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Abstract
Passive falling spheres launched from small rockets have been used extensively in
the past to measure the winds and densities in the mesosphere. In principle, the same
technique can be extended to higher altitudes that cover the lower thermosphere in
addition to the mesosphere. The main difficulties are that accelerations decrease rapidly
with height due to the decreasing atmospheric density and rigid spheres are required at
higher altitudes, which implies larger mass and smaller accelerations. Accelerometers
with broad dynamic range and high sensitivity are required for the measurements, but
such devices are not readily available. We describe an instrumented falling sphere that
consists of a lightweight, hollow sphere fitted with a high-sensitivity three-axis
accelerometer in addition to other tracking and telemetry equipment. The sphere, along
with an ejection system, is installed in the nose cone section of a sounding rocket. The
sphere is ejected at an altitude near the base of the MLT (mesosphere and lower
thermosphere) region (85-90 km) on the up-leg portion of the trajectory.

The

combination of the data from the up-leg and down-leg sections of the flight can be used
to extract detailed density and neutral wind profiles. In addition, the temperature profile
can be estimated by applying the hydrostatic equation to the density data.
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Chapter 1
Introduction
Collaboration between the mechanical engineering and the physics department
has allowed the development of this thesis. Engineering design concepts are used to
develop an instrument to obtain measurements in the Earth’s atmosphere. The obtained
measurements are then used in atmospheric physics studies.
One important aspect of atmospheric physics is obtaining accurate data to study
the different layers of the Earth’s atmospheres. Throughout history various measurement
and analysis techniques have been used to obtain information such as the neutral wind,
neutral density, and temperature profiles. Table 1.1 summarizes the various techniques
that have been used or are currently being used extensively to study the Earth’s
atmosphere. The falling sphere technique, which has been used extensively in the past to
study the mesosphere [Schmidlin, 1986], will be the focus of this thesis. In principle, the
same measurement technique can be used to study the atmosphere at higher altitudes, as
was done originally by C.R. Philbrick to obtain measurements in the lower thermosphere
along with the mesosphere [Philbrick et al., 1978]. Although, Philbrick was able to
obtain neutral wind, density, and temperature profiles from his measurement and
analysis, improvements can be made to the sphere design. The proposed falling sphere
technique is compared in detail later with Philbrick’s falling spheres along with inflatable
falling sphere technique, chemical release technique, Super-Loki datasonde technique,
and foil chaff technique.
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Sensor
Inflatable
Sphere

Table 1.1: Measurement Techniques Used in the Atmosphere*
Technique
Parameters
Capabilities
• Drag acceleration
• Error: ~ 5% in
• Temperatur
and velocity
winds
e/ Density/
calculated from
• Day/Night
Winds
precision radar
• Radar required
• ~30-90 km
track
•

Super-Loki
Datasonde

Rigid
Sphere

•

•

•
Foil Chaff

•
Chemical
Release

Proposed
Sphere

•

Temperature
measured by
thermister
Drag acceleration
and velocity
calculated from
precision radar
track

•

Senses drag
acceleration
Drag acceleration
and velocity
calculated from
precision radar
track of small thin
metalized strips

Temperatur
e/ Winds

•

~20-70 km

•

Temperatur
e/ Density/
Winds

•

~60-150
km

•
•
•

•
•
•
•

Photograph
chemical trail
movement

Senses drag
acceleration

•

Winds

•

~75-95 km

•
•
•

•

Winds

•

~80-200
km

•
•

•

Density/
Winds
~60-150
km

•

•

•

Error: typically
~20 m/s in
winds
Day/Night
Radar required

Sensitivity: ~ 2
to 5 m/s for
winds
Day/Night
Radar required
Error: typically
~ 15 m/s in
winds
Day/Night
Radar required
Sensitivity: ~ 5
to 10 m/s for
winds
Night
Remote sites
required
Uncertainty: ~
10 m/s for
winds
Day/Night

Schmidlin, [1986], Mullemann et al., [2004], Philbrick et al., [1978], Murayama,
[1999], Larsen et al., [2003]
*
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The proposed falling sphere instrument is fitted with highly sensitive
accelerometers, which are used to measure the atmospheric-induced drag. To ensure that
accurate measurements can be taken, the sphere must be stable during flight. Therefore,
dynamic analysis of the sphere was performed to confirm its stability. The measured
drag from the accelerometers is used to calculate the vertical profile of the horizontal
winds and the density profiles.

The proposed data analysis procedure was tested with

known data, both with and without noise added.

The calculated results were then

compared with the known data.

Atmosphere Overview
To better understand the measurement techniques, it is important to understand
where in the Earth’s atmosphere these measurements are being taken. The Earth’s
atmosphere is divided into many layers, most notably the exosphere, thermosphere,
mesosphere, stratosphere, and troposphere.
atmosphere are depicted in Figure 1.1.

The different layers of the Earth’s

The exosphere is the highest layer of the

atmosphere located 500 km and higher (not shown in Figure 1.1). The satellites orbiting
the earth are located in the lower part of this region. The thermosphere, which is located
below the exosphere, ranges from approximately 90 km to 500 km. The measurements
done in the thermosphere are done mostly with the use of rockets, or by remote sensing
either by satellites or with ground-based instruments. The mesosphere is located below
the thermosphere and is between approximately 50 km and 90 km. The stratosphere
ranges from approximately 10 km to 50 km and located below the mesosphere. Most
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current measurements are done in the troposphere region (0 km to 10 km), which is much
more accessible.

Figure 1.1: Different Layers of the Earth’s Atmosphere [Cole, 1970]

Background
The early falling sphere instruments were used extensively in the mesosphere
[Schmidlin, 1986]. In the early experiments, inflatable spheres were used to measure the
neutral winds and density profiles and were referred to as Robin spheres (rocket-ballooninstrument). The Robin spheres were put on small rockets, with typical apogees of
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approximately 115 km. A portion of the sphere structure was metalized, which allowed
for radar tracking after ejection. The fall velocity and acceleration of the sphere were
calculated by taking the first and second derivative of the position with respect to time
provided by the tracking radar.

The density profiles were then calculated using a

standard reduction program [Schmidlin, 1986]. The inflatable spheres were limited to
obtaining data in the 90 km down to 30 km altitude range. The inflatable spheres
collapsed at approximately 30 km due to ambient pressure increasing above sphere
pressure. A premature sphere collapse is one of the risks of using the inflatable falling
sphere technique. During the Mountain and Convective Waves Ascending Vertically
(MaCWAVE) Campaign at ESRANGE in 2003, a number of spheres collapsed
prematurely at approximately 50 km, thus making the acquired data unreliable [Schmidlin
et al., 2005].

The inflatable spheres were limited to taking measurements in the

mesosphere because the magnitude of the error in the profiles is a function of the sphere’s
fall velocity [Schmidlin, 1986]. The density in the atmosphere decreases as the altitude
increases.

Therefore, at higher altitudes there is very little drag produced by the

atmosphere on the sphere to reduce its fall velocity. Due to high fall velocities at higher
altitudes, the sphere responds slowly to the horizontal wind changes in the atmosphere
[Schmidlin, 1986], thus increasing error in the radar measurements.

A study was

conducted in 1982 to determine the effects of the mass of the sphere on the measurements
[Schmidlin, 1986]. The wind profiles that were obtained using a lighter sphere (~50%
lighter) revealed more structure in the horizontal winds than standard spheres [Schmidlin,
1986]. This was expected, because the lighter spheres have lower fall velocities than
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standard spheres making them more susceptible to horizontal winds.

