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[bookmark: _Toc286977336][bookmark: _Toc289793646]1.0 Document Purpose

	This document describes the design for the PHAT-TACO: Pressure, Humidity, and Temperature tests and Camera Observations experiment by Team Philosohook for the LaACES Program.  It fulfills part of the LaACES Project requirements for the Critical Design Review (CDR) to be held March 29, 2011.

[bookmark: _Toc286977337][bookmark: _Toc289793647]1.1 Document Scope

	This CDR document specifies the scientific purpose and requirements for the video, temperature, pressure, and humidity experiment and provides a guideline for the development, operation and cost of this payload under the LaACES Project.  The document includes details of the payload design, fabrication, integration, testing, flight operation, and data analysis.  In addition, project management, timelines, work breakdown, expenditures and risk management are discussed.  Finally, the designs and plans presented here are preliminary and will be finalized at the time of the Critical Design Review (CDR).

[bookmark: _Toc286977338][bookmark: _Toc289793648]1.2 Change Control and Update Procedure

	Changes to this CDR document shall only be made after approval by designated representatives from Team Philosohook and the LaACES Institution Representative.  Document change requests should be sent to Team members and the LaACES Institution Representative and the LaACES Project.
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[bookmark: _Toc289793650]3.0 Goals, Objectives, Requirements

[bookmark: _Toc286977340][bookmark: _Toc289793651]3.1 Mission Goal

	To study the layers of the atmosphere using an instrumented sounding balloon flown in East Texas during May and to analyze the balloon and the environment surrounding the payload in order to study the relationship between the temperature and humidity profiles acquired during flight.

[bookmark: _Toc286977341][bookmark: _Toc289793652]3.2 Objectives

	The overall objective is to measure and record humidity, pressure, and internal and external temperature on a sounding balloon flight while taking video of the flight.

[bookmark: _Toc286977342][bookmark: _Toc289793653]3.2.1 Science Objectives

· Determine at what altitude the Tropopause is located
· Characterize temperature, pressure, and humidity in layers
· Determine if the payload passes through clouds
· Determine balloon diameter as a function of altitude 

[bookmark: _Toc286977343][bookmark: _Toc289793654]3.2.2 Technical Objectives

· Build a working payload that can withstand conditions of a balloon flight
· Record temperature, pressure, and relative humidity for the duration of flight
· Determine at what altitude the payload enters and exits clouds
· Determine the radius of the balloon at several altitudes
· Document the PHAT-TACO experiment

[bookmark: _Toc286977344][bookmark: _Toc289793655]3.3 Science Background and Requirements

[bookmark: _Toc286977345][bookmark: _Toc289793656]3.3.1 Science Background

[bookmark: _Toc289793657]3.3.1.1 Temperature, Pressure, and Humidity of the Atmosphere

The atmosphere of the Earth consists of four layers (Troposphere, Stratosphere, Mesosphere, and Thermosphere) and four transition layers (Tropopause, Stratopause, Mesopause, Thermopause), determined by a combination of temperature change, chemical composition, and density.  Figure 3-1 shows the layers of the atmosphere.

[image: ]The Troposphere starts at the Earth’s surface and extends upward 15 kilometers, making it the lowest layer of the atmosphere. This layer contains most of the gas in the atmosphere making it the densest layer.  The temperature starts at an average of 17°C on the surface and decreases to -52°C at the Tropopause, the boundary that separates the Troposphere from the layer above [3]. The height of the Tropopause varies depending on the latitude, season and time of day. The Tropopause is approximately 20 km above sea level near the equator [4]. The combination of Troposphere and Tropopause is called the lower atmosphere [3].
Figure 3-1 Temperature, pressure, and humidity as a function of altitude [28]

The Stratosphere, the second layer of the atmosphere, ranges from 15 to 50 kilometers. Because of higher altitude, the Stratosphere contains less humidity and has a lower pressure than the Troposphere. The temperature of the Stratosphere increases from -52° to -3° C, starting at the Tropopause and ending at the Stratopause, due to the presence of the ozone layer, made from a special form of oxygen called ozone. The ozone layer absorbs the ultraviolet radiation from the sun and causes an increase in temperature [4].

National Oceanic and Atmospheric Administration (NOAA), National Aeronautics and Space Administration (NASA), and the United States Air Force (USAF) developed the “US Standard Atmosphere” in 1976.  Using only the ideal gas law and the hydrostatic equilibrium law, they produced a mathematical model of the atmosphere.  This model is “a hypothetical vertical distribution of atmospheric temperature, pressure, and density…representative of year-round mid-latitude conditions” [1].  Using this model and prior studies of the atmosphere, we can predict the range and precision of measurements that we must take.

The US Standard Atmosphere predicts that the Tropopause should be between 11 and 20 km, however this is only an approximation and the actual location of the Tropopause changes by season and latitude. More accurately, the US Standard Atmosphere defines layers by the rate of change of temperature with altitude, or lapse rate.  The lapse rate is -6.5 °C/km in the Troposphere, 0.0 °C/km in the Tropopause and 1.0 °C/km in the lower Stratosphere. We can determine which layer of the atmosphere we are in by measuring lapse rate and comparing the expected value to the lapse rate value predicted by the US Standard Atmosphere.  


Figure 3-2: Temperature (A), pressure (B), and humidity (C) as a function of altitude from NOAA
data taken on May 23, 2010 from Fort Worth, Texas [2]

There are several trends present in the temperature profile of the NOAA data in Figure 3-2A.  In the first section, between 0 and 16 km, lies the Troposphere, where the temperature decreases linearly.  In the second section, between 16 and 18 km, lies the Tropopause, where the temperature does not change.  In the next layer, between 18 and 32 km, lies the lower Stratosphere, where the temperature increases linearly. Based on U.S. Standard Atmosphere,we expect the absolute maximum temperature range to be between 45 and -86 ºC, but a more reasonable range based on prior data, as shown in Figure 3-2A, and the summer launch date would be between 30 and -70 °C [1, 2].  

The US Standard Atmosphere models the pressure as a function of altitude from sea level to the Stratosphere [1, 5].  Because temperature does not change in the Tropopause, the US Standard Atmosphere uses three equations, one for each layer of the atmosphere. In Figure 3-2B, the NOAA data matches the expected values for pressure.  The relative error averages 4% but increases in the Troposphere.  The pressure ranges from 1 to 0.008 atm.  To measure any deviations from the US Standard Atmosphere in the pressure profile, the uncertainty of the pressure must be ±0.004 atm.

	In calculating the parameters in the standard atmosphere, the model assumes the air is completely dry, with 0% relative humidity[1].  Water vapor weighs less than the average air molecule.  When the air is humid, its molecular weight decreases.  The US Standard Atmosphere considered molecular weight to be a constant up to 84 km.  Since humidity is not constant with altitude, it is important to study and characterize this property and how it influences the temperature and pressure of the atmosphere [6].

The humidity of the atmosphere does not have a standard profile.  The NOAA data in Figure 3-2C shows the various features of the profile of humidity versus altitude.  The data ranged from 100 to 8 percent relative humidity (%rel). In order to properly characterize atmospheric humidity, we must take data that shows all of the changes in the profile.  

As shown in Figure 3-2C, humidity changes the most drastically in the first 10 km.  The change in humidity peaks at 42 percent per kilometer.  Since we do not understand the causes of the features in the humidity profile, we must take accurate humidity data with a high temporal resolution, especially at the beginning of the flight.  From sea level to 11 km, data must be taken at least 30 times per kilometer or 10 times per minute assuming a 1,000 feet per minute ascent rate.  Above 11 km, we do not need to take data at such a high frequency, because the rate of change in the humidity decreases.  To simplify the software, we will only use one data acquisition rate, which will be one data point every six seconds for all sensors.
[bookmark: _Toc289793658]3.3.1.2 Clouds	 

Almost all clouds form in the Troposphere. Different cloud types form at different altitudes because of the varying density and temperature of the Troposphere. Clouds found near the surface (0 to 2 kilometers) include Cumulus and Cumulonimbus and are characterized by higher humidity. Clouds found higher up (2 to 7 kilometers) include Altostratus and Altocumulus. The third and highest (5 to 13 kilometers) cloud forms include Cirrus clouds [7].
	 
There are two major types of clouds. The first type, clouds of vertical development, form because of the condensation of rising air. The second type, clouds that are layered, form because of the condensation of non-rising air [8]. 

	Due to cloud composition, if our payload passes through a low cloud we expect the humidity to increase drastically but the temperature to remain relatively the same. However, if it passes through a high cloud, we expect the humidity to be mostly unaffected and the temperature to drop because of the surrounding ice crystals.

[bookmark: _Toc289793659]3.3.1.3 Balloon Expansion

	The entire ACES program hinges on the performance of a simple sounding balloon.  The hopes and dreams of every ACES participant hinges on the lift from this balloon.  Therefore, it is important to characterize the performance of the balloon. 

 [image: ACES16_Flight_Profile]
Figure 3-3: Ascent curve from ACES-16

	Figure 3-3 shows the ascent curve of ACES-16.  The ascent rate is supposed to be a constant, yet the ascent profile shows a change in ascent rate at an altitude of 40,000 feet.

	We will use a Kaymont 3000 gm sounding balloon for lift.  This balloon has a bursting radius of 13.00 meters at 37.9 km (124,000 ft) and 0.0037 atm [13].  Kaymont balloons are designed to keep a “spherical shape…[and] consistent ascent rates under all conditions” [14].

	When the balloon reaches constant velocity, all the forces acting on the balloon are equal.  By setting the buoyant force of the balloon equal to the drag force and the weight, we can derive a relationship between expected radius and altitude (full derivation is in the appendix).
[image: ]


Figure 3-4: Balloon Radius vs Altitude

	In this equation, DAir is the density of air in kg/m3, g is gravitational acceleration in m/s2, C is the weight of the balloon, payloads and Helium in newtons, and S is the speed of the balloon in m/s.  The density of air can be estimated from the US Standard Atmosphere model, radius of the balloon will be measured from the video, the weight of the balloon, payloads and Helium should be known before launch, g is 9.81m/s2, k is a geometrical factor which is between 0.07 and 0.5 for spheres [15], and the speed can be calculated from GPS data.  The radius and density of air should be the only factors that change with height. Figure 3-4 shows the expected radius as a function of altitude using 0.5 for k.  

[bookmark: _Toc286977346][bookmark: _Toc289793660]3.3.2 Science Requirements 

· We shall measure temperature, pressure, and humidity of the atmosphere every six seconds and record a timestamp for each of these measurements
· We shall calculate altitude using a timestamp from each data point and GPS data from the flight
· We shall identify layers of atmosphere using temperature lapse rate measurements
· We shall compare measured pressure with expected pressure of the US Standard Atmosphere
· We shall characterize features in the humidity profile 
· We shall identify if the payload passes through a cloud and when it exits a cloud
· We shall measure radius of the balloon as a function of altitude and compare our measurements to the theoretical relationship discussed in the science background
· We shall determine any effects of passing through a cloud on temperature, pressure, and humidity readings
· We shall calculate altitude during the video using timestamps of the video recorder

[bookmark: _Toc286977347][bookmark: _Toc289793661]3.4 Technical Background and Requirements 

[bookmark: _Toc286977348][bookmark: _Toc289793662]3.4.1 Technical Background

[bookmark: _Toc289793663]3.4.1.1 Background on different sensors

To study the atmospheric layers the payload needs to be able to measure the various atmospheric conditions.  Each characteristic: temperature, pressure, and humidity, requires a specific sensor, which will be chosen based on accuracy of measurements, expected range during flight, and cost.

	Temperature sensors fall into two categories: contact sensors and non-contact sensors.  Contact sensors work by measuring the difference of temperature between itself and its surroundings. There are different types of contact sensors, thermocouples, resistant temperature detectors (RTDs), and thermistors.  Thermocouples work based on the Seebeck effect, the conversion of temperature differences into voltages.  Thermocouples do not need batteries and can measure a wide range of temperatures.  RTDs work by measuring the resistance increase with temperature.  RTDs are the most accurate temperature sensors and they are easy to recalibrate, but they have a smaller range than thermocouples, are more expensive, and are not very sturdy.  Thermistors work the same way as RTDs but are made of different materials.  RTDs are usually made of pure metals and thermistors are made of a ceramic or polymer.  Thermistors have a smaller range than RTDs but are extremely accurate.  Non-contact sensors measure the thermal radiant power of the infrared or optical radiation that they receive from a target’s surface. Non-contact sensors cannot detect the temperature of a gas therefore; sensors would not be useful in studying the atmosphere [9].

	Pressure sensors function by using different mechanical elements that designed to deflect when pressure acts on the system. An electrical output can be obtained by measuring the deflection and transducing the measurement to an electrical quantity. There are several types of pressure sensors: potentiometric sensors, inductive sensors, capacitive sensors, piezoelectric sensors, and strain gauge sensors. Potentiometric sensors will sense the pressure using a Bourdon tube, capsule, or bellow, and the pressure applied will change the resistance.  In short, is a potentiometer that changes due to the pressure.  These sensors are low cost, but have high repeatability errors. Inductive sensors measure movement of a diaphragm by changes in inductance. Capacitive sensors use a variable capacitor to measure the pressure. One plate of the capacitor is a diaphragm and the other plate of the capacitor is stationary. When pressure is applied, the diaphragm deflects which changes the distance between the two plates causing the capacitance to change. Piezoelectric elements consist of metalized quartz or ceramic material. These elements convert stress into an electric potential. These sensors only provide output when the input is changing so they only measure varying pressures.  Strain gauge sensors use a metal diaphragm with strain gauges attached to it.  The most common type of these sensors is piezoresistive integrated semiconductors.  These sensors incorporate four piezoresistors arranged in a Wheatstone Bridge.  When stress is applied, the resistance changes and the pressure relates to the difference in the output voltages of the bridge.  Temperature affects the output of these sensors [10].

