.007181 -0.115796 -0.030574 -0.014392 0.040509 0.040828 -0.010139 0.029331 -0.000085 0.030473 -0.046702 -0.049681 -1.078217 -1.074072 76.141413 76.843318 0.002405 0.048498 0.063221
1300 25.000000 0.82 14.388627 -0.003557 0.036732 0.027228 -0.017335 0.004284 -0.043688 0.012798 0.022287 -0.084476
0.164406 0.025364 0.018703 0.007664 0.037094 -0.045953 -0.051291 -1.083098 -1.077330 75.317438 75.897272 0.002702 0.042079 0.063014
1300 25.000000 0.84 14.390458 -0.004961 0.038604 0.035126 0.017684 0.023647 -0.068926 -0.032408 0.038880 -0.009332
0.107185 -0.046398 0.186475 0.006960 0.035751 -0.045578 -0.050060 -1.084002 -1.078597 75.073297 75.866755 0.002051 0.041150 0.069399
1300 25.000000 0.86 14.391068 -0.003030 0.045626 0.022490 -0.024834 0.004533 -0.026562 0.045409 0.038880 -0.008565
0.090400 0.141695 -0.090615 0.005615 0.033352 -0.047827 -0.052191 -1.087075 -1.083122 75.042780 75.347956 0.002131 0.041917 0.065672
1300 25.000000 0.88 14.392289 -0.007770 0.031114 0.015382 -0.028895 0.060715 0.003182 0.063297 0.079927 -0.035402
0.181191 0.078242 0.062734 0.005679 0.035847 -0.045203 -0.049775 -1.079482 -1.079683 75.622614 75.500544 0.002847 0.040221 0.067881
1300 25.000000 0.90 14.395341 -0.000807 0.035444 0.080541 -0.035798 0.031341 -0.114895 -0.017430 0.048487 0.071947
0.022497 0.140940 -0.036715 0.002029 0.030952 -0.047920 -0.050012 -1.077855 -1.072081 77.056941 77.514705 0.002509 0.048418 0.062565
1300 25.000000 0.92 14.392289 0.005045 0.040594 -0.009498 -0.017860 0.000356 -0.043688 0.011593 0.093900 -0.100578
0.154488 0.023853 -0.101243 0.004334 0.035943 -0.044875 -0.050249 -1.078759 -1.074072 76.202448 76.263484 0.002670 0.044582 0.066190
1300 25.000000 0.94 14.398392 -0.002738 0.036732 -0.028454 0.010053 0.031796 -0.123007 -0.082274 -0.053693 0.058912
0.149910 0.015544 -0.013941 0.004846 0.034983 -0.046375 -0.050154 -1.078940 -1.070814 77.026424 77.514705 0.002372 0.044017 0.065396
1300 25.000000 0.96 14.389847 -0.006015 0.037083 0.088044 0.025905 0.033243 -0.016648 0.013577 0.044993 0.073481 0.112525
0.001947 -0.035197 0.008241 0.036615 -0.045391 -0.051196 -1.083459 -1.078597 76.355036 76.141413 0.002075 0.039495 -0.064636
1300 25.000000 0.98 14.397782 -0.003089 0.047382 0.024859 0.003449 0.023330 -0.082446 -0.079258 -0.045833 0.058145
0.182717 -0.084924 -0.035956 0.003502 0.035271 -0.045859 -0.049775 -1.078759 -1.072624 76.965388 77.209529 0.003377 0.043048 0.066845
1300 25.000000 1.00 14.396561 -0.006249 0.044456 0.030388 -0.049841 -0.022661 -0.107684 -0.103271 -0.051946 0.081148
0.084296 0.008746 -0.102002 0.003950 0.032008 -0.048670 -0.053280 -1.091052 -1.090001 73.791558 75.958308 0.002445 0.041958 0.065120
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