A recent study of

145 inflatable falling sphere flights conducted by Arno Mullemann, showed an
uncertainty of 3 m/s in the wind measurements [Mullemann et al., 2004].
The Super-Loki Datasonde is another technique that was used to study the
stratosphere and the mesosphere [Schmidlin et al., 1981]. The Super-Loki Datasonde
was flown on a rocket and deployed at approximately 115 km.

The Super-Loki

Datasonde contains a thermistor that is used to measure temperature while descending.
The Super-Loki Datasonde also contains a decelerator and wind sensor called the Starute,
depicted in Figure 1.2.

The Starute behaved as a parachute for the Super-Loki

Datasonde. Twenty-two percent of the Starute area was metalized to ensure radar
tracking [Schmidlin et al., 1981]. The inflation of the Starute is maintained by ram air
that enters through a small hole at the bottom. The wind profile is obtained through radar
position data, similar to the inflatable spheres. The Starute behaves abnormally at higher
altitude due to fast fall velocities. The wind measurements are affected due to this
abnormal Starute behavior. The temperature also cannot be measured at higher altitudes
due to the limitations of the thermistor. Due to the sensing capabilities of the thermistor
and abnormal behavior of the Starute at higher altitudes, the Super-Loki Datasonde
technique is limited to obtaining measurements between approximately 20 km and 70 km
[Schmidlin et al., 1981].
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Figure 1.2: Super-Loki Datasonde Starute [Schmidlin et al. 1981]
In the early 1970s C.R. Philbrick extended the falling sphere concept by taking
the inflatable falling sphere technique and modifying it to acquire reliable data at higher
altitude in the MLT (mesosphere and lower thermosphere) region of the atmosphere.
Specifically, he developed the early rigid falling spheres as an instrument to measure
neutral density and wind velocity. The sphere is shown in Figure 1.3, provided courtesy
of C. R. Philbrick. There were ten successful flights between the late-1970s and the mid1980s using these spheres [Philbrick et al., 1978]. The spheres were 25 cm (9.84 inches)
in diameter and were cradled in a rocket payload section for flight. After the nose cone
ejection, the sphere was ejected typically at the altitude of approximately 65 km. The
Philbrick spheres differ from the inflatable spheres because they are rigid and are fitted
with a sensitive three-axis piezoelectric accelerometer. The accelerometer allowed for
acceleration due to atmospheric-induced drag to be measured as opposed to being
calculated from radar tracking data, as was done previously using the inflatable sphere
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technique, hence reducing the error in the calculated winds. The onboard three-axis
piezoelectric accelerometer allowed the Philbrick sphere to take measurements at higher
altitudes.

The rigid spheres also had a less sensitive single-axis accelerometer, a

telemetry encoder and transmitter, a transponder, and other electronics required for flight.
The three-axis accelerometer was used to measure the acceleration due to drag on the
sphere during its flight along the three principal axes. The single-axis accelerometer was
used to determine the sphere spin orientation, as well as the magnitude of the precession
cone angle and precession acceleration.

These spheres achieved a sensitivity of

approximately 2 to 5 m/s for the wind velocity and 1x10-9 kg/m3 for density with a 100 m
resolution [Philbrick et al. 1978].

Figure 1.3: C.R. Philbrick’s Falling Sphere [Philbrick,1981]
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The proposed falling sphere design uses the same concepts as the earlier Philbrick
sphere design but has several notable differences. One difference is that the proposed
sphere will utilize more sensitive accelerometers (resolution 5x10-9g*), which permits the
sphere to take measurements at higher altitudes.

Instead of using one three-axis

accelerometer, the proposed sphere will utilize two sets of three single-axis
accelerometers. The accelerometers will no longer need to be custom made because the
proposed design will use commercially available units for the measurements.

The

proposed sphere will also use GPS to determine its location during flight, whereas the
Philbrick spheres used radar tracking. GPS will be used because it offers higher accuracy
and reduced data noise over radar tracking [Montenbruck et al., 2002]. Typical accuracy
of a GPS is approximately 28 meters [Dana, 2000] compared to 100 meters for radar
tracking [Markgraf, 2007]. The proposed sphere design contains a metalized deckplate,
which allows the sphere to be tracked via radar, either as a back-up for the primary GPS
tracking or as an alternative.

The mass of the Philbrick sphere assembly was

approximately 9.816 kg [Philbrick et al., 1978], while the proposed design will have a
mass of approximately 5 kg. The mass reduction of the sphere assembly is another
improvement made in the proposed sphere design over the Philbrick sphere. The
proposed analysis procedure technique used to obtain the wind and density profiles are
quite different from the analysis procedure used by Philbrick in the past. He used wind
tunnel testing and theoretical studies to obtain the coefficient of drag of the sphere in his
calculations. The proposed analysis technique will calculate the coefficient of drag,

*

10-7g =10-7 times the Earth gravity at sea level
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neutral winds, and neutral density from the measured data (discussed in detail in Chapter
4). Philbrick utilized a drag coefficient table in his analysis obtained from V. L. Corbin,
as a private communication [see Philbrick, 1978]. For the analysis, a model atmosphere
had to be used to obtain the drag coefficient for the first solution [Philbrick, 1978]. This
first solution was then used to calculate the mass density and temperature under the
assumption of hydrostatic equilibrium. The calculated temperature was then used to
obtain the final drag coefficient and the densities [Philbrick, 1978]. In the proposed
analysis, technique errors in the calculated coefficient of drag do not produce any
significant errors (less than 5%) in obtaining the neutral winds or neutral density. The
error in the calculated neutral density profile from Philbrick’s analysis was approximately
±10% with a resolution of 100 meters [Philbrick et al., 1981]. The error in Philbrick’s
analysis could be attributed to the drag coefficient calculation along with the custom
accelerometer. The neutral winds and densities that were obtained using the proposed
analysis procedure from the simulated data contained an error of less than 5% when noise
was introduced in the data.
The foil chaff technique is another in-situ technique used in the past to measure
horizontal winds in the MLT region [see, e.g., Murayama, 1999]. This technique consists
of employing a large number of small strips of thin metalized plastic films released in the
atmosphere. These metalized plastic films were mounted on the rocket payload and were
ejected at approximately 110 km to form a chaff cloud. These strips are expected to
follow the wind motion in the atmosphere during their descent, which was tracked on the
ground with radar.

The radar data were used to determine the descent speed and
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horizontal velocities. The wind profiles were obtained by calculating the first derivative
of the radar position data, similar to what is done with the inflatable sphere technique.
Foil chaff experiments are limited to locations in the vicinity of tracking radars. The
clumping of the chaff during the foil ejection is another challenge of using this technique
along with difficulties associated with tracking the center of the chaff cloud [Murayama,
1999].

Murayama calculated a difference increasing up to 50 m/s in the wind

measurement when he compared the foil chaff technique to VHF and MF radar wind
measurements [Murayama, 1999].
The chemical release technique is another technique that has been used
extensively to gather atmospheric data in the MLT region since the mid 1950s. This
technique is similar to the foil chaff technique because both require tracking of a cloud in
time and space. The chemical release technique consists of employing a chemical tracer,
as opposed to thin metalized films. The released chemical reacts with the atmosphere to
produce a cloud that is visible from the ground. The chemical release is photographed
using cameras at several sites to track the chemical trail.

From the triangulation

calculations neutral wind profiles are determined. Due to the nature of the chemical
release technique, it provides wind profiles that are measured over longer time periods (5
to 20 minutes) than the falling sphere technique (instantaneous measurement). The
longer time periods make it possible to measure small vertical structure and its time
duration [Schmidlin, 1986]. The longer time periods also make it possible to obtain other
characteristics to gather information about diffusive mixing and turbulence [Schmidlin,
1986]. This data cannot be obtained by the falling sphere measurements because the
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measurements are instantaneous.