There are three types of humidity sensing technologies: capacitive, resistive, and thermal conductive. Capacitive sensors consist of a substrate, usually glass, ceramic, or silicon. These Sensors constructed by placing a thin film of metal oxide or polymer between two conductive electrodes on the substrate.  The sensor has coating to protect the circuitry from humidity and contamination.  These sensors have a capacitive output that changes linearly with the relative humidity.  These sensors can function in high temperature and can fully recover from condensation.  Resistive humidity sensors measure humidity by using the change in impedance across a hygroscopic medium.  Hygroscopy is the ability of a substance to attract water molecules from the surrounding environment.  The change in impedance relates to the relative humidity in an inverse and exponential relationship.  These sensors operate in temperatures ranging from -40 to 100 °C.  Thermal conductive humidity sensors measure the absolute humidity by using the difference of the thermal conductivity of dry air and of air containing water vapor.  These circuits operate in temperatures up to 300 °C but the temperature affects the output voltage [11].

High Definition (HD) video comes in two different resolutions, 720p at 1280x720 pixels and 1080p at 1920x1080 pixels.  The 720p resolution uses 2-3 MB/s and the 1080p resolution uses 5-6 MB/s.  The data rate varies because video cameras use a compression algorithm that changes storage based on what one is recording.

The video camera point upwards so that we can see when our payload moves into and out of clouds in addition to determining the balloon radius. Knowing the distance from the camera to the balloon, the size of the balloon will be determined by counting the number of pixels contained in the balloon’s diameter.  Calibration data will provide a conversion from pixels into meters.  We will use screenshots from the video at several heights and create a graph of radius vs. height.  While the balloon is passing through a cloud, the balloon will most likely become obscured.  Since we do not need the balloon’s radius at every frame, the clouds will not interfere with our data.

[bookmark: _Toc289793664]3.4.1.2 Payload Placement

	If the fully inflated balloon took up the full width of the image (1280 pixels), the angular resolution would give us 1300cm/1280px = 1.02 cm/pixel.  At launch, the balloon will be near 200 cm, which will take up about 196 pixels.  
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Figure 3-5: Three potential camera positions for viewing the balloon

	The position of the camera is critical.  The camera must be far enough away to accurately measure the size of the balloon. If the camera is too close, the apparent size of the balloon is not correct as described graphically in Figure 3-5.  Camera A is too close to the balloon because the apparent radius (dashed red line) is much smaller than the actual radius (dashed black line).  As cameras B and C show, the farther away the camera, the closer the measured radius will be to the actual radius of the balloon.  There is a trigonometric relationship between camera distance and apparent radius.
[image: ]
	R is the actual radius of the balloon (black dashed line), θ is the viewing angle (black arc), r is the apparent radius measured by the camera (dashed lines), L is the distance from the edge of the balloon to the camera, and Rmeas is the final radius after taking into account the geometry of the balloon

	The payload directly above the Philosohook payload will be obstructing part of the view.  The angle blocked by a 17 cm square payload would be given by the following formula:

θb = arctan(8.5/Lp)

θb is the angle blocked in one dimension and Lp is the distance to the next payload in cm.  A distance of 50 cm will block 10 degrees, 75 cm will block 6 degrees, and 100 cm will block 5 degrees.  Optimal placement will be determined on the day of the launch.

[bookmark: _Toc289793665]3.4.1.3 Precision of measurements

The correlation coefficient of two sets of data is indicative of how well one parameter influences the other.  The percentage of correlation is found by squaring the correlation coefficient and multiplying by 100.  A correlation of 80 percent is very strongly correlated, while 25 percent is a very poor correlation.  In the NOAA data discussed previously, between 0 and 6 km, the temperature and humidity have a correlation of 80 percent, which is a very strong correlation.  The purpose of measuring humidity is to see its effects on other properties.  By assuming that our errors will follow a Gaussian distribution, we can add “fake” errors to the data with a set uncertainty [16].  After adding in these errors we measure the correlation again.  If there is still a correlation, then our data can have that much uncertainty and still be able to measure this correlation.  
	
	 
	Temperature Uncertainty in C

	 
	 
	0.1
	0.3
	0.6
	0.9
	1.2
	1.5
	2
	2.5
	3
	4

	Humidity
Uncertainty in % rel
	0.5
	80
	78
	76
	72
	67
	62
	52
	43
	35
	23

	
	1
	80
	78
	76
	72
	67
	62
	52
	44
	35
	23

	
	2
	80
	78
	76
	72
	67
	62
	53
	44
	36
	23

	
	3
	79
	78
	75
	71
	67
	62
	53
	44
	36
	23

	
	4
	79
	78
	74
	71
	67
	61
	52
	43
	36
	23

	
	5
	78
	77
	74
	71
	66
	61
	52
	43
	35
	23

	
	6
	77
	76
	73
	70
	65
	60
	52
	43
	35
	23

	
	7
	76
	75
	72
	69
	65
	60
	51
	42
	35
	23

	
	8
	74
	74
	71
	68
	64
	59
	50
	42
	34
	22

	
	9
	73
	72
	70
	67
	62
	58
	49
	41
	34
	22


Table 3-1: Correlation between temperature error and humidity between 0 and 6 km from NOAA data taken on May 23, 2010 from Fort Worth, Texas [2]

Table 3-1 shows how Gaussian uncertainties influence the correlation between temperature and humidity.  The green shading with bold numbers is between 100 and 75 percent correlated, the yellow shading with italicized numbers is between 74 and 60 percent, and the red shading with underlined text and dotted background are below 59 percent correlated.  The optimal uncertainties would be ±0.6 °C for temperature and ±3 %rel for humidity.

[bookmark: _Toc286977349][bookmark: _Toc289793666]3.4.2 Technical Requirements

· The payload’s cost shall not exceed $500
· The payload’s mass shall not be greater than 500 g
· The payload shall be able to be attached to the weather balloon using strings 17 cm apart
· The payload shall have a temperature sensor to measure temperatures between 30 and -70 °C on the outer side of the payload with an uncertainty of ± 0.6 ºC
· The payload shall have a temperature sensor to measure temperatures between 30 and -70 °C on the inside of the payload with an uncertainty of ± 0.6 ºC
· The payload shall have a pressure sensor to measure pressures between 1 and 0.008 atm with an uncertainty of ± 0.004 atm
· The payload shall have a humidity sensor to measure humidity between 100 and 0 %rel with an uncertainty of ± 3%rel
· The sensors on the payload shall take readings once every 6 seconds
· The payload shall provide power to the electrical components
· A conditioning circuit shall be used to condition the signals received from the sensors into signals that are readable by the Analog to Digital Convertor (ADC)
· The payload shall survive liftoff, turbulence of flight, and landing
· We shall work with LaACES management and place our payload in an optimal position to view the balloon
· Achieve FRR, and final payload on time as specified by LaACES management

[bookmark: _Toc286977350][bookmark: _Toc289793667]4.0 Payload Design

	The payload and its components must be able to withstand flight up to an altitude of 100,000 feet, including the ability to withstand and function at temperatures between -70 and 30 °C and pressures between 0.008 and 1 atm. The electronic components of the payload will reside inside of a box made out of pink insulation foam, which is then wrapped in aluminized Mylar to protect the components from extreme temperatures. All of the components and the foam box will weigh less than 500 grams. The payload will attach to the balloon by two holes drilled into the side 17 cm apart.

[bookmark: _Toc286977351][bookmark: _Toc289793668]4.1 Principle of Operation

	The payload will measure internal and external temperature, internal pressure, and external humidity as well as provide video of the flight. All of these sensors connect to their own power source and the BalloonSat for data acquisition with wires for both the external temperature and humidity sensors to reach the outside of the payload. The camera will have its own power source and memory space. The camera and internal temperature and pressure sensors will reside on the inside of the payload. 
[bookmark: _Toc286977352]


[bookmark: _Toc289793669]4.2 System Design

[image: ]

Figure 4-1: High level system design
[bookmark: _Toc286977353]
[bookmark: _Toc289793670]4.2.1 Functional Groups

	Our system contains several different major components. One of the main components is the control system. The BalloonSat serves as an attachment unit, to which the rest of the devices will connect. It controls, reads, and stores the data from the sensors. In order to send commands to all the sensors, all programs written into the Basic Stamp. The EEPROM will record all data, except for video, which has its own internal memory. Detector systems will contain all of our sensors. Power source 1 will power the control system and sensors while power source 2 will power the camera. The In-Flight Data Storage system will store the data during the flight. The post-flight data system will store and analyze the data after the flight. Figure 4-1 shows how each of the systems are connected.

[bookmark: _Toc286977354][bookmark: _Toc289793671]4.2.2 Group Interfaces

	The connections between the payload systems depend on which systems are communicating. The control system receives a 12V input from Power Supply 1; in addition, it receives data from the sensor system. The control system also sends data and a 5V output voltage to the In-Flight Data Storage System. The camera will connect to Power Supply 2 because it draws far more current than the rest of the components, which provides 7V.

[bookmark: _Toc286977355][bookmark: _Toc289793672]4.2.3 Traceability

	Mission Goal: 
To study the layers of the atmosphere using an instrumented sounding balloon flown in East Texas during May and to analyze the balloon and the environment surrounding the payload in order to study the relationship between the temperature and humidity profiles acquired during flight.

	Objective
	Requirement 
	Design Element

	Determine at what altitude the Tropopause is located

	- We shall calculate altitude using a timestamp from each data point and GPS data from the flight
- We shall identify layers of atmosphere using temperature lapse rate measurements
- We shall calculate altitude during the video using timestamps of the video recorder
	EEPROM, Real time clock,
Temperature sensor

	Characterize temperature, pressure, and humidity in layers

	- We shall compare measured pressure with expected pressure of the US Standard Atmosphere
-We shall measure temperature, pressure, and humidity of the atmosphere every six seconds and record a timestamp for each of these measurements
	Temperature, pressure, and humidity sensor

	Use sensor data to determine if the payload passes through clouds
	- We shall characterize features in the humidity profile 
- We shall identify if the payload passes through a cloud

	Camera, temperature and humidity sensors

	
	
	

	
	
	

	
	
	

	Determine balloon diameter as a function of altitude
	- We shall measure radius of the balloon as a function of altitude and compare our measurements to the theoretical relationship discussed in the science background
- We shall determine any effects of passing through a cloud on temperature, pressure, and humidity readings
	Camera

	Build a working payload that can withstand conditions of a balloon flight

	- The payload’s cost shall not exceed $500
- The payload’s mass shall not be greater than 500g
- The payload shall be able to be attached to the weather balloon using strings 17 cm apart
- The payload shall provide power to the electrical components
- A conditioning circuit shall be used to condition the signals received from the sensors into signals that are readable by the Analog to Digital Convertor
- The payload shall survive the liftoff, turbulence of flight, and landing
	All team members

	Record temperature, pressure, and relative humidity for the duration of flight

	- The payload shall have a temperature sensor to measure temperatures between 30 and -70 °C on the outer side of the payload with an uncertainty of ± 0.6 ºC
- The payload shall have a temperature sensor to measure temperatures between 30 and -70 °C on the inside of the payload with an uncertainty of ± 0.6 ºC
- The payload shall have a pressure sensor to measure pressures between 1 and 0.008 atm with an uncertainty of ± 0.004 atm
- The payload shall have a humidity sensor to measure humidity between 100 and 0 %rel with an uncertainty of ± 3 %rel
- The sensors on the payload shall take readings once every 6 seconds
	Temperature, pressure, and humidity sensor

	Determine at what altitude the payload enters and exits clouds
	- The payload shall have a humidity sensor to measure humidity between 100 and 0 %rel with an uncertainty of ± 3 %rel

	Temperature and humidity sensors, Camera, real time clock

	Determine the radius of the balloon at several altitudes
	- We shall work with LaACES management and place our payload in an optimal position to view the balloon

	Camera

	Document the PHAT-TACO experiment
	-Achieve PDR, CDR, and FRR on time as specified by LaACES management
	All team members


Table 4-1: Traceability matrix
[bookmark: _Toc286977356]

[bookmark: _Toc289793673]4.3 Electrical Design

[bookmark: _Toc286977357][bookmark: _Toc289793674]4.3.1 Sensors

	The payload will require four sensors, one to measure external temperature, one to measure internal temperature, one to measure pressure, and one to measure humidity. The basis for choosing sensors includes cost, sensing range, accuracy, mass, and integration. The payload must have a mass less than 500g, so the sensors chosen need to be small enough to fit inside the payload and add as little mass as possible.  

	The BalloonSat has a temperature sensor attached to it, which will measure the internal temperature of the payload.  A 1N457 will measure the external temperature of the payload.  The 1N457 is a small signal p-n junction diode [23].  A diode can be used to measure temperature by measuring the diode’s forward bias voltage.  The forward bias voltage of a diode varies linearly with temperature, due to the diode’s temperature coefficient [24].  This sensor consumes little power and can operate linearly for temperatures from -65ºC to 200ºC [23].
	
	The model 1230 series pressure sensors are a set of sensors made by Measurement Specialties.  This series can measure different ranges of pressures from 2psi to 100psi.  Since the payload only requires a maximum of 1atm (14.7 psi) so a 15psi absolute pressure sensor from this series will be used.  These resistors are composed of piezoresistors arranged in a wheatstone bridge and the difference in the output voltages from the bridge relates to the pressure.  These sensors have circuitry to compensate for the temperature’s effect on the piezoresistors, which ranges from -20ºC to 85ºC.  These sensors also contain an internal resistor used to set the gain of the external conditioning circuitry [17].