The wind profiles produced by chemical trail

measurement technique generally have an uncertainty of 5-10 m/s caused by triangulation
errors [Larsen et al., 2003].
Examples of the wind profiles obtained with the various measurement techniques
discussed above are presented in Figure 1.4. The wind profiles shown in Figure 1.4 were
measured at different times and between approximately 70 km and 100 km.

Figure 1.4: Neutral Wind Profiles from Various Measurement Techniques [Schmidlin,
1986]
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Figures 1.5a and 1.5b show the wind profiles measured at higher altitudes (~55
km to 140 km) using the TMA technique (Figure 1.5a) and Philbrick sphere technique
(Figure 1.5b).

Figure 1.5a: Neutral Wind Profile from TMA Technique [Larsen, 2007]
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Figure1.5b: Neutral Wind Profiles From Philbrick’s Falling Sphere Technique [Larsen,
2007]

Motivation
The neutral winds and neutral densities are key parameters in studying the
atmosphere. This is especially true with the sounding rocket flights because it is not
practical to take these measurements with onboard instruments.

The techniques

discussed in the previous section along with lidar and incoherent scatter radar techniques,
can be used to obtain the winds, but the altitude range coverage is usually limited [Larsen
et al., 2003]. To obtain higher altitude winds (in the MLT region) the chemical release
technique from sounding rockets is the most common currently used technique. The
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chemical payload typically contains a trimethyl aluminum (TMA) canister.

TMA is a

pyrophoric compound that reacts spontaneously to produce chemiluminescence when
exposed to oxygen. At sea level this reaction occurs quite rapidly to produce flame.
Because the concentration of oxygen is much lower at higher attitudes, the reaction
occurs much more slowly. The increased reaction time allows the released TMA clouds
to remain visible for approximately five to twenty minutes or longer depending on the
conditions. Camera sites observe the cloud motions from the ground relative to time and
the initial position. At least two and preferably three or more camera sites are used to
obtain several triangulation baselines. The chemical release technique does not provide
either temperature or the density.

The falling sphere cannot provide the neutral

temperature directly, but the quantity can be calculated by intergrading the density profile
with altitude, usually downward, and using the hydrostatic approximation and the ideal
gas law [Philbrick et al., 1978].
There are several other advantages of using a falling sphere technique over the
TMA technique. One is the safety of the personnel during payload assembly. Since the
sphere does not require any chemicals it is much safer than a payload with highly
flammable TMA. Second is the mass and size reduction of the payload. The TMA
payload mass (13.6 kg) is greater and the length is greater (66.04 cm) on the rocket
[Larsen*]. The proposed sphere is approximately 12.25 inches in diameter and has a
mass of approximately 5 kg. Switching to the sphere technique will allow for more
experiments to be added on the sounding rocket. The TMA technique requires clear skies

*

Larsen, M.F. (2009) Private communication
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along with a nighttime launch, while the falling sphere technique does not effectively
reducing the required launch window for the experiment. Therefore, the use of the falling
sphere technique is more cost effective than using the TMA technique.

Experiment Overview
For the test flight scheduled for 2009, there will be one sounding rocket used in
the experiment. The rocket launch is planned to take place at the NASA Wallops Flight
Facility in Virginia. The flight is primarily a test of a new vehicle configuration for
stability and performance characteristics. The rocket will also carry the proposed sphere
assembly. The sphere will be ejected at approximately 85 km following the nose cone
ejection. The sphere will follow nearly the same trajectory as the rocket after ejection.
The rocket trajectories are typically very low, with apogees of approximately 180 km, for
measurements in the MLT region. The test flight will have an apogee above 300 km.
The high apogee provides a unique opportunity to determine the highest altitude where
measurements can be taken with the onboard accelerometers. The sphere will measure
the acceleration due to atmospheric drag during its flight and relay the data back to the
ground along with the GPS location of the sphere. The data will later be analyzed using
the drag force, Reynolds number, and coefficient of drag equation to estimate the neutral
winds and neutral density profile. The flight will provide a test of the sphere’s structural
integrity along with the sensitivity of the onboard accelerometers and the ejection system.
The success of the test flight depends on how much the wind and density profiles are
comparable to the other profiles obtained in the past.
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Design Overview
This next-generation sphere design is built upon the previously used and accepted
Philbrick sphere design. The modifications made to the Philbrick sphere design are based
mainly upon the use of current technology to provide a viable platform for future wind
and density measurements in the MLT region.

The next-generation sphere design

assembly is depicted in Figure 1.6. As depicted in Figure 1.6, the sphere design consists
of two sphere halves held together by a deckplate that is housed inside the hollow sphere.
The outside structure of the sphere is fabricated from fiberglass, specifically out of S-2
fiberglass. S-2 fiberglass was chosen because of its high strength, low weight, and low
dielectric constant. A low dielectric constant minimizes the chance of communication
interference between the onboard electronics and the data receiving electronics on the
ground. The sphere halves have 12.25 inches (31.115 cm) outside diameter and 12
inches (30.48 cm) inside diameter making it slightly larger than the Philbrick spheres,
which were 25 cm in diameter. The diameter of the overall sphere assembly was chosen
because of the limited space on the rocket payload. The sphere assembly had to be large
enough to be able to encompass all of the accelerometers and other electronics essential
to the experiment without compromising the moment of inertia requirements.

The

moment of inertia of the sphere must be at least 15 percent greater about the z-axis than
the other two axes, thus making the primary spin axis of the sphere to be the z-axis. A
smaller sphere would make it difficult for all the electronics to be distrusted around the
deckplate and obtain this moment of inertia requirement. The deckplate is made out of
aluminum and is 12 inches (30.48 cm) in diameter. The ultra-sensitive accelerometers
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used to measure the acceleration due to the atmospheric-induced drag are mounted
symmetrically above and below the deckplate.

This eliminates any effects on the

measurements due to the offset of the accelerometers from the geometric center of the
sphere.

Figure1.6: Exploded View of Sphere Assembly

Analysis Overview
The end goal of the analysis is to determine the neutral winds and neutral density
from the acceleration due to atmospheric-induced drag measurements on the falling
sphere. In recent years, the neutral winds in the lower thermosphere have been obtained
primarily using the TMA chemical release technique. The falling sphere technique will
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hopefully serve as a replacement or an alternative. Once the GPS location data and
acceleration due to atmospheric-induced drag data have been obtained from the sphere’s
flight, the flow chart provided in Figure 1.7 can be followed to obtain the neutral winds
and neutral density. Chapter 4 discusses steps in Figure 1.7 in more detail.

Figure 1.7: Data Analysis Flow Chart
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Chapter 2
Sphere Design

Material Selection
There were several materials considered for the fabrication of the sphere halves.
The material needed to be light due to weight restriction on the payload of the sounding
rocket. The material also needed to be strong enough to survive the flight after ejection.
Materials such as stainless steel, aluminum, and fiberglass were considered because they
met the above requirements.
The sphere position and sphere motion is tracked via GPS and accelerometers,
but they could have also been tracked via radar. The radar tracking would require a RFreflecting (radio frequency reflecting) material. The radar tracking was considered to be
impractical because GPS offers higher accuracy and reduced data noise over radar
tracking [Montenbruck, 2002]. In a test Maxus-4 campaign performed in 2001 at Esrage,
Kiruna, both GPS and radar tracking were used to track the motion of Orion rocket
[Markgraf et al., 2007]. The GPS tracking data was later used to assess the accuracy and
calibration of DLR’s MPS 36 radar [Markgraf et al., 2007]. Therefore, one of the most
important requirements of the material was that it must not interfere with the data
transmission signal between the ground station and the sphere. While the stainless steel
provided the strength necessary for the flight it was too bulky and it is also the most
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conductive material out of the three. Since RF-reflecting material was not preferred
stainless steel was eliminated.
Aluminum and fiberglass would both serve as a good material for the sphere
halves because both materials are readily available. But when doing a direct comparison
between the two materials, fiberglass, especially S-2 fiberglass turns out to be a better
choice than 2024-T3 aluminum. Table 1 shows a direct comparison between the two
materials and their properties. As shown in Table 1, the fiberglass has lower density than
that of aluminum; meaning for the same amount of volume fiberglass would weigh less.
The S-2 fiberglass has a lower dielectric constant and has a higher tensile strength
making it the ideal material for the sphere and its application.
Table 2.1: Material Properties of Aluminum and Fiberglass
Dielectric Constant
Ultimate Tensile
Material
Density (g/cm3)
(@10GHz)
Strength (psi)
2024-T3
2.7***
9.8**
70,000***
Aluminum
S-2 Fiberglass*
2.46*
5.2
644,700

* AGYZenTron: S-2 Generic S-Glass Fiber Data Sheet
**

Data Sheet: Rogers Corporation

***

http://www.onlinemetals.com/alloycat.cfm?alloy=2024
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Deckplate
The deckplate designed for the sphere is represented in Figure 2.1a and will be
made out of aluminum, which allows for radar tracking incase of GPS failure. The small
cutout shown on the deckplate represented the area where the S-Band antenna will be
mounted.

Figure 2.1b represents how the S-Band antenna will be secured to the

deckplate with four brackets during the flight. The instruments on the deckplate are
arranged such that the highest moment of inertia is about the z-axis, which will be the
spin axis after ejection. This arrangement is shown Figure 2.2. Electronic components
such as the GPS, transmitter, batteries, science board, power board, and Low Cost
Telemetry Encoder (LCTE) are assumed to be rectangles for the moment of inertia
calculations.

Figure 2.1a: Unpopulated Deckplate
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Figure 2.1b: Populated Deckplate

Figure 2.2: Electronics arrangement on the deckplate

Accelerometers
Model simulation, discussed in Chapter 4, demonstrated that sensitivity of 10-7g is
required to obtain neutral winds and neutral density measurements between 90-150 km
altitude range.

After an extensive search, two different accelerometers were selected.

The accelerometers were selected based on measurement range, noise level, weight, and
size. The primary accelerometer was chosen to be the Wilcoxon 731-207, which has a
sensitivity of 5*10-9g and dynamic range of ±0.5g. The secondary accelerometer was
chosen to be the MEMSense device called the µIMU. Space Dynamics Lab in Salt Lake
City, Utah will modify and calibrate both accelerometers to be used inside the sphere for
the experiment. The Wilcoxon 731-207 is a single axis accelerometer; therefore, there
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will be total of six primary accelerometers on the deckplate. Three of the primary
accelerometers will be mounted in a stack on the top part of the deckplate and three will
be mounted in a similar configuration on the bottom part, as shown in Figure 2.3. The
primary accelerometers at the bottom will serve as a means to eliminate the effects on the
measurements due to the offset of the accelerometers from the geometric center of the
sphere. This configuration was chosen because it allows for all six accelerometers to be
as close to the geometric center of the sphere as possible.

The placement of the

secondary accelerometer is shown in the Figure 2.2. The secondary accelerometer will
be used to determine the spin and precession angle of the sphere. To obtain these
measurements, it is necessary for the accelerometer to be offset from the geometric center
of the sphere.

Figure 2.3: Primary Accelerometer Configuration
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Ejection System
The ejection system for the falling sphere experiment was designed with several
requirements in mind. The ejection system must securely hold the sphere assembly in
place in the payload prior to ejection. A stability analysis (discussed in details in Chapter
3) was conducted assuming 150 lbs of force will be delivered by the ejection system to
sphere. Figure 2.4 shows the dynamic behavior of the sphere after ejection when the 150
lbs of force is applied ±0.02 inches off centered. Because the angular velocity curves are
not smooth over time, the sphere is assumed to be unstable. The analysis was repeated by
applying the assumed force of 150 lbs ±0.01 inches from the center. The angular velocity
curves obtained were smooth over time implying sphere stability. Hence, the force from
the ejection mechanism must be applied along the center axis of the sphere and no more
than ±0.01 inches off centered. A torque of approximately 3 in*lb (0.34 N*m) will be
imparted by the ejection mechanism on the sphere if the force is applied more than ±0.01
inches from the center, which in turn will cause the sphere to be unstable during its flight.
Consequently, a torque of no more than 1.5 in*lb (0.17 N*m) can be applied to the sphere
at ejection.

25

Figure 2.4: Angular Velocities of the unstable sphere in x and y direction (0 to 10,000
seconds)

While the sphere is mounted in the cradle inside the payload, it is also connected
to the rest of the payload via an umbilical cable. The umbi cable connection is needed for
power, since the rocket launch countdown sometimes maybe held due to weather
conditions, air traffic, or other unforeseeable circumstances. The umbi cable provides the
sphere with power prior to launch so the sphere batteries are fully charged after launch.
The umbi cable also provides a means of communication prior to launch for sphere’s
system checks. A pull cable is used to disconnect the umbi cable connection to the
sphere. The angle created by the pull cable and the ejection mechanism should be
minimized.
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The launch provider, NASA Wallops Flight Facility in Virginia, is still currently
finalizing the details, such as spring selection, pyro cutter selection, and material
selection for the ejection system assembly.

The design of the sphere ejection system

thus far is a spring-loaded cradle, which is represented in Figure 2.5. The spring in the
ejection mechanism is compressed by pulling on the cable that will be attached to the
bottom half of the sphere assembly. The section where the cable is inserted in the sphere
is designed to have higher thickness to support the cable tension. After the nose cone
ejection, the pyro-cutters shown in blue in Figure 2.5 engage and cut the cable holding
the sphere assembly in place releasing the force in the spring. The force in the spring is
then applied to the cradle, which in turn pushes the sphere assembly in front of the rocket
payload. The power will be supplied to the sphere assembly prior to ejection via umbi
wire. The umbi wire is attached to a pull cable that runs parallel to the wire. Both the
umbi wire and pull cable lengths are selected such that the only way to retain connection
with the sphere is if the spring is entirely compressed. Therefore, as soon as the spring
starts to decompress the pull cable will disconnect the umbi wire from the sphere. As
discussed earlier, a torque of approximately 3 in*lb (0.34 N*m) will cause sphere
instability. For that reason, if the umbi cable is assumed to be 1 inch off centered then
the umbi separation force of 3 lbs (13.34 N) will cause instability in the sphere. This
means the force created by the umbi separation cannot be no more than 2 lbs (8.90 N).
The disturbances caused by the umbi wire disconnection will be minor due to a small
separation force of the connector and the small pull angle of the cable allowing the sphere
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assembly to settle prior to ejection and can be deemed negligible. As a result, the sphere
will have the approximate spin rate, precession rate, and trajectory of the rocket.

Figure 2.5: Ejection System
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Chapter 3
Dynamic Analysis of Sphere

Overview
Once the launch conditions are deemed to be favorable along with the right
experimental conditions the rocket is launched. The rocket is assumed to have a cone
angle of approximately 15 degrees along with an angular velocity (spin rate) of
approximately 2 Hz in the z-direction after the despin process. The final values are still
unknown, but the values chosen here are consistent with values from earlier flights with
similar vehicle configurations implying the sphere will have the same angular velocity at
the point of ejection. The cone angle of the rocket is neglected in the stability analysis
because the sphere is much smaller in mass, which is distrusted much differently than
that of the rocket. The stability of the sphere is determined by its behavior due to the
atmospheric drag forces after ejection. After the rocket reaches ejection altitude of
approximately 85 km during the up-leg, the sphere is released after nose cone separation.
The ejection system minimized the amount of torque (no more than 0.17 N*m) applied to
the sphere during ejection along with precession cone angle.