	The HIH-5031 sensor senses Relative Humidity (RH). The HIH-5031 has a “covered, condensation-resistant, integrated circuit humidity sensor with a hydrophobic filter”. The RH sensor uses a capacitive sensing element with on-chip integrated signal conditioning. The sensing element's construction provides resistance to most hazardous conditions.  The humidity sensor has three leads: input voltage, output voltage, and ground.  These sensors operate between 2.7 and 5.5V with a maximum current of approximately 0.5mA. [18]

	A Kodak Zx1 pocket video camera will record video of the flight.  The video camera has a 4.1mm lens and is a Complimentary metal-oxide-semiconductor (CMOS) camera.  The internal memory of the device is only 128MB but has an expansion slot for an SD card.  The power required to power this camera is 1.5W.  This device can take 720p video at 60 fps (frames per second) or 30 fps.  This camera is small in size and mass, with a weight of 90g without the batteries and dimensions of 2.0 × 4.2 × 0.8 in. [19].

[bookmark: _Toc286977358][bookmark: _Toc289793675]4.3.2 Sensor Interfacing

	The external temperature sensor interface seen in Figure 4-2.  The 1N457 requires a constant current supply.  The LM234 is a three terminal adjustable current source that will supply 1mA to the sensor; Rset determines the amount of current supplied. In order to maximize the precision of our measurements the diode’s signal needs to transform to a 0 to 3 V signal.  The sensor’s outputs needs amplification and then to subtract an offset from the amplified signal.  An AD820, an Operational Amplifier (Opamp) will condition the signal. 
 
The output from the AD820 will be converted to a digital format by the ADC channel 0, read out by the BASIC Stamp and saved to the EEPROM.  To measure internal temperature the plan is to use the temperature sensor built into the BalloonSat.  The internal temperature sensor uses channel 3 of the ADC.  Two potentiometers will connect to the circuit, one to adjust the gain and the other to adjust the offset voltage.  The potentiometers manufactured by Bourns Inc. have a temperature coefficient of ±100ppm/°C [27].  Using this coefficient and temperature range of 100°C, the error associated with a 10K Ώ and 1KΏ potentiometer is 100Ώ and 10 Ώ respectively.  All circuitry should still perform as expected despite this error [27].

[image: ]Figure 4-2: Temperature Sensor Interface

	The interface for the pressure sensor seen in Figure 4-3 requires a constant current supply.  An LM234 will be used to supply the 1.5 mA needed to power the sensor [17].  The sensor outputs two different voltages, and the difference of these voltages relates to the pressure.  A differential amplifier will amplify the difference of the sensor’s two output voltages into a 0 to 3V range that can be read by the ADC.  Precision resistors are required for the 10KΏ and 100KΏ resistors because the gain of each of the sensor’s outputs must be equal.  The sensor has an internal resistance; a resistor chosen during prototyping will set the gain of the circuitry.  For ease of calibration, a 10kΏ potentiometer will adjust the gain.  The output of this circuit will connect to channel one of the ADC.
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Figure 4-3: Pressure Sensor Interface [24]

	Figure 4-4 shows the humidity sensor interface. HIH-5031 sensor will measure humidity and connect to channel two of the ADC.  The voltage regulator located on the BalloonSat will to power the sensor.  The HIH-5031 outputs a voltage that depends on the voltage used to power the sensor.  With 5V used to power, the sensor the output voltage can range from 0.7575V to 3.9375V [18].  To condition this signal from 0V to 3V a gain of 0.9434 will be required and an offset of 0.7134V to be subtracted from the amplified signal.  Since the gain is less than one the method used to condition the external temperature sensor signal cannot be used.  The signal from the sensor will use voltage division for conditioning. There must be a minimal load of 68KΩ from pin 2 to pin 3 [18].  A 1KΩ potentiometer will adjust the amount that the sensor’s output decreases.  The attenuated output will connect to an Opamp follower that buffers the signal.  This buffering prevents the impedance of the ADC from affecting the measurement.
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Figure 4-4: Humidity Sensor Interface




	Figure 4-5 shows the camera interface.  A relay will start and stop the recording of the camera.  The BalloonSat will deliver the signal to the relay.  A photodiode placed next to the “recording” LED on the camera will detect if the camera is recording.  The LED is for risk management, if the camera is supposed to be recording and the LED is off the photodiode will tell the BalloonSat to send a signal to another relay, that will power up the camera.

[image: ]Figure 4-5: Camera Interface

[bookmark: _Toc286977359][bookmark: _Toc289793676]4.3.3 Control Electronics

	The BASIC Stamp, located on the BalloonSat, is the main controlling unit of the payload.  The BASIC Stamp is a simple programmable microcontroller that communicates with the ADC, RTC, and EEPROM through serial interface.  The BASIC Stamp initializes the RTC and takes timestamps during flight.  The sensors send a voltage to the signal conditioning circuit, which amplifies the voltage to fit in the range of the ADC. The ADC converts the voltage to a digital byte of data. The data will go to the BASIC Stamp and stored in the memory of EEPROM.  The BASIC Stamp can also retrieve the data stored in the EEPROM.  Figure 4-6 shows a full circuit schematic of the payload. 


[image: ]
[bookmark: _Toc286977360]Figure 4-6: Full Circuit Schematic 

[bookmark: _Toc289793677]4.3.4 Power Supply

	During prototype testing and calibrations, a bench power supply will power the BalloonSat, all of the sensors, and the sensor conditioning board.  The BalloonSat has a voltage regulator that supplies a safe voltage to all components on the BalloonSat.  A bench power supply is ideal for testing because all voltages are readily adjustable.  Batteries are the best possible power source for flight because they can supply the necessary power and are small in weight (about 10 g each).  Fuses will connect to both power supplies, to prevent excess current from destroying any of the components. During prototyping and testing, the exact current measured will determine the size of the fuses required. Figure 4-7 shows a system drawing of the power distribution.
[image: ]
Figure 4-7: Flight Power Distribution

[bookmark: _Toc286977361][bookmark: _Toc289793678]4.3.5 Power Budget

	Power Supply 1

	Component
	Current
(mA)
	Voltage
(V)
	Power
(mW)
	Flight Time
(hours)
	Capacity
(mA-hours)

	Temperature Interface
	1.2
	12
	14.4
	4
	4.8

	Pressure Interface
	2.1
	12
	25.2
	4
	8.4

	External Humidity Interface
	0.5
	12
	6
	4
	2

	BalloonSat
	52
	12
	624
	4
	208



	Power Supply 2

	Component
	Current
(mA)
	Voltage
(V)
	Power
(mW)
	Flight Time
(hours)
	Capacity
(mA-hours)

	Camera
	220
	7
	1540
	4
	880


Table 4-2: Power budget for power supply 1 and 2 with camera data from Knoxville College [20]

Since the camera drains a large amount of current compared to the other components, two different power supplies are necessary.  Power Supply 1 will power all of the sensors, control circuitry, and the BalloonSat.  Power Supply 2 will supply power to the camera.  Power Supply 1 will consist of eight batteries and Power Supply 2 will consist of four batteries.  AA and AAA batteries supply voltages somewhere between 1.3V and 1.8V each, batteries will be dead if lower than 1.3V.  Power Supply 1 will range from 10.4V to 14.4V.  This range will keep all of the components powered and still be low enough not to damage any component.  Power Supply 2 will supply voltages ranging from 5.2V to 7.2V.  The camera voltages range from 5V to 7V so the camera will remain powered during flight.  

Power Supply 1 will drain 55.8 mA of current and Power Supply 2 will drain 220mA of current.  Using these currents and the chart in Figure 4-8 the capacity of Power Supply 1 and Power Supply 2 will be 1200mAh.  Power Supply 1 will supply a total of 670mW.  By using the graphs in Figure 4-9, a de-rating factor of 0.75 was calculated by taking the ratio of the capacity at a cold temperature and room temperature at 0 ºC.  Assuming the same de-rating factor at 0ºC a total de-rating factor of 0.5625 was calculated at -21ºC.  The inside of the payload will never get lower than -21ºC (see §4.5) this is an appropriate temperature at which to rate the batteries.  Using this de-rating factor the capacity of AAA batteries in Power Supply 1 will be 675mAh.  Power Supply 1 requires 223mAh so AAA batteries can supply enough power.  Power Supply 2 requires 880mAh and at this de-rating factor AAA batteries cannot supply the power required.  Using the AA battery graph in Figure 4-8 the capacity of AA batteries in Power Supply 2 will be 3000mAh.  Power Supply 2 will supply a total of 1540mW and by using the graphs in Figure 4-10 the de-rating factor 0.5625 at -21ºC was calculated.  Using this factor the capacity becomes 1690mAh.  This capacity is high enough to fit the requirements of Power Supply 2.  Using these calculations, Power Supply 1 will consist of eight AAA lithium batteries and Power Supply 2 will consist of four AA lithium batteries.

[image: ]
Figure 4-8: Milliamp-Hours Capacity of AA and AAA batteries [21]

[image: ]
Figure 4-9: Energizer AAA battery capacity at cold and room temperature [21]
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Figure 4-10: Energizer AA battery capacity at cold and room temperature [21]
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[bookmark: _Toc287971695][bookmark: _Toc289793679][bookmark: _Toc286977365]4.4 Software Design

	This section describes the software used for this project.  With no software, the PHAT-TACO experiment will fail.  Most of the software will run on the BASIC Stamp and will use an EEPROM for data storage.  The software must be able to save data and timestamps at the rate specified in the requirements.  

[bookmark: _Toc286977363][bookmark: _Toc287971696][bookmark: _Toc289793680]4.4.1 Data Format & Storage

	There will be two separate data storage devices; The BalloonSat has programmable memory on the EEPROM, and the camera has an external memory card.  Two data storage devices are necessary because the camera will record a million times more bytes of data than the pressure, humidity, and temperature sensors.

[bookmark: _Toc287971697][bookmark: _Toc289793681]4.4.1.1 BalloonSat Data Storage

	Data from the temperature, pressure, and humidity sensors will be stored on a 32 kilobyte EEPROM.  On the EEPROM, there are 32,768 bytes for data storage.  In its lifetime, the EEPROM can handle one million read/write cycles and can write one byte of information in 5 ms.  A byte is comprised of 8 bits and can store a number from 0-255.  The ADC uses whole numbers only and converts a voltage between 0 and 3 volts to a digital byte of information.  Based on the range expected and the precision of measurements, each measurement can be stored into one byte.

	Measurement of the temperature, pressure and humidity will take 4 bytes because individual sensors use one byte and there are four sensors.  We will also use one byte for camera status.  One measurement, including sensor data, camera status, and timestamp requires 8 bytes of data.  The ascent of the balloon should last 100 minutes and the decent will take about 60 additional minutes.  The entire duration will be 9,600 seconds and will require ~1600 data points with an acquisition rate of 1 data point every 6 seconds.  Thus, we will need 12,800 bytes of storage.  The EEPROM can take data at our specified rate for 408 minutes, or more than 6 hours.

[bookmark: _Toc287971698][bookmark: _Toc289793682]4.4.1.2 Video Data Storage

	The two most common forms of data storage for cameras are Secure Digital (SD) cards and flash memory.  SD cards are very common and cost 2 dollars per gigabyte (GB) of storage up to 32 GB.  The cost for flash memory cards is almost twice the cost of SD cards for the same memory storage. A 3 hour movie shot in 720p (1289x720 pixels) will take approximately 25 GB. This will require a 32 GB card, which costs around 64 dollars.
[bookmark: _Toc286977364][bookmark: _Toc287971699]
[bookmark: _Toc289793683]4.4.2 Flight Software

[image: Flowchart_pre_flight]	This section has all of the flowcharts and descriptions of the programs.  Flowcharts were written using Dia [25].  In the flowcharts, circles indicate the beginning or end of a program or subroutine.  A rectangle represents a subroutine call or command.  A diamond is a conditional statement, where the program will do something if the condition is met, and something else if the condition is not met.

[bookmark: _Toc287971700][bookmark: _Toc289793684]4.4.2.1 Pre Flight 

	Figure 4-11 shows the pre-flight software flowchart.  Before the flight, the real time clock (RTC) needs to be set.  The command “write timestamp to RTC” will be based off of ACES activity P6.  The user is prompted for the year, month, day, am/pm, hour, minute, and second.  After the user enters the “second” the timestamp is instantly written to the RTC.

	After the timestamp is set, the time displays to the screen for 10 seconds, five times per second.  This is so that we can check if the timestamp on the RTC matches what we have as the time.  After the time is displayed, the software asks the user if the time is acceptable.  If the time is unacceptable, the program starts over, but if the time is OK, the program continues.


Figure 4-11: Pre-flight software flowchart

	After the software has set the RTC, the program clears all of the memory.  It takes a couple of minutes to clear all of the memory locations.  The current memory location is displayed to the screen so that the user can monitor the progress.  After all of the memory locations have been cleared, the number 3 is stored into the first memory location of the EEPROM.  We have reserved the first two bytes to store the address variable.  The address variable tells the BalloonSat where to begin writing data.  This allows the during flight software to begin writing in the correct memory location upon startup.  This is a risk mitigation step that will be further explained in the during flight section (see §4.4.2.2).  The EEPROM can only read/write to any one location one million times.  Each time we run the flight code to completion, we will write to this location 4,098 times which only allows us to test our code 244 times before that address on the EEPROM stops working correctly.
[bookmark: _Toc287971701]
[bookmark: _Toc289793685]4.4.2.2 During Flight program and subroutines
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Figure 4-12: During flight software flowchart

	Figure 4-12 shows the during flight software.  This software must record measurements of the atmosphere once every six seconds.  This includes a timestamp of each measurement, data from each sensor, and the camera status byte.  This also must control the video camera.