Since the torque is

minimized during ejection, the sphere is assumed to retain the same angular velocity after
ejection along with the rocket trajectory, as the rocket. During the flight of the sphere,
onboard accelerometers collect atmospheric-induced drag data.

The horizontal winds

between the up-leg and down-leg are assumed to be uniform. The equation (3.1) for drag
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force was used to derive horizontal neutral winds from the measured atmosphericinduced drag.

1
maD = ρv 2CD A
2

(3.1)

Sphere Stability
The sphere stability is critical to neutral winds and neutral density measurements.
If the sphere does not have a relatively stable spin, there is no way to determine in which
direction the accelerometers are taking measurements in; therefore, sphere stability must
be determined.
A sphere can be assumed to be stable if it’s angular velocity in any direction is not
increasing significantly with time. The angular velocity of the sphere was determined
using Euler’s equations of rigid body motion (3.2). The Euler’s equations of rigid body
motion are first order ordinary differential equations (ODE) and were easily solved using
MatLab. A small time increment must be chosen to obtain accurate results. It is assumed
that the sphere is symmetric about the z-axis, meaning that both Ixx, Iyy are equal and Izz is
greater than the two. The sphere was assumed to have the same angular velocity about
the z-axis as the rocket after ejection. As a result, the angular velocity of the sphere was
assumed to be 2 Hz (same as a sounding rocket after despin process) about the z-axis.
The angular velocity in the z-direction of the sphere was assumed to have minimal
change during the flight. Since the angular velocity in the z-direction has minimal
change (constant), the angular acceleration is assumed to be zero in the z-direction.
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Moments used in the equations (3.2) are the moments caused by the atmospheric-induced
drag force. Atmospheric-induced drag force is discussed more in detail in Chapter 4.

.

Ixx ω x + (Izz − Iyy )ω yω z = M x
.

Iyy ω y − (Izz − Ixx )ω xω z = M y

(3.2)

.

Izz ω z + (Iyy − Ixx )ω xω y = M z

Figure 3.1 shows the angular velocities in the x and y direction between 0 and
1000 seconds. Figure 3.1 shows that the angular velocities are increasing with time
between 0 and 1000 seconds in both directions. This increase in angular velocities
suggests that the sphere will become unstable as time increases. But when looking at
angular velocities in an increased range of time, shown in Figure 3.2, they look like they
become constant and oscillate between ±0.04 rad/s. Meaning that the sphere is stable and
will have angular velocities of 0.04 rad/s in both directions.

Initially the angular

velocities, shown in Figure 3.3, were calculated with a time increment of 1 second and
determined to be unstable due to the erratic behavior of the curve. This instability was
attributed to the large time increment used to calculate the solution. The solution shown
in Figure 3.1 was calculated using a time increment of 0.02 seconds and shows a smooth
increase in angular velocity over time. Therefore, a small time increment, such as 0.02
seconds, must be used to calculate the solution for angular velocities. To ensure stability,
the angular velocity about the z-axis must be the highest. For that reason, the sphere will
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be the most stable when the angular velocity about the other two axes is minimized and
must be between ±0.5 rad/s.

Figure 3.1: Angular Velocities in x and y direction (0 to 1,000 seconds)
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Figure 3.2: Angular Velocities in x and y direction (0 to 10,000 seconds)

Figure 3.3: Angular Velocities in x and y direction (0 to 10,000 seconds)
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Precession and Nutation Rate
The change in the precession and nutation rate is another form of sphere stability.
Precession refers to a change in direction of the spin axis of a rotating body. Nutation
refers to a change in the angle between the spin axis and a fixed z-axis.
The precession and nutation rate are both calculated from calculating the angular
momentum rate of the sphere about its geometric center. The angular momentum is
calculated using equation (3.3) and angular momentum rate is calculated using equation
(3.4).

Details Provided in Appendix A.

Using the assumption that the sphere is

symmetric about the z-axis the precession and nutation rate are found by solving
equations (3.5) using MatLab, which are second order ODE. [Greenwood, 2003]

H = Ixxω x i + Iyyω y j + Izzω z k
.

..

. 2

.

..

. .

(3.3)
.

.

H = (Ixx θ − Iyy φ sin θ cosθ + IzzΩ φ sin θ )i + (Iyy φ sin θ + 2Ixx φ θ cos θ − IzzΩθ ) j + Izz Ω k (3.4)
. .

.

My
I Ωθ 2Iyy φ θ cos θ
φ = zz
−
+
Ixx sin θ
Ixx sin θ
Ixx sin θ
..

. 2

..

θ=

.

(3.5)

Iyy φ sin θ cos θ Izz φ sin θ M x
−
+
Ix x
Ixz
Ixx

Figure 3.4 shows how the precession and nutation rate changes over time between
0 and 1000 seconds. Both the precession and nutation rates are increasing with time, but
their magnitudes are on the order of 10-4 allowing the sphere to be stable during the flight
since the flight time will be no more than 600 seconds. Figure 3.5 shows how the
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precession and nutation angle change over time between 0 and 1000 seconds. Maximum
precession angle is approximately 5x10-4 rad and the maximum nutation angle is
approximately 8.81x10-2 rad. These are both small values and will not have much effect
on the overall motion of the sphere making it stable.

Figure 3.4: Precession and Nutation Rate (0 to 1,000 seconds)
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Figure 3.5: Precession and Nutation Angle (0 to 1,000 seconds)
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Chapter 4
Data Simulation Model

Overview
Developing a data simulation model is necessary in validating the falling sphere
measurement technique. For the simulation diameter of the sphere was assumed to be 12
inches (0.3048 m) and mass 5 kg (11.023 lbs). For the simulation, known atmospheric
data such as neutral winds and neutral densities are used. Sphere is assumed to have the
same velocity and trajectory as the rocket carrying it. Using those assumptions, flight
data from a previous mission was used. From the accepted data, acceleration due to
atmospheric drag can be calculated and will serve as if the data was obtained by the
accelerometers inside the sphere during a real flight. The purpose of the simulation is to
see how accurately the atmospheric data can be calculated from the acceleration due to
atmospheric drag compared to the input data. In order to further validate the calculation,
noise was added to the calculated acceleration due to atmospheric drag data via random
number generator in MatLab.

Simulation Data
The neutral densities that are needed to calculate the acceleration due to
atmospheric-induced drag were obtained from a model known as the Mass Spectrometer
Incoherent Scatter, MSIS. The neutral winds velocity profiles provided by Dr. Miguel
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Larsen were obtained from a Japanese rocket launch, which took place on August 20,
1996 (UT). The sphere velocity (velocity in the z-direction) is assumed to have similar
velocity and trajectory to the rocket after ejection and is obtained from Terrier Orion
rocket used in Dr. Larsen’s Joule mission launch.

Principal Moments of Inertia
The sphere is assumed to be symmetric about the z-axis meaning that the moment
of inertia about the x-axis and y-axis are the same. As stated before, the sphere design
will dictate that the moment of inertia about the z-axis be larger than the other two. Since
the sphere will not be aligned perfectly with the earth’s axis during the entire flight, axis
of rotation of the sphere must be calculated. The moment of inertia matrix was built
using matrix represented in (4.1). The eigenvalues of this matrix represents the principal
moments of inertias of the sphere, while the eigenvectors represents the direction of these
principal moments of inertias. The eigenvector associated with the principal moment of
inertia in the z-direction is the axis of rotation for the sphere during its flight.

⎡Ixx
⎢
I = ⎢Iyx
⎢⎣Izx

Ixy
Iyy
Izy
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Ixz ⎤
⎥
Iyz ⎥
Izz ⎥⎦

(4.1)

Acceleration Due to Atmospheric-induced Drag
The drag force equation (4.2) was used to calculate the atmospheric-induced drag
on the sphere in the principal directions. The drag force was calculated first and then
later rotated into the principal directions using a rotation matrix. Acceleration due to
atmospheric drag was acquired by dividing equation (4.2) by gravity and mass.

1
maD = ρv 2CD A
2
ρv 2CD A
aD =
2mg

(4.2)

All the values in equation (4.2) are known except for the coefficient of drag, CD.
The coefficient of drag on the sphere can be determined based on the Reynolds number.
The Reynolds number was determined using equation (4.3). The sphere was found to
have a Reynolds numbers ranging from 0.0291 to 90.20.

Re =

dvρ
µ

(4.3)

The coefficient of drag of a smooth sphere is represented as function of the
Reynolds in Figure 4.1. The coefficient of drag for a smooth sphere can be approximated
using a curve fit for Figure 4.1 for Reynolds numbers between 0 and 2 x 105. Using a
curve-fit formula, equation (4.4), coefficient of drag was approximated with an accuracy
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of ±10 percent [White, 1991]. Since equation (4.4) is only a curve fit, it may serve to be a
source of error in the calculation.

Figure 4.1: Coefficient of Drag as a function of Reynolds Number [Munson, 2006]

CD =

24
6
+
+ 0.4
Re 1+ Re

(4.4)

Figure 4.2 provides sample acceleration due to atmospheric drag profile between
the 90 km to 150 km. These profiles determine the approximate measuring range (10-7g
to 10-5g) of the accelerometers needed for the experiment.
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Figure 4.2: Horizontal Components of Acceleration Due to Atmospheric Drag

Neutral Winds
Since calculated acceleration due to atmospheric-induced drag mimics the data
obtained from the accelerometers in the sphere, it must first be rotated back in the earth
frame using the inverse of the rotation matrix. The known values are velocity in the zdirection and accelerations due to atmospheric-induced drag in all directions. To obtain
the neutral winds form the acceleration data, the drag force equation was solved for v
(4.5). Unfortunately, the coefficient of drag and neutral density are not known. Since
neither the neutral density nor the coefficient of drag is direction dependent, the product
of the two was solved using equation (4.6). The velocity and accelerations from the z-
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direction were used in equation (4.6). Taking the values from the product of neutral
density and coefficient of drag, neutral winds in both x-direction and y-directions were
calculated for the simulation.

v=

2maD g
ρC D A

ρCD =

2maD g
v2A

(4.5)

(4.6)

Neutral Density
Neutral density can easily be obtained by solving equation (4.3) for ρ. The only
unknown in that equation is the Reynolds number. The Reynolds number was obtained
by solving the cubic equation (4.7). A detailed solution is provided in Appendix B. All
three results from the cubic equation were tested and the solution that provided the
Reynolds number closest to the expected value was used in the neutral density
calculations.

The neutral density was then calculated using the Reynolds number

approximation and equation (4.8). The coefficient of drag for the sphere was then
calculated using the neutral density results as a bonus.

B
6
+
+ 0.4 = 0
Re 1+ Re
where,
2a dm
B = 24 − D
vµA
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(4.7)

ρ=

Re µ
vd

(4.8)

Uncertainty Analysis
To determine the total uncertainty in the neutral winds calculation, the uncertainty
from each variable was propagated in equation (4.5) using first-order Taylor series
analysis.

The uncertainty in the neutral winds (equation (4.5)) is a function of

acceleration of drag (aD), coefficient of drag (CD), and density (ρ). Therefore, the total
uncertainty in the neutral winds was calculated using equation (4.9). In equation (4.9) the
uncertainty in the density (Uρ), in the acceleration due to drag (UaD), and in the
coefficient of drag (UCD) was assumed to be ±5%, 2.5x10-9g (half of the resolution of the
accelerometers), and ±10%, respectively. The uncertainty analysis was conducted at a
95% confidence level, which is recommended by ASME (American Society of
Mechanical Engineers) [Dieck, 1999]. The overall total uncertainty in the neutral winds
was calculated to be approximately 10 m/s.
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2

2

Utotalv = ±t 95

⎞ ⎛ ∂v
⎞
⎛ ∂v ⎞ ⎛ ∂v
⎜⎝ ∂ρ U ρ ⎟⎠ + ⎜⎝ ∂a U aD ⎟⎠ + ⎜⎝ ∂C U CD ⎟⎠
D
D

2

where,

θρ =

∂v
=
∂ρ

− 2maD g
maD g 2
2
ρ CD A
ρC D A

θ aD =

∂v
=
∂aD

2mg
maD g
2
ρC A
ρC D A D

θ CD =

∂v
=
∂C D

− 2maD g
maD g
2
ρC 2 A
ρC D A D

(4.9)

The values of each pertinent parameter and each uncertainty as calculated from
equation (4.9) at altitude of 120 km are listed in Table 4.1.
Table 4.1: Uncertainties in Neutral Wind Calculation
Symbol
ρ
aD
CD
Utotalv

∂v
∂Xi

Discription

Units

Nominal
Value

Ui

Neutral
Density
Acceleration
due to Drag
Coefficient
of Drag
Total
Uncertainty

kg/m3

1.84x10-8

9.2x10-10

-1.396x109

1.64

g

2.44x10-7

2.5x10-9

-1.05x108

0.07

none

66

6.6

-0.39

6.63

m/s

θi =

(Uiθi)2

5.78

To determine the total uncertainty in the neutral density calculation, the
uncertainty from each variable was propagated in equation (4.8) using first-order Taylor
series analysis. In equation (4.10), the uncertainty in the Reynolds number (URe), in the
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viscosity (Uµ), and in the velocity (Uv) was assumed to be ±10 percent, ±5 percent, and
±5 percent, respectively. The uncertainty analysis was conducted at a 95% confidence
level and the total uncertainty in the neutral density was calculated to be approximately
4x10-8 kg/m3.

2

Utotalρ = ±t 95

2

⎛ ∂ρ
⎞ ⎛ ∂ρ ⎞ ⎛ ∂ρ ⎞
U RE ⎟ + ⎜ U µ ⎟ ⎜ U v ⎟
⎜⎝
⎠ ⎝ ∂µ ⎠ ⎝ ∂v ⎠
∂ Re

2

where,
∂ρ
µ
=
∂ Re vd
∂ρ Re
θµ =
=
∂µ vd
∂ρ
Re
θv =
=− 2
∂v
vd

θ Re =

(4.10)

The values of each pertinent parameter and each uncertainty as calculated from
equation (4.10) at altitude of 120 km are listed in Table 4.2.

Symbol
Re
µ
v
Utotalρ

Table 4.2: Uncertainties in Neutral Density Calculation
∂ρ
Nominal
θi =
Discription
Units
Ui
Value
∂Xi
Reynolds
None
0.39
0.039
4.77x10-8
Number
Viscosity
Ns/m2 1.22x10-5 6.1x10-7
0.0015
Velocity
m/s
839.25
41.96
-2.19x10-11
Total
kg/m3
4.53x10-9
Uncertainty
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(Uiθi)2
3.46x10-18
8.37x10-19
8.44x10-19

A Monte Carol simulation analysis was also done to determine the total
uncertainty in the neutral winds and density. A random number generator was used in
MatLab to introduce noise in the input data. Using that data, the neutral winds were
calculated from equation (4.5) with an uncertainty of approximately 9 m/s. The neutral
density was also calculated from the data (with noise) using equation (4.9) with an
uncertainty of approximately 9.3x10-9 kg/m3. The uncertainty in the neutral winds and
density were determined from standard deviation of the distributions after 50 runs. The
simulation was also carried out over 100 iterations that produced similar results. The
Monte Carol analysis was done at a 95% confidence level. The uncertainties obtained
from both analysis procedures produced similar results for both the neutral winds and
density.