	The main section of the program is a loop that runs until the EEPROM is filled with data.  One risk during flight is a temporary power outage that resets the BalloonSat.  We have added a mitigation step that saves the address of the last memory location written to the EEPROM.  When the BalloonSat starts up, it will read this memory location and begin to write data to that location.  Without this step, the BalloonSat will restart and begin to overwrite previous data.  This memory location is reset during the pre-flight software so that upon start, the during flight software will work as expected.

	Since we have determined that we are taking data once every six seconds, the subroutine “RTC = 6?” checks if the “second” value in the RTC is a multiple of six.  If it is, then a data point will be taken.  If not, then the subroutine will wait 0.2 seconds and test the “seconds” variable again.  This system is better than using an internal pause in the EEPROM because this way, the variable amount of time that it takes to read and store the data will not affect the data acquisition rate.  
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Figure 4-13: Start Camera and Stop Camera subroutines 

The BalloonSat is able to control the camera as described in the electrical section (see §4.3.2).  The Start Camera and Stop Camera subroutines are how the main program controls the camera.  After passing through the Start Camera subroutine, the camera should be recording.  After calling the Stop Camera subroutine, the camera will stop recording video.  The camera status byte is composed of two nibbles (4 bits), one for start camera and one for stop camera.

The Start Camera subroutine in Figure 4-13 accomplishes several tasks.  Firstly, this subroutine checks if the camera is recording.  If the camera was recording already, the subroutine ends.  If the camera is not recording, the subroutine will send the command to activate the record switch.  After sending this command, the subroutine waits “X” seconds for the camera to start recording.  This is the time it takes from when the record button is pushed until the hardware can detect that the recording LED has turned on.  The exact time of “X” will be determined during calibration.   Next, the Start Camera subroutine checks if the camera is recording.  If the camera is not recording, this probably means the camera is off, so the software sends the command to turn the camera on.  “Y” is the time it takes the camera to start up, and will be determined during calibration.   After sending the command to turn the camera on, the BalloonSat sends the command to start recording and waits “X” seconds again.  After all of this, if the camera is still not recording, all hope is lost and the subroutine returns.

The Stop Camera subroutine uses a similar procedure to stop the video.  If the camera is off, then the subroutine returns, because the camera cannot be recording if the camera is off.  If the camera is on, then the Stop Camera subroutine tries to stop the recording.

Start Camera and Stop Camera rely on accurate determination of if the camera is on or off and if the camera is recording or not.  The most time spent in these subroutines during one pass in the main loop of the during flight program will be Z + 2X + Y seconds.
	Stop Status
	Start Status
	Meaning
	Cause

	0
	0
	Never entered Start Camera or Stop Camera subroutines
	Software Glitch or software just started

	0
	1
	Camera recording normally
	NORMAL

	0
	2
	Camera was not recording. Recording restarted
	Potential hardware malfunction

	0
	3
	Unable to turn camera on or start recording
	Power out or memory full

	0
	4
	Camera was off. Turned camera back on. Recording restarted
	Temporary power outage or program start

	1
	0
	Entered Stop Camera, but not Start Camera
	Software Glitch

	1
	1
	Conflicting measurements of camera is recording
	Hardware Malfunction

	1
	2
	Camera was already stopped, then restarted
	camera auto shutdown

	1
	3
	Efforts to start recording on camera are useless
	power outage or out of memory

	1
	4
	Camera was stopped. Camera shut off, but power was restored and video was turned on
	Temporary power outage

	2
	0
	Entered Stop Camera, but not Start Camera
	Software Glitch

	2
	1
	Conflicting measurements of camera is recording
	Hardware Malfunction

	2
	2
	Camera video stopped, then restarted
	NORMAL

	2
	3
	Stop Camera caused shut down.  Successfully restarted power and recording
	Temporary power outage

	2
	4
	Stop Camera caused shut down.  Unable to turn back on
	Batteries out

	3
	X
	Unable to stop recording
	Hardware Malfunction


Table 4-3: Meaning and cause of each possible camera status byte

The meanings behind each potential value for the camera status byte are shown in Table 4-3.  The entire status byte is initialized to zero before the main loop calls either subroutine.  

During flight, the only two statuses that we hope to see are [0,1] (where 0 is the stop status and 1 is the start status), meaning that the camera is recording normally and [2,2], meaning that the video was stopped then restarted.  Also, on startup, we should see the status [0,0] because that is what the variable is initialized to.  The second camera status should have [0,4] because the camera should be off when the software starts.

· Program to calibrate X:
· Declare Pins/Variables
· Send command to turn on camera
· Wait 5 seconds (long enough to ensure that the camera is on)
· Send command to turn on video
· Wait X seconds
· Check if camera is recording or not
· Debug if camera is recording or not

· Program to calibrate Y:
· Declare Pins/Variables
· Send command to turn on camera
· Wait Y seconds
· Send command to turn on video
· Wait X seconds 
· Check if camera is recording
· Debug if camera is recording

· Program to calibrate Z:
· Declare Pins/Variables
· Send command to turn on camera
· Wait Y seconds
· Send command to turn on video
· Wait X seconds 
· Wait 1 second
· Send command to turn off video
· Wait Z seconds
· Check if camera is recording
· Debug if camera is recording
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Figure 4-14: Take data subroutines

	Figure 4-14 shows the subroutine to take temperature, pressure, or humidity data.  The only difference between the subroutines is the pins are set to read different channels of the ADC.    The Read ADC data and Write ADC data are very similar to the subroutines given in ACES activity P5 “Interfacing to a serial ADC”.  The address variable, which stores the address of the next location to write to the EEPROM, is incremented in the write ADC subroutine.  The address variable is also written to the first two bytes of the EEPROM for reasons discussed previously.

	The write ADC data subroutine will be called 8 times and will take approximately 80 milliseconds.  The “RTC=6” subroutine could take 200 milliseconds.  The Stop and Start Camera subroutines could take almost no time to complete, or they could take up to Z + 2X + Y seconds.  There is also a 1 second pause at the end of the main loop for the during flight program.  As long as the sum of all of these times is less than 5.8 seconds, the program will take data at the required rate of one data point every six seconds.

[bookmark: _Toc287971702][bookmark: _Toc289793686]4.4.2.3 Post Flight program
[image: Flowchart_post_flight]
	The post flight software shown in figure 4-15 will display the data delimited by commas.  We will use Term232, a windows 32 terminal emulator program, to import the output to a plain text file.  From this file, we can copy and paste the data into Microsoft Excel.  Excel has the capabilities to perform the conversion from raw ADC counts to percent relative humidity, temperature, and pressure based on calibration data.  

	LaACES management will provide a flight profile of altitude vs time.  From this profile, we can determine the altitude of each measurement.

Figure 4-15: Post-flight software flowchart

[bookmark: _Toc289793687]4.5 Thermal Design

The payload will fly for approximately four hours reaching an altitude of about 30.5 km. During flight, the payload will pass through extreme temperature conditions. Based on information gathered in the science background, the payload will have to survive temperatures ranging from approximately -70oC to 30oC.

The sensors in the payload need to be able to operate properly in these extreme conditions. Based on information gathered from a component's data sheet, its maximum and minimum operational temperatures determined its thermal operating range (Table 4-5).

	Device
	Upper Temperature (oC)
	Lower Temperature (oC)

	ADC, RTC, BASIC Stamp, EEPROM
	85
	-40

	Pressure Sensor
	85
	-20

	Humidity Sensor
	85
	-40

	Temperature Sensor
	200
	-65

	Camera
	100
	-40

	Energizer Lithium Batteries (AA, AAA)
	60
	-40


Table 4-4: BalloonSat device ranges

Thermal tests are necessary in order to assure that our payload remains within operating range for the sensors. Initial thermal tests used the LaACES Thermal Flight spreadsheet [22].

The LaACES Thermal Flight spreadsheet calculates what the internal temperature at thermal equilibrium.  This is the steady-state solution for the thermal properties of our payload.  These equations assume that the majority of heat exchanged is in the form of radiation.
Our calculations assume that the time of launch is 7:00 AM in late May.  The electronics generate approximately 2 W of heat. The approximate absorptivity and emissivity of the payload is the same as white paint.  The foam is 2 cm pink insulating foam and the absorptivity and emissivity of white paint are a close approximation. The calculated radius converted the surface area of the box to an equivalent sphere.
Based on all of these assumptions and simplifications, the equilibrium temperature of the payload at maximum altitude will be approximately -3.9 °C and at the coldest temperature, approximately 10 km, in inner temperature of the payload should be -4.1 °C.  The payload will almost never be in thermal equilibrium with the environment because the payload will always be ascending or descending.  The rate at which the payload cools will also be a factor in the temperature of the payload.  Additionally, clouds reflect infrared light, so when the payload is above clouds, the temperature will increase.
According to the initial calculations, the interior of our payload should get no colder than -4.1 oC, which is well within the operating range of all the sensors. At this time, there is no need for an additional heating source. These calculations should be justified after thermal testing completion.
[bookmark: _Toc286977366][bookmark: _Toc289793688]4.6 Mechanical Design

	This section describes Team Philosohook’s mechanical layout, payload weight, mechanical stresses and design, and materials. The mechanical layout describes the shape and size of the payload in order to ensure that the components are safe during flight and landing. Due to constraints of the balloon used to fly the payload, the payload must not weigh more than 500 g. The payload’s design also takes into account thermal conditions and landing stress. Vacuum, thermal, and shock tests are necessary to verify the safety and structural integrity of the payload.

[bookmark: _Toc286977367][bookmark: _Toc289793689]4.6.1 External Structure

	The payload box, constructed of pink insulation foam, will take on the shape of a regular hexagonal cylinder as shown in Figure 4-16 because it is the most efficient balance of volume and structural integrity. The payload will have a bottom glued in place. The box will also have a lid fastened with Velcro to allow for easy component retrieval after testing and flight. The box will have two holes 17 cm apart to run through the height of the payload structure to allow for strings that attach to the balloon vehicle. The lid will have two holes, one to allow the temperature and humidity probes to take the external readings and one for the camera to take video. The payload will measure 10 cm in height in order to allow adequate room for the internal structure of the payload.
[image: ]Axonometric
Top
Front
Side

Figure 4-16: Shows the external structure of the payload

[bookmark: _Toc286977368][bookmark: _Toc289793690]4.6.2 Internal Structure

	The internal structure of the payload includes the BalloonSat with sensors, the power supplies, the signal conditioning board and the camera as shown in Figure 4-17. A piece of basswood will secure the BalloonSat with the signal conditioning board and the pressure and internal temperature sensors to the bottom of the payload box. The external temperature and humidity sensors will be outside the payload box to collect the external data. The lid will hold the camera within a cutaway designed the hold the camera securely. Velcro will fasten the camera in place to hold the lens steady. A shelf or insert of basswood or foam is an option to reduce the risk of the camera dislodging during flight. Basswood will secure the battery packs to opposite walls inside the payload placed closest to its component connection so that the connecting wires will be as short as possible. Component placement will help accomplish an even distribution of weight
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Figure 4-17: Front Cut Away with measurements in centimeters.
[bookmark: _Toc286977369]
[bookmark: _Toc289793691]4.6.3 Weight Budget

[bookmark: _Toc286977370]	The weight budget for this project is 500 g. Table 4-6 shows the weight of each components measured or estimated based on individual prototypes with error, and weight acquisition method.

	Component
	Weight (g)
	Uncertainty (+/-g)
	Measured or estimated

	BalloonSat
	66.3
	.05
	Measured

	Power Supply 1
	62.2
	.05
	Measured

	Power Supply 2
	119.1
	.05
	Measured

	Signal Conditioning Board and sensors
	65
	5
	Estimated*

	Foam Structure
	100
	15
	Measured

	Camera
	92.4
	.05
	Measured

	Total
	505
	28
	


Table 4-6: Weight budget
*Estimated weight from the sensor data sheets
[bookmark: _Toc289793692]5.0 Payload Development Plan

	For our project to move to the FRR stage all of the specifications must be known. This includes prototyping the circuitry and payload design. We will purchase sensors for temperature, pressure, and humidity in order to use them for prototyping such as how much power is needed, how the signal must be conditioned, and how much memory is needed for this project. We will test circuitry on a solderless breadboard before being integrated onto the BalloonSat to ensure proper functionality. Finally, we will make a prototype of the payload box in order to make sure that it stays within the size constraints of the testing chambers and the balloon vehicle.

[bookmark: _Toc286977371][bookmark: _Toc289793693]5.1 Electrical Design Development

· Build prototype on solderless breadboard
· Test and calibrate sensors to determine actual accuracy and measurement capabilities.
· Perform shock and thermal tests on each sensor

[bookmark: _Toc286977372][bookmark: _Toc289793694]5.2 Software Design Development

· Adapt pre-existing or write new software for each program
· Load programs into a test BalloonSat board
· Debug program and repeat previous step as necessary
· Build temporary prototype to solder less breadboard
· Compare software output to hardware input to check for consistency

[bookmark: _Toc286977373][bookmark: _Toc289793695]5.3 Mechanical Design Development

	In order to complete the final mechanical drawings, component layout, and weight table required for the FRR we must build a prototype payload box and submit it to shock, thermal, and vacuum tests. If the payload breaks under the shock test then the shape of the payload must be reconsidered for one that can withstand stress better. When going through the thermal test, if any of the electronic components, such as the sensors, malfunction inside of the box then we will add more insulation or choose sensors that can operate at lower temperatures. Also, if any of the components, including the electronic components, sensors, and even the box itself, malfunction or break due to the low pressure, new components will have to be selected and integrated into the payload that work in extremely low pressure environments. When all of these tests have been performed and the payload box and circuitry prove to function as expected in the established environmental parameters, the individual components will be measured for an accurate final weight.

[bookmark: _Toc286977374][bookmark: _Toc289793696]5.4 Mission Development

	To move closer towards a flight-ready payload, several issues need to be investigated. First, we will calibrate the sensors to the proper ranges of values we expect to encounter. We will also test the components to see if they will function during the balloon flight conditions with thermal and vacuum tests.  A chart must be developed to progress mission development towards FRR including prototyping, fabricating, calibrating, and testing.