Hence, overall uncertainty in the neutral winds was concluded to be

approximately 10 m/s and uncertainty in the density was concluded to be 4x10-8 kg/m3.
To determine the effects of GPS uncertainty on the density profile, the density is
approximated using equation (4.11) as function of height. The density in equation (4.11)
is approximated under the ideal gas law assumption.

The uncertainty in height is

propagated in equation (4.11) using the first-order Taylor series analysis. In equation
(4.12) GPS uncertainty (Uh) was assumed to be 50 m. The uncertainty in neutral density
profile due to GPS was then calculated to be approximately 5x10-9 kg/m3 using equation
(4.12).

ρ = ρe
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− gM (h − hb )
R* T

(4.11)

⎛ ∂ρ ⎞
Uρ = ⎜ Uh ⎟
⎝ ∂h ⎠

2

(4.12)

where,
− gMh

∂ρ
ρ gMe RT
=−
∂h
RT

The values of each pertinent parameter and uncertainty in height as calculated
from equation (4.12) at altitude of 120 km are listed in Table 4.3.

Table 4.3: Uncertainties in Neutral Density Calculations due to height
∂ρ
Nominal
θi =
Symbol
Discription
Units
Ui
(Uiθi)2
Value
∂Xi
Neutral
ρ
kg/m3
1.84x10-8
0
0
0
Density
g

Gravity

m/s2

9.81

0

0

0

M

Molar Mass
Universal
Gas Constant
Standard
Temperature
Hieght above
sea level
Total
Uncertainty

kg/mol

0.0289

0

0

0

Nm/molK

8.314

0

0

0

K

214

0

0

0

km

120

50

-2.88x10-12

2.07x10-20

R
T
h
Utotalρ

kg/m3

1.43x10-10
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Chapter 5
Results

Neutral Winds
Neutral winds calculated using the simulated data are presented in Figure 5.1 for
both x-direction and y-direction. The neutral winds are plotted along the x-axis while the
altitude is plotted along the y-axis. This is a common practice to present neutral winds in
atmospheric physics making it easier to visualize the profile change with altitude. Figure
5.1 shows results of the winds with and without the noise being included in the
calculation. As stated before, the noise was added to the data with the use of a random
number generator in MatLab. An offset of 1km was to be introduced in the results for the
winds with noise so that they can easily be distinguished from the results without noise.
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Figure 5.1: Neutral Winds with and without noise (Curves are offset by 1 km)

Reynolds Number
As stated earlier in Chapter 4, the Reynolds number is calculated using the
solution to the cubic equation (4.7). The Reynolds number is presented in Figure 5.2 as a
function of the altitude, similar to the neutral winds profile. Again, a 1 km offset was
introduced for results with noise for comparison purposes.

There seems be more

variation at higher altitudes (above 130 km) when noise is introduced. The variation may
be caused directly by the sensitivity of the cubic equation solution.
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Figure 5.2: Reynolds Number with and without noise (Curves are offset by 1 km)

Neutral Density
The neutral density was obtained form the Reynolds number as stated in Chapter
4. The results are presented in Figure 5.3 with 1 km offset as a function of altitude,
similar to the neutral winds and Reynolds number profile. Since the neutral density is
directly calculated from the Reynolds number, the similar variations are observed in the
density profile with the presence of noise in the data.
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Figure 5.3: Neutral Density with and without noise (Curves are offset by 1 km)

Coefficient of Drag
The coefficient of drag for the sphere was obtained as a bonus from the Reynolds
number. As seen in Figure 5.4, at higher altitude, the results for the coefficient of drag
with the noise in the data is noticeably different than the ones without noise. This may be
the direct result of the variation in the Reynolds number and neutral density. The
magnitude of the variation is higher in coefficient of the drag curve because the Reynolds
number and coefficient of drag have a cubic relationship represented by equation (4.4).
The variation may also be caused by the limitation of the curve-fit equation for
coefficient of drag and sensitivity of the equation to noise.
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Figure 5.4: Coefficient of Drag with and without noise (no offset)
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Chapter 6
Comparison and Discussion

Overview
The results calculated from the simulated data were compared to better evaluate
their accuracy. The neutral wind results are compared with the input neutral winds that
were originally used. The uncertainty in the calculated results was determined to be
approximately 10 m/s (Chapter 4) for the horizontal wind profiles, which is similar to the
uncertainty from the TMA technique (~10 m/s) and higher than Philbrick sphere
technique (~5 m/s). Although the uncertainty in the proposed sphere technique is similar
to the TMA technique, the proposed sphere technique is more useful. As stated earlier,
the proposed sphere technique can provide neutral density and neutral temperature, while
the TMA technique provides neither. The calculated neutral density profile is compared
with the MSIS profile. The uncertainty in the calculated density profile (~4x10-8 kg/m3
(Chapter 4)) is higher compared to Philbrick sphere technique (~1x10-9 kg/m3).

Even

though the uncertainty in the proposed sphere technique is higher than the Philbrick
sphere technique, the proposed sphere technique is more useful because it provides
measurements at higher altitudes and the magnitude of the uncertainty increase is not
significant.
The results of the Reynolds number calculated from the solution to the cubic
equation (4.7) are compared with the Reynolds number originally calculated from the
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input data. The results from the simulated coefficient of drag solution are compared with
the coefficient of drag that was calculated from the known values. All the result profiles
are function of altitude and are offset to make the comparison easier. The results for the
simulated data without noise are offset by 1 km, while the results with noise are offset by
2 km except for the coefficient of drag (no offset). The error in the neutral winds and
densities could be attributed to the solution for the cubic equation (4.7) and the accuracy
of the coefficient of drag equation (4.4) when noise is present in the data.
The carried out numerical data simulation provides an interesting conclusion
when the results are compared.

Using known data, acceleration due to drag was

calculated and then assumes to have been measured by the onboard accelerometers on the
sphere. Using this acceleration data wind and density profiles were calculated. The
calculated results were similar to the known data with uncertainties that was concluded to
be low implying that the system of equations used in the analysis provide a closed
solution both in the forward and reverse direction. It also implies that the systems of
equations are not overly sensitive to noise.

Neutral Winds Comparison
One of the main goals of using the falling sphere technique is to acquire the
neutral winds in both x-direction and y-direction accurately. Accuracy of the proposed
analysis technique is defined by, being able to calculate the neutral winds that were
originally used as input data in the simulation with minimal error. Figure 6.1 shows a
direct comparison between the calculated and actual neutral winds results. The results
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shown in Figure 6.1 are similar between the 85 km to 135 km range. At higher altitudes
(above 135 km) the neutral winds calculated with noise data show a small amount of
fluctuation.

The same feature is observed at lower altitudes (below 95 km).

The

fluctuations are present in both neutral winds (x and y) and maybe caused by the random
number generator. The results for neutral winds obtained using the simulation were
similar to the actual neutral winds and are concluded to be accurate.

Figure 6.1: Neutral Winds Comparison [Curves are offset by 1 km (green) and 2 km
(red)]
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Reynolds Number Comparison
The Reynolds number solution must be as accurate as possible, since neutral
density profile and coefficient of drag are calculated from this solution. Figure 6.2 shows
a direct comparison between the three results. Reynolds numbers obtained using the
simulated data provide a solution that similar to the actual Reynolds numbers. Similar
profile of the three curves suggests that the Reynolds numbers obtained from the
simulated data are similar to the Reynolds numbers calculated from the original input
data. Therefore, the results are concluded to be accurate when using the solution to the
cubic equation (4.7).