[bookmark: _Toc289793697]6.0 Payload Construction Plan

In order to prepare for launch the construction plan will initially focus on the external structure of the payload box. Then the focus will move to the individual components. All the sensors will interface to the BalloonSat, which in turn will connect to power source 1. A circuit board containing the sensors will interface with the BalloonSat through the ADC channels. Then a wire will connect the BalloonSat to power source 1. Once system tests to ensure that all the connections function properly are complete, the circuit board containing the sensors will mount on the BalloonSat. Then the focus will move to the camera. A wire will connect the camera to power source 2. Then the camera circuit board will interface with the BalloonSat by soldering connections. Next, the components will be in the payload box for final testing. This testing will ensure that the payload can withstand the expected atmospheric conditions and the impact of landing. Then collection and analysis of pre-flight data to help prevent future risk.

[bookmark: _Toc289793698]6.1 Hardware Fabrication and Testing

First, fabrication of the mechanical system, including the construction of the payload box, will take place. Once construction is complete the box will undergo thermal, shock and vacuum testing. During box testing, work will begin on the electrical and software components of the payload. Each of the temperature, pressure and humidity sensors will be prototyped separately on a solderless breadboard once the sensor becomes available. Then fabrication of circuits shall begin and they will interface to the BalloonSat. The software will be written and tested until it runs and prints data successfully. Then the software will be loaded onto the EEPROM of the BalloonSat and then testing of software and electronics will begin to make sure they work together properly. Finally, the assembled components will the placed in the payload box for final thermal, shock and vacuum testing.

[bookmark: _Toc289793699]6.2 Integration Plan

Individual tests for each system are necessary and when once systems connect to each another, the joint system needs testing to ensure the new system works properly. Once prototyping is completed and all of the subsystems have been tested and fabricated, the systems must integrate into a working payload. First, the sensors and camera will connect to the sensor conditioning and control system.  The sensor conditioning and control system contains the circuitry to condition the output of the sensors into a value readable by the ADC.  This system also contains the controls to power the camera and to start and stop the recording of the camera.  Then this system will interface to the BalloonSat, which contains the internal temperature sensor, ADC, BASIC Stamp, EEPROM and RTC.  Then the power system will attach to the system.  Finally, all of the systems will be inside the mechanical system, which will complete the payload integration.

[bookmark: _Toc287971716][bookmark: _Toc289793700]6.3 Flight Software Implementation and Verification

	We must test the software on the BalloonSat to ensure that the software meets the PHAT-TACO requirements.  The software must take data every six seconds, and must be able to monitor and control the video camera.

	The first step in testing the software is to verify that the RTC can accurately keep time for at least 24 hours.  In the pre-flight software, when the time is set, the program displays the time.  From this, we can check if the time synchronized with a reference time.  Before flight, we must synchronize the time with the GPS tracker, but for testing purposes, we can just use any clock with a second hand.  To verify that the RTC can maintain the time for at least 24 hours, we can set the time, then wait for 24 hours, then check the time on the RTC.  We will check the time by using a version of the pre-flight software that does not write the time or overwrite the data.

	Since we have multiple identical BalloonSats, we can use one for software testing, and one for sensor calibration.  The software testing ensures that we accurately convert the volts measured by the ADC into counts and saved every six seconds.  To do this test, we will setup an input voltage to one of the ADC channels using a potentiometer. We will measure the voltage with a digital multimeter and then we will compare the voltage to the output of the software.

		Several tests must be done to determine if the during flight software can control the camera as expected.  Additionally, the camera status byte must correspond to what is physically happening to the camera.

Tests that must be done:
· RTC can accurately keep time for 24 hours
· RTC can be set to within one second accuracy
· Check data is saved every six seconds
· Check ADC readout is accurate for each channel
· Software powers on the camera on startup
· Software starts recording video on startup
· If camera power is disconnected, then reconnected, the software must turn the camera back on and start taking video again
· Camera video is restarted once every ten minutes
· Camera status must be accurate for the above camera tests

[bookmark: _Toc289793701]6.4 Flight Certification Testing

	The payload we will build has to survive a series of tests that mimic conditions it will experience during the LaACES balloon flight. During the flight, our payload will experience a temperature range of 30°C to -70°C, a pressure range of 760mmHg to 6mmHg, and a deceleration from 6m/s to 0m/s. To produce these conditions, we will use a shock test, thermal test, and vacuum test. During each test, we will power up the payload to match the conditions of each specific test. If the payload survives each test and collects data without interruption, we can ensure that the payload will survive the balloon flight. Any problems found in testing will be noted and resolved. 

	To verify proper securing of all subsystems and to ensure that they can undergo the forces involved with a balloon flight, the completed payload will be shock tested. The group will place the two external sensors into the payload to protect them from being crushed. With the lid taped down, team members will drop the payload from a height of 10 feet. This should cause the velocity to increase to around 7m/s, faster than we except. Afterwards, we will remove the lid to check all components and note any shifting. Better fastening methods will be investigated if shifting of components occurs.

	The group will also perform a thermal test for which the payload will be powered on and placed in various temperature environments. Based on the NOAA data, we will place the payload first in the LaACES lab for 10 minutes at approximately 20°C, a refrigerator for 15 minute at approximately 0°C, a freezer for 20 minutes at approximately -20°C, and then a dry ice cooled environment for 20 minutes at approximately -70°C[2]. Afterwards, the payload shall return back to a freezer for 15 minutes, a refrigerator for 15 minutes, and finally the LaACES lab for 10 minutes.  (see appendix for calculations)

	We will perform a vacuum test for which the payload will be powered on and placed into a sealed vacuum chamber. In order to simulate the ascent, the pressure inside the chamber will be decreased by 15mmHg increments each minutes until a vacuum of 80mmHg is reached at which point the pressure will be decreased by 3mmHg increments each minute. Once a pressure of 6mmHg has been reached, the process will be reversed to stimulate the descent of the payload.

[bookmark: _Toc289793702]6.4.1 System Testing Procedures

Shock Test Procedures: 
· Power up payload 
· Run preflight software 
· Run during flight software
· Drop from the height of 10 feet onto the floor 
· Remove the BalloonSat from box 
· Run post-flight software 
· Analyze and verify data 

Thermal Test Procedures: 
· Power up payload 
· Run preflight software 
· Run during flight software
· Place the camera, battery pack and the BalloonSat in the payload box 
· Let the BalloonSat collect data at the LaACES lab for 10 minutes 
· Place the payload in the refrigerator for 15 minutes 
· Move the payload box to the freezer for 20 minutes 
· Move the payload box to the dry ice container for 20 minutes
· Move the payload box to the freezer for 15 minutes 
· Move the payload box to the refrigerator for 15 minutes 
· Move the payload box to room temperature for 10 minutes 
· Connect the BalloonSat with the computer using the serial cable 
· Run post-flight software 
· Analyze and verify data 

Vacuum Test Procedures:
· Power up the payload 
· Run preflight software 
· Run during flight software
· Place the battery pack, the BalloonSat, and the camera in the box 
· Place the box in the vacuum chamber 
· Make sure the vacuum chamber is sealed tight and the pressure gage is turned on. 
· Decrease the pressure by 15mmHg per minute
· At 80mmHg, decrease the pressure by 3mmHg per minute
· Stop the pressure chamber at 6mmHg
· Remove the box from the vacuum chamber 
· Run post-flight software 
· Analyze and verify data 

[bookmark: _Toc289793703]7.0 Mission Operations

	We must take appropriate precautions in order to successfully fly the PHAT-TACO experiment on May 24th, 2011 in Palestine, Texas. This includes several procedures, such as extensive testing and calibrating, before flight to mitigate any risk that makes our payload unflyable. In addition, we will instigate measures to assure that the payload can safely fly and recover our payload.

[bookmark: _Toc289793704]7.1 Pre-Launch Requirements and Operations

	Before launch, we will put several procedures in place to ensure payload flyability. We will calibrate each of the sensors to give us equations for the respective temperature, pressure, or humidity based on ADC counts. Furthermore, we will test the camera to make sure it can survive and take video of the entire flight under cool temperatures and low pressures. Software must be written and tested to make sure it properly stores data from the sensors onto the EEPROM and that the camera properly saves video to its internal SD card. Tests must also be done to ensure that our selected batteries will survive the duration and extreme conditions of the flight so that all components are powered for the full flight time. Before launch, we will load the software to the EEPROM and the two power sources will each receive a set of new batteries. Also, on the day of launch, weight of the balloon and vehicle and distance from the payload to the balloon will be measured. Additionally, a checklist ensuring all pre-flight procedures are done will be checked to ensure the payload’s readiness.

[bookmark: _Toc289793705]7.1.1 Calibrations

To calibrate each sensor, we will perform tests to determine the outputs from just the sensors.  We will take measurements across each sensor using a volt meter while exposed to a set battery voltage and environmental conditions. The group will use these to determine the conditioning circuits we will need to create in order to properly use the ADC’s 0-3V range.  Once the conditioning circuits are constructed, we shall perform second calibrations to compare the conditioned outputs to the actual values they represent. 

For the temperature sensor, we will use a PASCO SF-9616 multimeter to measure the temperature in various environments. First both our sensor and the SF-9616 will measure the LaACES lab temperature. Next, the payload and SF-9616 will placed in a container with no dry ice. Team members will steadily increase the amount of dry ice in the container and record both the ADC value and the SF-9616 value. This will continue until the SF-9616 reaches -50°C, at which point it is no longer accurate. After data collection is complete, we will input the data into an Excel spreadsheet and calculate the correlation between the ADC values and the collected information.

The relative humidity is the amount of water vapor in air, divided by the maximum amount of water vapor that the air could possibly hold (saturation pressure or SP).  The saturation pressure changes as a function of temperature.  As temperature increases saturation pressure also increases.  There is no exact mathematical relationship for this relationship, only experimentally determined fits.  One empirical fit to the temperature-saturation pressure relationship is:
SP = 6.112 exp (17.67T/(T+243.5))

Where T is in °C and SP is saturation pressure in mb.  This equation has a range of -35 to 35 °C and an accuracy of ±0.1 % [26].  We can use this relation to calibrate the humidity sensor.  

	In a large sealed container with liquid water present, the air inside of the container will become saturated.  If we remove the water from the container, then change the temperature, the saturation pressure will change, but the actual amount of water vapor will remain unchanged.  If we assume that the water was originally saturated, we can calculate the relative humidity by measuring the temperature.  If we use the starting temperature of 0°C, the original saturation pressure will be 6.122 mb, and the conversion from temperature is:

RH = 100 * exp (-17.67T/(T+243.5))

Starting from saturated air at 0°C, then increasing the temperature to 35°C will have an RH range from 100 to 10.9 %rel.  All components in the BalloonSat will work in these temperature ranges.  If the temperature sensor is calibrated, then the measurements from the temperature sensor can be used in the equation above to measure the relative humidity.  


    
        To calibrate the pressure sensor, we will use the vacuum chamber in the LaACES lab. After activating our payload, the pressure sensor will measure ground-level pressure. Team members will adjust the variable resistor on the payload to set ground-level pressure near the top of the 3V range in order have more accurate readings at lower pressures. Next, the group will place the payload in the vacuum chamber and the chamber activated. At various intervals, teammates will stop the vacuum chamber and allowed the pressure sensor to take several measurements at that pressure as well as record the pressure indicated by the vacuum chamber pressure gauge.  Team members will use these data points to create a line of best fit for the pressure sensor’s output voltage versus absolute pressure.  

	Finally, we will calibrate the camera. First, one team member will start the camera to make sure it is operating properly. Next, another teammate holding a ruler will stand at a prescribed distance away from the camera. The first team member will take video for about 1-2 minutes in order to collect data. After data collection is complete, both team members will use the pixels of the camera images to determine the angular resolution of the pixels. 
	
	The BalloonSat will control the video camera, but the camera takes a significant amount of time to execute commands sent by the BalloonSat.  Because of this delay, the software must have set timing delays to control the camera properly.  We must determine time “X” which is the time between when the BalloonSat sends the command to start recording and when the LED light is detected by the BalloonSat.  In addition, we must determine time “Y” which is the time between the command to turn on the camera and the camera having the ability to receive the command to start recording.  Finally, the “Z” time is the time between when the BalloonSat sends the command to stop recording and the BalloonSat detects the recording LED is off.  After the during flight software is completed, this program can be simplified to determine the x, y, and z times.  These new programs will take less than one hour to make. Flowcharts for these are in the text of the next section.

[bookmark: _Toc289793706]7.1.1.1 Calibration Procedures

Calibration of temperature sensor 
· Both payload and PASCO SF-9616 with temperature sensor will be placed in room temperature environment, a refrigerator, a freezer, an icebox with dry ice (without HOBO), taken outside, and brought back to room temperature for 10-15 minutes each. 
· Graph collected ADC voltage data versus PASCO SF-9616 measured temperatures, using data points once each sensor reached equilibrium in an environment. 
· Calculate line of best fit 
Calibration of pressure sensor 
· Allow the payload pressure sensor to measure the pressure of the lab 
· Place payload  in vacuum chamber 
· Run vacuum and read pressure of the chamber, stopping at certain points for 2-3 min each
· Record values of payload at each pressure 
· Graph collected ADC voltage data versus actual measured pressures 
· Calculate line of best fit 
Calibration of humidity sensor 
· Place both temperature and humidity sensor in sealable container.
· Allow both temperature and payload humidity sensor to collect humidity data from saturated environment of cooler containing ice water at 0°C in unsealed container
· Seal container
· Move both temperature and payload humidity sensor to heated environment to collect information
· Wait until payload reaches room temperature
· Graph collected ADC voltage data versus calculated humidity 
· Calculate line of best fit
Calibration of camera
· Start camera to see if operating properly
· Teammate holding ruler will stand at distance 2 meters away from the camera
· Teammate will stand away from camera for 1-2 minutes 
· Team members to find amount of information contained in each pixel will examine camera video.
Camera timing calibration:
To determine time X:
· Connect camera to BalloonSat
· Connect BalloonSat to PC
· Run X calibration software
· Adjust value of X until debug says that the camera is recording
To determine time Y:
· Connect camera to BalloonSat
· Connect BalloonSat to PC
· Run Y calibration software
· Adjust Y until debug says that camera IS recording
To determine time Z:
· Connect camera to BalloonSat
· Connect BalloonSat to PC
· Run Z calibration software
· Adjust Z until debug says that camera is not recording

[bookmark: _Toc289793707]7.1.2 Pre-Launch Checklist

	Event
	Time needed
	T- minus to launch

	Verify that all components are ready for flight and operational.
	10 minutes
	2 days

	Load the correct pre-flight software and during flight software.
	5 minutes
	12 hours

	Put in the appropriate fresh batteries for each of the power sources and make sure each power source is connected to its appropriate components.
	2 minutes
	1 hour

	
	
	

	
	
	

	
	
	

	Place components in payload and tape the lid shut and check to make sure camera is facing up and through the hole in the lid.
	1 minute
	1 hour

	Attach the payload to the launch vehicle and check to make sure it is secure.
	10 minutes
	45 minutes

	Take picture from a distance in order to calculated distance from payload to balloon.
	2 minute
	5 minutes

	Total Time
	30 minutes
	


Table 7-1: Pre-launch checklist with expected time needed to fulfill each duty.

[bookmark: _Toc289793708]7.2 Flight Requirements, Operations and Recovery

	Our flight vehicle will be filled with helium such that our ascent rate should be 1000 feet per minute. Our expected flight duration is three hours and we expect the flight to start in the morning. The camera will have enough power and memory to record video of the entire flight. Additionally the EEPROM will have sufficient power and memory for each of our sensors to record data for the entire flight. The camera will need to be facing the balloon for the duration of the flight in order to allow us to calculate its radius. We will also need the altitude of the balloon at all times in order to compare our temperature, pressure, and humidity readings to altitude. We will need the position of the balloon in order to track it so that we can retrieve the payload after landing. The payload vehicle will have two additional payloads to send GPS coordinates of the balloon to LaACES management and a sounding beacon loud enough to hear within several hundreds of feet in case the payload lands in a densely forested area or other area that is hard to navigate through or see. Additionally, these extra payloads are yellow in color and the parachute is multicolored so that they are easier to spot from far away.

[bookmark: _Toc289793709]7.3 Data Acquisition and Analysis Plan

	May 23rd will be the FRR defense, May 24th will be launch and flight operations, the 25th will be a day of data analysis, and on the 26th we will present our science results.  Therefore, there is only one day to analyze our data and make a science presentation.  In order to fully analyze our data, we will design and test post-flight software.  Also, after the balloon launch, we will follow a detailed post-flight data analysis plan.  We will not have any spare time to fix any software during the launch trip, so we must ensure that all post-flight software works appropriately.  We will already have a science presentation prepared, and we will add in data from the flight the day before the presentation.

[bookmark: _Toc289793710]7.3.1 Ground Software

	Once we remove the BalloonSat from the payload box, we will need to download the data to a computer and save the data into a text document.  We will use Term232, a windows terminal emulator, to save the output of the BalloonSat to a text document.  During software testing, we will develop a step by step procedure to properly run Term232.  From this text document, we will be able to copy and paste the data into our post-flight Excel sheet.

	The temperature, pressure, and humidity sensors all have linear outputs.  During calibration, we will determine equations that convert ADC counts to temperature, pressure, and humidity.  We will set these calibration data into the post-flight Excel sheet.  We will use Excel to convert raw ADC counts into temperature, pressure, and humidity measurements.  We will also measure errors on the calibrations, which will enable us to calculate the uncertainties in temperature, pressure, and humidity.






[image: ]From the altitude measurements, we will calculate the expected temperature, pressure, lapse rate, and density of air.  The standard atmosphere depends on sea level measurements of temperature and pressure, which we can calculate from the first measurements, which are near sea-level.  After calculating the standard atmosphere and uncertainties, we can see how well our measured values match with the standard atmosphere.  Also we will calculate the correlation between humidity and errors between measured temperature and expected temperature.Figure 7-1: Balloon Radius calculator


	To measure the radius of the balloon, the video will be paused every 2 minutes and a screenshot of the video will be placed into MS Paint.  In paint, we will note the x and y coordinate (in pixels) of the edge of the balloon for several locations.  A program written in C++ will calculate the radius of the balloon from these x and y measurements.  This program works by looping through every possible x,y combination and calculating the radius at each point, then calculating the standard deviation of the radius measurements at each point x,y.  The radius is where the standard deviation is a minimum.  Also, we will watch the video to determine when the payload is passing through a cloud, and record the times that the payload is passing through clouds.

[bookmark: _Toc289793711]7.3.2 Ground Software Implementation and Verification

	We will use two separate computers for data analysis.  One computer, called Post Flight Personal Computer 1 (PFPC1), will analyze and download the video data. The other computer, named Post Flight Personal Computer 2 (PFPC2), will analyze and download the BalloonSat data.

Tests that we must do:
· Verify that camera videos can be downloaded to post-flight PC
· Verify that radius calculating program works
· Learn how to use Term232 and write step-by-step instructions on how to use it
· Verify that post-flight software and Term232 can transfer data from the BalloonSat to Excel for data manipulation
· PFPC-1 must have:
· SD card reader or USB port
· At least 32 GB open memory
· A movie player that can support .MOV video format
· MS paint
· MS Excel 2011
· Dropbox
· PFPC-2 must have:
· VGA input for BalloonSat
· At least 32 KB of open memory
· Term232
· MS Excel 2011
· Dropbox

	During the software testing, we need to determine that the post-flight software can extract the data from the BalloonSat.  Additionally, the radius calculating program must be able to calculate the radius of a circle.  These will be tested by making a circle of a known radius in MS paint, measuring the x and y coordinates of the edge, putting these coordinates into the radius calculating program, and see if the output matches the known radius.  For the BalloonSat post-flight software, we can run the during flight program, then run the post flight program and see if the post-flight program successfully outputs the data stored in the EEPROM.

[bookmark: _Toc289793712]7.3.3 Data Analysis Plan

	After the flight, we have very little time to download, convert, and analyze the data.  We must be very efficient with our data processing.   Team Philosohook will break into two teams, one for video analysis, and the other for BalloonSat data processing.

Post-flight procedure for Team Philosohook:
· Track and locate payload
· Image payload
· Recover payload
· Disconnect power 
· Remove camera
· Remove BalloonSat

After all of those, we will split into two teams; the video processing team will do the following:
· Download Videos to PFPC-1
· Number the videos
· Watch videos in sequence
· For each video
· Record time (in the video) that the payload passes through a cloud
· Pause every 2 minutes for radius measurement (also before and after passing through clouds)
· Pause video
· Take screenshot of video
· Paste screenshot into MS Paint
· Record at least 8 coordinate pairs of the balloon edge
· Run radius calculating program
· Record output to Excel sheet
· Convert time in video to absolute time using data from the BalloonSat (provided by the other team)
· Convert absolute time into altitude
· Create plot of balloon radius vs. Altitude
· Create plot of when the balloon is passing through a cloud vs. altitude 

The BalloonSat data processing team will do the following:
· Connect BalloonSat to PFPC-2
· Set up Term232
· Run post-flight BalloonSat software
· Save raw output to plain text document
· Paste data into post-flight Excel sheet
· Check video status output byte
· Record times that the video restarts and give to the video analyzing team
· To convert raw data into useful data:
· Convert ADC counts into T,P,H data using calibration equations
· Calculate T,P,H errors using calibration errors
· Calculate lapse rate
· Determine altitude of the layers of the atmosphere from lapse rate
· To calculate US Standard Atmosphere
· Input heights of the layers into equations
· Input sea level temperature and pressure into equations
· Calculate errors based on equations derived in the appendix

After the flight we will do science.  Interesting plots would include:
· Temperature vs. Altitude
· Pressure vs. Altitude
· Humidity vs. Altitude
· Lapse Rate vs. Altitude
· Layers of the atmosphere vs. Altitude
· Relative error of temperature vs. Altitude
· Relative error of pressure vs. Altitude
· Correlation of temperature error with respect to standard atmosphere and humidity vs. Altitude
· Correlation of pressure error with respect to standard atmosphere and humidity vs. Altitude
· Balloon radius vs. Altitude
· Expected radius vs. Altitude (using actual density of the air and weight of the payloads)
· If the payload is passing through a cloud vs. Altitude
· Temperature, Pressure, and Humidity vs. Altitude before and after passing through cloud
· Internal temperature vs. Altitude

	After producing all of these plots, we will analyze them and determine what properties of the atmosphere are affected by passing through clouds.  We will also determine if there is any correlation between humidity and temperature or pressure.  All of these plots will be made using Excel in a final spreadsheet.

[bookmark: _Toc286977375][bookmark: _Toc289793713]8.0 Project Management

	The purpose of this section is to ensure this project meets the experiment’s objectives within the allocated schedule and budget. This includes discussion of project direction, authorization, communication, meeting, reviews, record keeping, and monitoring. In order to ensure proper project direction, the team will refer to its purpose, goals, and objectives contained in Sections 1 and 3 of this report. The project manager, in conjunction with the team members, makes major decision. A majority rule vote resolves any disputes. In the case of a tie the dispute will be brought to one of the ACES project managers to settle the dispute. 

	Team Philosohook meets every Tuesday and Thursday from 6:00 pm until 8:00 pm and Wednesdays from 6:00 pm until 7:00 pm. Team members work additionally at their own discretion in order to meet the project timeline. A log book resides in the ACES lab and each member is required to sign in and briefly describe what they did each time they work. Failure by an individual to uphold their part of the project results in disciplinary action as defined by the team contract. 

[bookmark: _Toc286977376][bookmark: _Toc289793714]8.1 Organization and Responsibilities

	Member
	Responsibility 
	Email

	Hannah Gardiner
	Project Management
	hgardi1@tigers.lsu.edu 

	Bill Freeman
	Software Design
	billfreeman44@yahoo.com 

	Randy Dupuis
	Electrical Design
	rdupui4@tigers.lsu.edu 

	Andrea Spring
	Mechanical Design
	aspri11@tigers.lsu.edu 

	Corey Myers
	Testing and Implementation
	cmyer14@tigers.lsu.edu 


Table 8-1: Team members, their responsibilities, and email addresses

[bookmark: _Toc286977377][bookmark: _Toc289793715]8.2 Configuration Management Plan

	Any major change in mechanical design, electrical design, or software design will be submitted by the team member in charge of the respective section to the rest of the team members. After discussion of the changes the team will put the design change up to a vote decided by majority rule. If the team cannot reach a consensus or the vote ties, then ACES staff will be contacted to help resolve the issue. The project manager then records the changes in the log book. 

[bookmark: _Toc286977378][bookmark: _Toc289793716]8.3 Interface Control

	All team members meet in the ACES lab in Nicholson Hall at LSU. Team members consult each other regarding any effects that their section has on another team member’s section if needed. All major changes will be documented in the log book and discussed at team meetings.

[bookmark: _Toc286977379][bookmark: _Toc289793717]9.0 Master Schedule

	This section describes how Team Philosohook will organize and manage the effort associated with our payload. Microsoft Project was used to organize our Work Breakdown Structure and Timeline.

[bookmark: _Toc286977380][bookmark: _Toc289793718]9.1 Work Breakdown Structure (WBS)

1.Electronics									12 days
1.1	Electronics Design				6.5 days	
1.1.1	Sensor Selection					1.0 days
1.1.2	Parts Selection					1.5 days
1.1.3	Circuit Design						2.0 days
1.1.4	Power budget						1.0 days
1.1.5	Circuit Schematic Drawn 				1.0 days
	1.2	Electronics Prototyping					6.0 days
		1.2.1	Constructing subsystem Prototypes			0.5 days
			1.2.1.1	Construct Temperature System Prototype	0.5 days
			1.2.1.2	Construct Pressure System Prototype		0.5 days
			1.2.1.3	Construct Humidity System Prototype	0.5 days		
		1.2.2	Test subsystem Prototypes				0.5 days
			1.2.2.1	Test Temperature System Prototype		0.5 days
			1.2.2.2	Test Pressure System Prototype		0.5 days
			1.2.2.3	Test Humidity System Prototype		0.5 days
		1.2.3	Develop Sensor Prototype				1.5 days
			1.2.3.1	Construct Prototype				1.0 days
			1.2.3.2	Test Prototype					0.5 days
		1.2.4	Power Supply during flight				1.5 days
			1.2.4.1	Finalization of values for Power Supply	1.0 days
			1.2.4.2	Interface Power Supply with Prototype	0.5 days
		1.2.5	Test Full Prototype					1.0 days
2. Mechanical									16 days
	2.1	 Design							2.0 days
		2.1.1	External Design					1.0 days
		2.1.2	Internal Design					1.0 days
	2.2 	Construction							8.0 days
		2.2.1	External Construction					3.0 days
			2.2.1.1	Build payload box				2.5 days
			2.2.1.2 Cut holes for sensors and camera		0.5 days 
		2.2.2	Internal Construction					5.0 days
			2.2.2.1 Build insert for BalloonSat			2.0 days
			2.2.2.2 Install sensors, BalloonSat and camera	3.0 days
	2.3 	Testing							6.0 days
		2.3.1	Sensor and camera testing				2.0 days	
		2.3.2 	Impact testing						1.0 days
		2.3.3	Thermal testing					1.0 days
		2.3.4 	Vacuum testing					1.0 days
3. Software									12 days
	3.1 Write Subroutine Flowcharts					3 days
		2.1.1 Pre Flight Subroutine Flowcharts.			1 days
		2.1.2 During Flight Subroutine Flowcharts			1 days
		2.1.3 Post Flight Subroutine Flowcharts			1 days
	3.2	Software writing						4.5 days
		2.2.1 Pre Flight						1.5 day
		2.2.2 During Flight						1.5 day
		2.2.3 Post Flight						1.5 day
		2.2.4 timing programs						0.25 days
	3.3 Testing								4.5 days
		2.3.1Pre Flight						1.5 day
		2.3.2 During Flight 						1.5 day
			*depends on electrical prototype
		2.3.3 Post Flight						1.5 day
4. Calibrations                                                                                               10.5 days
	4.1	 Calibration of temperature sensor.                                    3.0 days
		4.1.1 Temperature conditions set up                                      1.0 day
		4.1.2 Temperature information collection                              1.0 day
		4.1.3 Temperature information calibrated                             1.0 day
	4.2 	Calibration of pressure sensor.                                            3.0 days
		4.2.1 Pressure conditions set up                                             1.0 day
		4.2.2 Pressure information collection                                     1.0 day
		4.2.3 Pressure information calibrated                                    1.0 day
4.3 	Calibration of humidity sensor.                                           3.0 days
		4.3.1 Humidity conditions set up                                             1.0 day
		4.3.2 Humidity information collection                                     1.0 day
		4.3.3 Humidity information calibrated                                    1.0 day
4.4 	Calibration of camera.                                                          1.5 days
		4.4.1 Camera conditions set up                                               0.5 days
		4.4.2 Camera information collection                                       0.5 days
		4.4.3 Camera information calibrated                                      0.5 days