Figure 6.2: Reynolds Number Comparison [Curves are offset by 1 km (green) and 2 km
(red)]
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Neutral Density
Accurately obtaining neutral density of the atmosphere is another goal of the
falling sphere technique. The results attained using the simulated data are compared with
the MSIS density data, which was originally used as input. This direct comparison
between MSIS density and calculated density is shown in Figure 6.3. As discussed in
Chapter 5, the curve with the noise data varies more from the MSIS than the curve
without noise. Overall, the profiles of the three curves agree meaning the simulation was
able to obtain the neutral density accurately with and with out the presence of noise.

Figure 6.3: Neutral Density Comparison [Curves are offset by 1 km (green) and 2 km
(red)]
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Coefficient of Drag
Figure 6.4 shows a direct comparison between the coefficient of drag calculated
from simulation results and coefficient of drag calculated from actual data. The actual
results and simulation results without noise produce a similar profile for the coefficient of
drag. The simulation results are quite different at higher altitude when noise is presented
in the data. As stated in Chapter 5, this may be directly due to the variation of the
Reynolds number at higher altitude when noise is presented in the data. The magnitude
of the variation of the Reynolds number at higher altitude may just be amplified in the
coefficient of drag. Another source of error could be the sensitivity of the curve-fit
equation to noise. Although, obtaining the coefficient of drag from this technique would
serve to be useful, but it is not necessary to achieve the overall goal. The coefficient of
drag does not need to be directly calculated to obtain the neutral winds or neutral density.
The errors in the calculated coefficient of drag do not produce any significant errors in
obtaining the neutral winds or neutral density.
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Figure 6.4: Coefficient of Drag Comparison [Curves are offset by 1 km (green) and no
offset (red)]

Future Work
To test the falling sphere assembly there is a test flight scheduled for summer of
2009. The ejection system needs to be finalized and tested on the ground before the test
flight.

The electronic components for the data acquisition system also need to be

finalized before the sphere can be assembled for the test flight. The calculated neutral
wind profiles and neutral density profiles obtained from the test flight data can be
compared to previously accepted profiles. The test flight will provide an evaluation of
the sphere design, and the sphere design will be improved if necessary for future
missions. Using the test flight data, the accelerometer will also need to be calibrated for

59

future experiments. Another test will also be used in the future to conduct a direct
comparison between TMA technique and falling sphere technique.

Two sounding

rockets will be used for this test: one carrying TMA in its payload and the other carrying
the sphere assembly. The TMA measurement comparison with the sphere will be a little
different due to the nature of the two measurement techniques.

The TMA wind

measurement technique obtains wind profiles typically over five or ten minute period,
while sphere measures the winds instantaneously. The magnitude of the winds may vary
but the overall structure of the profile should be similar.

Final Thoughts
Using the falling sphere technique to acquire neutral winds and neutral density
has been proven to be effective in the mesosphere by Philbrick.

The simulation

developed in this thesis applies the same theories in the MLT region that were previously
used in the mesosphere. The proposed falling sphere technique was determined to be
effective, when using simulated data to accurately obtain the neutral winds and neutral
densities. This thesis also provides a good estimation of the stability of the sphere with
the use of Euler’s equation of rigid body motion. Using data from real test flights, the
proposed falling sphere design and calculation techniques can be modified to improve the
accuracy of the results.
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Appendices
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Appendix A Sphere Stability
Euler’s Equation and Angular Velocity
Euler’s equations are obtained from the rotation equation using angular moment
and it’s time derivative. The angular momentum, H, of the sphere about its center of
.

mass is shown in equation (1). The H in equation (2) represents the time derivative of
.

angular momentum as viewed from the rotating frame. The ω in equation (2) is the time
derivative of the angular velocity vector, ω. The rigid body rotation equations have the
vector form shown in equation (3). After putting equations (1) and (2) into equation (3)
and simplifying, Euler’s equations are obtained.

H = Ixxω x i + Iyyω y j + Izzω z k
.

.

.

.

H = Ixx ω x i + Iyy ω y j + Izz ω z k
.

H+ ω × H = M

(1)
(2)
(3)

The moments used in equation (3) are from the atmospheric-induced drag force.
Since the drag force will be distributed along the entire surface of the sphere, summing
the moment around the entire radius approximates the total moment applied to the sphere.
Figure A-1 represents the distributed drag force along the surface of the sphere.
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R4
Atmospheric
Induced Drag Force

R3

R2
R1
Figure A-1: Distributed Atmospheric-induced Drag Force

Precession and Nutation
The precession and nutation rates on the sphere were calculated by determining
the angular momentum of the sphere and also its time derivative as viewed from the fixed
frame on the earth. The angular momentum is represented in equation (1). To calculate
the time derivative of angular momentum, the angular velocity vector in the earth frame
is needed, which is shown in equation (4). Using equations (1) and (4), time derivative of
angular momentum rate can be calculated using equation (5).

.

.

.

ω = θ i + φ sin θj + φ cos θk
.

.

H = I • ω+ ω × I • ω

(4)
(5)

The ϕ used in equation (4) represents the angle of rotation about the z-axis fixed
to the earth frame (Z). The θ used in equation (4) represents the angle of rotation about
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the same z-axis and Ω is the spin rate of the sphere, which is constant. Once the math is
carried out in equation (5), it is simplified and divided into three components as shown in
equation (6). The x-direction component from equation (6) is set equation to the moment
that is being applied by the drag in the x-direction. Same thing is done with the y..

..

..

direction component from equation (6). Solving for θ and φ we get (7), where θ is time
..

derivative of the nutation rate and φ is the time derivative of the precession rate.
Equations in (7) are second order ODE, which were solved using MatLab to obtain
nutation rate, nutation angle, precession rate, and precession angle.

.

. 2

..

.

..

. .

.

.

H = (Ixx θ − Iyy φ sin θ cosθ + IzzΩ φ sin θ )i + (Iyy φ sin θ + 2Ixx φ θ cos θ − IzzΩθ ) j + Izz Ω k (6)
.

. .

My
I Ωθ 2Iyy φ θ cos θ
φ = zz
−
+
Ixx sin θ
Ixx sin θ
Ixx sin θ
..

. 2

..

θ=

.

Iyy φ sin θ cos θ Izz φ sin θ M x
−
+
Ix x
Ixz
Ixx
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(7)

Appendix B Reynolds Number Approximation
Reynolds Number
The Reynolds number is essential in determining the neutral density. Neutral
density as function of Reynolds number is shown in (8).

ρ=

Re µ
vd

(8)

Using (8) in drag force equation (9) is obtained.

maD =

Re µvCD A
d

(9)

Solving (9) for coefficient of drag (10) is obtained, which represented coefficient
of drag as a function of Reynolds number.

CD =

maD d
Re µvA

(10)

(4.4) is also an approximation of coefficient of drag as a function of the Reynolds
number. Setting (4.4) and (10) equal, (11) is obtained. (11) is a cubic equation and can
be solved using the roots of a cubic equation solution.
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B
6
+
+ 0.4 = 0
Re 1+ Re
where,
2a dm
B = 24 − D
vµA
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(11)

Appendix C Terminology
aD = Acceleration due to induced drag
A = Cross sectional area of the sphere
CD = Coefficient of Drag
d = Diameter of the sphere
g = Gravity
m = Mass of the sphere assembly
µ = Viscosity
ρ = Neutral density
U = Uncertainty
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