[bookmark: _Toc286977381][bookmark: _Toc289793719]9.2 Staffing Plan

Primary Roles:
Spokesperson Project Lead – Hannah Gardiner
Mechanical Design Lead – Andrea Spring
Testing and Implementation – Corey Myers
Software – Bill Freeman
Electrical Design Lead – Randy Dupuis
Editing Lead – Hannah Gardiner 

Secondary Roles:
Secondary Project Lead – Andrea Spring 
Secondary Mechanical Design Lead – Corey Myers
Secondary Testing and Implementation Lead – Hannah Gardiner
Secondary Software – Randy Dupuis
Secondary Electrical Design – Bill Freeman
Secondary Editing – Bill Freeman
















[bookmark: _Toc286977382][bookmark: _Toc289793720]9.3 Timeline and Milestones

[image: C:\Users\aces\Desktop\Dropbox\CDR\Fixed Gantt Chart v1.png]
Figure 9-1: Gantt chart showing the overall project timeline
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	Item
	Source
	Manufacturer #
	Quantity
	Price

	Temperature Sensor
	DigiKey
	1N457
	1
	$0.02

	Pressure Sensor
	TBD
	TBD
	1
	$40

	Humidity Sensor
	DigiKey
	HIH-5031
	1
	$14.11

	Risk Contingency
	Dr. Guzik 
	US Mint
	1
	$100

	Camera
	eBay
	Kodak Zx1
	1
	$40

	32 GigaByte SD Card
	Amazon
	TS32GSDHC10E
	1
	$54

	Expanded EEPROM
	Paralax
	24AA64
	1
	$1.50

	Batteries (AA)
	Thomas Distributing
	ENR-L91BP-4
	4
	$4

	Batteries (AAA)
	Thomas Distributing
	ENR-L92-BP4
	8
	$8

	Additional Camera(s)
	eBay
	Kodak Zx1
	1
	$80

	Single OpAmp Integrated Circuit
	Analog Devices
	AD820
	1
	$2.25

	BalloonSat
	LaAces Management
	bsat12
	1
	--

	
	
	
	TOTAL
	$343.88


Table 10-1: Master Budget

	Table 10-1 shows our master budget of components, the source at which we will attain them, manufacturer number, quantity, and price. Our total budget thus far is $343.88 which falls within our $500 limit. Our budget also contains a $100 contingency in case new parts are needed. Additionally, we have set aside an extra $80 contingency in our budget for extra cameras in case the camera being used for testing and calibrations breaks beyond repair. Even with contingency, we still have extra room in our budget.

[bookmark: _Toc289793722]10.1 Expenditure Plan

	Component
	Price
	Status

	Temperature Sensor
	$0.02
	Acquired

	Pressure Sensor
	$40
	Acquired

	Humidity Sensor
	$14.11
	Not Yet Ordered

	Camera
	$40
	Acquired

	32 GigaByte SD Card
	$64
	Not Yet Ordered

	Expanded EEPROM
	$1.50
	Not Yet Ordered

	Batteries (AA)
	$4
	Not Yet Ordered

	Batteries (AAA)
	$8
	Not Yet Ordered

	Single OpAmp Integrated Circuit
	$2.25
	Acquired 

	BalloonSat
	--
	Acquired


Table 10-2: Expenditure Plan shows each component, its price, and status

[bookmark: _Toc289793723]10.2 Material Acquisition Plan

	Many of the materials required for our project are already at our disposal in the LaACES lab. This is very convenient for preliminary testing and calibrations because we save time on waiting on shipping. However, other parts will be attained through online vendors such as eBay, Amazon, Paralax, Thomas Distributing, Analog Devises, and DigiKey. Although we already have some of the components, it is important that we document where we can attain the components in case one or more of the components fail and we need to order more. Additionally, parts we do not have will be ordered shortly after completion of CDR phase.

	Material
	Quantities
	How Acquired
	When Needed
	When Ordered

	BalloonSat
	1
	Supplied by LaACES
	Calibration and testing
	Already have

	Capacitors, wires, resistors, etc. for electronics
	22
	Supplied by LaACES
	Calibration and testing
	Already have

	Styrofoam, Gorilla Glue, & Duct Tape
	50g
	Supplied by LaACES
	Payload Creation
	Already have

	1N457 Temperature Sensor
	1
	Supplied by LaACES
	Electronics prototyping
	Already have

	1230 Pressure Sensor
	1
	Supplied by LaACES
	Electronics prototyping
	Already Have

	HIH-5031 Humidity Sensor
	1
	Order Online 
	Electronics prototyping
	Not yet ordered

	Kodak Zx1 Camera
	1
	Supplied by LaACES
	Electronics prototyping
	Already have

	32 GigaByte SD Card
	1
	Order Online through Amazon
	Software Testing
	Not yet ordered

	24AA64 Expanded EEPROM
	1
	Order Online 
	Electronics Development
	Not yet ordered

	Batteries (AA)
	4
	 Order online through Thomas Distributing
	Calibrations 
	Already have

	Batteries (AAA)
	8
	Order online through Thomas Distributing
	Calibrations 
	Already have


Table 10-3: Material Acquisition Plan

[bookmark: _Toc289793724]11.0 Risk Management and Contingency

	Likelihood and impact are estimated on a scale of 1 to 5, one being the least likely to happen or the least impact and five being the most likely to happen or the highest impact. Detection difficulty is also estimated on a scale of 1-5, one being the least difficult to detect and five being the most difficult to detect.
	System
	Risk
	Likelihood
	Impact
	Detection Difficulty 
	When

	Software
	-
	-
	-
	-
	

	
	Loading of the wrong program to the payload
	1
	5
	3
	Pre-Flight

	
	Forget to load program into payload
	1
	5
	1
	Pre-Flight

	
	Running out of memory
	4
	3
	1
	During flight

	
	Temporary power failure
	3
	4
	4
	During flight

	Mechanical
	-
	-
	-
	-
	

	
	Payload box breaks upon landing
	3
	3
	2
	Touchdown

	
	Lid comes off of box during flight
	1
	4
	3
	During flight

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	Lack of insulation
	1
	5
	3
	Box production

	
	Payload breaks during flight due
	1
	5
	5
	During flight

	Electrical
	-
	-
	-
	-
	

	
	Condensation forming on payload electronics
	4
	4
	5
	During flight

	
	Components fail during flight
	2
	4
	2
	During flight

	
	Sensor fail during flight
	2
	4
	2
	During flight

	
	Short circuit in payload
	2
	4
	4
	During flight

	
	Bad connection during fabrication
	2
	4
	4
	Fabrication

	
	Camera failure
	2
	5
	3
	During flight

	Other
	-
	-
	-
	-
	

	
	Going over money budget
	1
	5
	3
	Fabrication

	
	Going over weight budget
	2
	5
	3
	Fabrication

	
	Payload enters clouds
	3
	3
	2
	During flight

	
	Solar flares
	1
	4
	5
	During flight

	
	Ice forming on payload
	2
	4
	5
	During flight

	
	Balloon Vehicle is lost
	1
	5
	1
	Touchdown


Table 11-1 Risk Management

	Risk Event
	Response
	Contingency
	Trigger
	Who is Responsible

	Loading of the wrong program to the payload
	Reload
	Check program before flight
	Lapse in concentration
	Bill

	Forget to load program into payload
	Reload
	Check payload before flight
	Lapse in concentration 
	Bill

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	Running out of memory
	Restart program before launch
	Use larger EEPROM
	Starting flight program too early or late balloon launch
	Bill or ACES management

	Temporary power failure
	
	
	
	

	Payload box breaks upon landing
	
	Shock test
	
	Corey, Andrea

	Lid comes off of box during flight
	
	Duct tape to secure the lid
	
	

	Lack of insulation
	
	Thermal Test
	
	Corey, Andrea

	Payload breaks during flight due
	
	Vacuum test
	
	Corey, Andrea

	Condensation forming on payload electronics
	
	Coat parts and secure with foam
	
	

	Components fail during flight
	
	Test all components before flight
	
	Corey, 

	Sensor fail during flight
	
	Test all sensors before flight
	
	Corey

	Short circuit in payload
	
	Perform shock test on components
	
	Corey

	Bad connection during fabrication
	
	Follow schematic when building payload
	
	Andrea, Randy

	Camera failure
	
	Check camera functionality and battery pack before flight
	
	Corey, 

	Going over money budget
	
	Choose less expensive parts
	
	Hannah

	Going over weight budget
	
	Choose lighter parts
	
	Hannah

	Payload enters clouds
	
	Visual conformation with camera to determine enter and exit time
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	Solar flares
	
	Check solar activity for predicted influence
	
	

	Ice forming on payload
	
	Ample foam to insulate payload
	
	Andrea

	Balloon Vehicle is lost
	
	
	
	


[bookmark: _Toc286977383]Table 11-2 Risk Contingency 

[bookmark: _Toc289793725]12.0 Glossary

%rel	Percent relative humidity
AC	Alternating Current
ADC	Analog to Digital Converter
Atm	Atmosphere
CCD	Charge Coupled Device
CDR	Critical Design Review
CMOS		Complementary metal oxide semiconductor
EEPROM		Electrically Erasable Programmable Read-Only Memory
ESRL	Earth System Research Laboratory
FRR	Flight Readiness Review
GMD	Global Monitoring Division
GPS	Global Positionaing Satellite 
HD	High Definintion 
Hum	Humidity
km	Kilometer 
LaACES	Louisiana Aerospace Catalyst Experiences for Students
LSU	Louisiana State University
NASA	National Aeronautics and Space Administration
NOAA 	National Oceanic and Atmospheric Administration
PDR	Preliminary Design Review
RH            	Relative Humidity
RTD	Resistant temperature detectors
TBD	To be determined
TBS	To be supplied
Temp	Temperature
USAF	United States Air Force
V		Volts
WBS	Work breakdown structure

[bookmark: _Toc286977384][bookmark: _Toc289793726]Appendix 
Propagation of errors in the US Standard Atmosphere and PHAT-TACO measurements:

[bookmark: _Toc289793727]A.1 Temperature and pressure errors
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[bookmark: _Toc289793728]A.2 Lapse rate error propagation:
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[bookmark: _Toc289793729]A.3 Errors in the radius measurement:

The difference between measured radius and actual radius can be calculated using:

Rmeas - R = r/cos(arctan(r/(L+r))) – R

	R (m)
	L(m)
	r(m)
	Rmeas (m)
	delta R (cm)

	1
	4
	0.980581
	0.999405
	0.0595347

	2
	4
	1.897367
	1.993148
	0.68518917

	3
	4
	2.757435
	2.978174
	2.182649507

	4
	4
	3.577709
	3.956422
	4.35775999

	5
	4
	4.370786
	4.930739
	6.926057375

	1
	8
	0.993884
	0.999934
	0.006616778

	2
	8
	1.961161
	1.998809
	0.119069399

	3
	8
	2.894291
	2.994691
	0.530920306

	4
	8
	3.794733
	3.986296
	1.370378341

	5
	8
	4.666728
	4.973375
	2.662450515


Table A-1: Typical errors in radius measurement based on geometry

	Table 3-3 shows error calculated based on a distance to the payload of either 4 or 8 meters, and the radius of the balloon varying from 1 to 5 meters.  Due to memory availability, the best resolution we could hope to get would be about 1 cm/pixel.   If the balloon is far enough away from the payload, the limiting factor will be the resolution of the camera, not the geometry.



[bookmark: _Toc289793730]A.4 Balloon Radius equation derivation:

	The gravitational constant changes by less than one percent during flight, so we assume it is a constant.  When the balloon reaches constant velocity, all the forces acting on the balloon are equal.

Fb = Fbal + FHe + Fpay + Fdrag

	In this equation, Fb is the buoyant force (lift from balloon), Fbal is the weight of the balloon, FHe is the weight of the helium in the balloon, Fpay is the weight of the payloads, and Fdrag is the force of drag on the balloon.

DAir*V*g = mbal*g + mHe*g + mpay*g + k*DAir*(π*r2)*S2

	In this equation, DAir is the density of air in kg/m3, V is the volume of the balloon in m3, g is gravitational acceleration in m/s2, mbal is the mass of the balloon in kg, mHe is the mass of helium inside of the balloon in kg.  The density of air can be estimated from the US Standard Atmosphere model, radius of the balloon will be measured from the video, volume of the balloon can be calculated from the radius, the mass of the balloon is 2000 grams, the mass of the payloads should be known before launch, g is 9.81m/s2, k is a geometrical factor which is between 0.07 and 0.5 for spheres [25], and the speed should be constant and can be calculated from GPS data.  The radius, volume, and density of air should be the only factors that change with height.  Terms that do not vary with altitude have been grouped into the constant C.

DAir*V*g = C + k*DAir*(π*r2)*S2

(4/3)*π*r3*g*DAir= C + k*DAir*(π*r2)*S2

(4/3)*π*r3*g*DAir - C - k*DAir*(π*r2)*S2 = 0

	The above equation has one real solution and we will test if the above equation holds true throughout flight.














A.5 Temperature system testing: 
	

Figure A-1: Temperature as a function of altitude from NOAA data taken on May 23, 2010 from Fort Worth, Texas [2]
The following diagram shows the temperature relation to altitude from the NOAA data in figure A-1. The barred regions show the approximation of how long the payload spent in each temperature range. From the approximations and assuming constant ascend velocity of 1000 feet per minute, we can calculate the time to spend in each temperature range.
For 20°C: (2.5 km)*(1min/1000 ft)*(3280 ft/1 km)=8.2 minutes
For 0°C: (3 km)*(1min/1000 ft)*(3280 ft/1 km)= 9.8 minutes
For -20°C: (4.5 km)*(1min/1000 ft)*(3280 ft/1km)= 14.76 minutes
For -70°C: (4 km)*(1min/1000 ft)*(3280 ft/1km)= 13.12 minutes
For the decent, the payload will be traveling at approximately 5500 feet per minute. Thus, the equations are similar, only varying in the speed that is use.

For -70°C: (4 km)*(1min/5500 ft)*(3280 ft/1km)= 2.38 minutes
For -20°C: (4.5 km)*(1min/5500 ft)*(3280 ft/1km)= 2.68 minutes
For 0°C: (3 km)*(1min/5500 ft)*(3280 ft/1 km)= 1.8 minutes
For 20°C: (2.5 km)*(1min/5500 ft)*(3280 ft/1 km)=1.5 minutes
Because the decent times are so short, we will increase the time spend in each temperature region so that the payload can be tested in longer conditions. 
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0.17099999478792199	0.18999999420880001	0.58599998213872195	0.60999998140720102	0.76999997653040597	0.91399997214128303	1.21899996284488	1.4859999547067211	1.49599995440192	1.5059999540971161	1.523999953548475	1.53599995318272	1.5459999528779149	1.61799995068336	1.8289999442520819	1.975999939771524	2.133999934955682	2.4379999256897591	2.6169999202338312	2.7429999163933632	3.1549999038356029	3.3359998983187231	3.3529998978005628	3.6319998892966439	3.6579998885041638	3.6949998873764121	3.9619998792382431	4.2669998699418441	4.2759998696675243	4.8069998534826484	4.8769998513490451	5.4829998328781704	5.8599998213872047	6.0959998141939256	6.2039998109020864	6.4009998048975314	6.4129998045317684	6.626999798009046	6.7059997956011603	6.7949997928884072	6.9489997881944934	7.2129997801477703	7.4849997718572077	7.5399997701808124	7.6199997677424056	7.9379997580497674	8.5339997398837024	9.1439997212908271	9.4489997119944515	9.4629997115678108	9.5999997073920085	9.7539997026980902	9.9749996959620226	10.44199968172785	10.82999966990165	10.8829996682862	10.97299966554302	11.277999656246569	11.43499965146122	11.57999964704165	11.75799964161617	11.81799963978742	12.033999633203701	12.28999962540081	12.496999619091451	13.077999601382571	13.638999584283299	13.996999573371451	14.020999572639971	14.11999956962242	14.287999564501771	14.816999548377851	14.93499954478122	14.95599954414118	15.23999953548482	15.337999532497779	15.89799951542903	16.39399950031089	16.510999496744741	16.56999949494643	17.553999464954131	17.69399946068696	17.982999451878179	18.287999442581729	18.592999433285311	18.679999430633629	18.897999423989031	19.20199941472303	19.284999412193219	19.651999401007131	19.811999396130261	20.421999377537379	20.72599936827153	20.739999367844831	21.33599934967874	21.343999349434899	21.640999340382329	21.988999329775179	22.24999932182002	22.306999320082731	22.55499931252362	22.85999930322722	22.874999302770021	23.164999293930819	23.469999284634419	23.4619992848782	23.773999275368489	23.999999268480021	24.078999266072099	24.383999256775621	24.44899925479449	24.805999243913089	24.99399923818282	25.183999232391631	25.602999219620589	25.808999213341689	26.517999191731391	26.62999918831763	27.431999163872739	27.736999154576271	28.34599913601393	28.715999124736349	29.260999108124729	29.565999098828289	29.65399909614613	29.86999908956243	30.17499908026603	30.47999907096953	31.089999052376829	31.26999904689043	31.69899903381453	31.912999027291789	24.2	24.2	21	20.9	20	19	16.899999999999999	15	15.4	15.8	18.399999999999999	20.2	21.6	22.2	21.4	20.8	19.899999999999999	18.100000000000001	17	16	12.8	11	10.9	8.8000000000000007	8.6	8.2000000000000011	6.3	4.0999999999999996	4	-0.9	-1.6	-7.5	-10.7	-12.8	-13.7	-15	-15.1	-15.5	-16.2	-17.100000000000001	-17.100000000000001	-18.100000000000001	-20.3	-20.5	-20.9	-22.7	-28.2	-33.9	-36.799999999999997	-36.9	-37.9	-39	-40.700000000000003	-43.9	-47.5	-48.1	-48.4	-49.5	-50.1	-49.7	-51.1	-50.1	-50.7	-50.3	-51.6	-55.3	-57.9	-60.9	-60.9	-61.1	-61.5	-64.900000000000006	-65.099999999999994	-65.099999999999994	-67.3	-68.099999999999994	-71.099999999999994	-71.7	-70.3	-70.7	-72.3	-70.099999999999994	-69.5	-68.8	-68.099999999999994	-67.900000000000006	-67.599999999999994	-67.2	-67.099999999999994	-62.5	-62.2	-60.9	-60.3	-60.3	-59.3	-59.3	-57.5	-55.5	-56.2	-56.3	-54.6	-52.6	-52.5	-52.8	-53.1	-53.1	-52.2	-51.5	-51.3	-50.6	-50.5	-52.5	-51.9	-51.3	-52.2	-52.7	-50.8	-50.5	-47.7	-46.7	-44.6	-43.3	-43.6	-43.8	-43.9	-43.5	-43	-42.5	-41.4	-41.1	-40.200000000000003	-39.700000000000003	Alt [km]
Temp
[°C]
Pressure vs Altitude
Measured	0.17099999478792199	0.18999999420880001	0.58599998213872095	0.60999998140720102	0.76999997653040597	0.91399997214128303	1.21899996284488	1.4859999547067211	1.49599995440192	1.5059999540971161	1.523999953548475	1.53599995318272	1.5459999528779149	1.61799995068336	1.8289999442520819	1.975999939771526	2.133999934955682	2.4379999256897591	2.6169999202338312	2.7429999163933632	3.1549999038356029	3.3359998983187231	3.3529998978005628	3.6319998892966439	3.6579998885041638	3.6949998873764121	3.9619998792382431	4.2669998699418441	4.2759998696675243	4.8069998534826484	4.8769998513490451	5.4829998328781704	5.8599998213872047	6.0959998141939256	6.2039998109020864	6.4009998048975314	6.4129998045317684	6.626999798009046	6.7059997956011603	6.7949997928884072	6.9489997881944934	7.2129997801477703	7.4849997718572077	7.5399997701808124	7.6199997677424056	7.9379997580497674	8.5339997398837024	9.1439997212908271	9.4489997119944515	9.4629997115678108	9.5999997073920085	9.7539997026980902	9.9749996959620226	10.44199968172785	10.82999966990165	10.8829996682862	10.97299966554302	11.277999656246569	11.43499965146122	11.57999964704165	11.75799964161617	11.81799963978742	12.033999633203701	12.28999962540081	12.496999619091451	13.077999601382571	13.638999584283299	13.996999573371451	14.020999572639971	14.11999956962242	14.287999564501771	14.816999548377851	14.93499954478122	14.95599954414118	15.23999953548482	15.337999532497779	15.89799951542903	16.39399950031089	16.510999496744741	16.56999949494643	17.553999464954131	17.69399946068696	17.982999451878179	18.287999442581729	18.592999433285311	18.679999430633629	18.897999423989031	19.20199941472303	19.284999412193219	19.651999401007131	19.811999396130261	20.421999377537379	20.72599936827153	20.739999367844831	21.33599934967874	21.343999349434899	21.640999340382329	21.988999329775179	22.24999932182002	22.306999320082731	22.55499931252362	22.85999930322722	22.874999302770021	23.164999293930819	23.469999284634419	23.4619992848782	23.773999275368489	23.999999268480021	24.078999266072099	24.383999256775621	24.44899925479449	24.805999243913089	24.99399923818282	25.183999232391631	25.602999219620589	25.808999213341689	26.517999191731391	26.62999918831763	27.431999163872739	27.736999154576271	28.34599913601393	28.715999124736349	29.260999108124729	29.565999098828289	29.65399909614613	29.86999908956243	30.17499908026603	30.47999907096953	31.089999052376829	31.26999904689043	31.69899903381453	31.912999027291789	0.97508018751542103	0.97310634098198701	0.93165556377991599	0.92918825561312801	0.91290402171231	0.89770540340489002	0.866419935849988	0.83987169997532896	0.83888477670861095	0.83789785344190004	0.83612139156180798	0.83493708364174701	0.833950160375031	0.82704169750802403	0.80710584752035697	0.79348630643967399	0.77897853441895104	0.75183814458425902	0.73624475697014802	0.72538860103626701	0.69084628670120896	0.67604243770047201	0.67466074512706597	0.65235627929928597	0.65028374043918302	0.64742166296570602	0.62659758203799598	0.60370096225018899	0.60301011596348597	0.56452010856155899	0.55958549222798004	0.51813471502590702	0.49346163335800802	0.47846039970392401	0.471749321490254	0.45961016530964999	0.45891931902294802	0.44608931655563799	0.44145077720207399	0.43622008388847899	0.42733777448803401	0.41253392548729301	0.39773007648655301	0.39476930668640497	0.39052553663952599	0.37404391808536902	0.344041450777202	0.31581544534912598	0.30259067357512998	0.30199851961509999	0.29607698001480598	0.28946459412780801	0.28028620774734903	0.26153466567974498	0.24673081667900301	0.24475697014557099	0.24140143103873701	0.230446582778189	0.22501850481125099	0.22008388847767099	0.21416234887737601	0.21218850234394299	0.20528003947693099	0.19738465334320299	0.19116703676289201	0.17468541820873401	0.15988156920799401	0.150999259807551	0.15040710584752201	0.14803849000740299	0.144090796940538	0.13224771773994601	0.129681717246484	0.129286947939798	0.12336540833950201	0.12139156180607	0.110535405872193	0.101653096471749	9.9679249938317296E-2	9.8692326671601702E-2	8.3493708364174704E-2	8.1519861830742696E-2	7.76708610905502E-2	7.3821860350357801E-2	7.0071551936836896E-2	6.9084628670120898E-2	6.6617320503330898E-2	6.3360473723168095E-2	6.2472242783123598E-2	5.88206266962744E-2	5.7340241796200397E-2	5.1912163829262302E-2	4.94448556624719E-2	4.9346163335800698E-2	4.49050086355786E-2	4.4806316308907003E-2	4.2733777448803703E-2	4.0463853935356703E-2	3.8884776708610999E-2	3.8490007401924702E-2	3.7009622501850602E-2	3.5331852948433398E-2	3.5233160621761898E-2	3.3654083395016E-2	3.2173698494941998E-2	3.2173698494941998E-2	3.0693313594868099E-2	2.9607698001480401E-2	2.9212928694793999E-2	2.7929928448063301E-2	2.76338514680485E-2	2.61534665679744E-2	2.53639279546015E-2	2.4673081667900401E-2	2.3094004441154701E-2	2.2403158154453599E-2	2.0133234641006699E-2	1.9738465334320301E-2	1.7468541820873401E-2	1.6679003207500601E-2	1.51986183074266E-2	1.4409079694053801E-2	1.3323464100666199E-2	1.27313101406366E-2	1.25339254872934E-2	1.2139156180606901E-2	1.1645694547248999E-2	1.10535405872193E-2	1.01653096471749E-2	9.8692326671601799E-3	9.2770787071304907E-3	8.9810017271157207E-3	Alt [km]
Pres
[atm]
Humidity vs Altitude
0.17099999478792199	0.18999999420880001	0.58599998213872095	0.60999998140720102	0.76999997653040597	0.91399997214128303	1.21899996284488	1.4859999547067211	1.49599995440192	1.5059999540971161	1.523999953548475	1.53599995318272	1.5459999528779149	1.61799995068336	1.8289999442520819	1.975999939771526	2.133999934955682	2.4379999256897591	2.6169999202338312	2.7429999163933632	3.1549999038356029	3.3359998983187231	3.3529998978005628	3.6319998892966439	3.6579998885041638	3.6949998873764121	3.9619998792382431	4.2669998699418441	4.2759998696675243	4.8069998534826484	4.8769998513490451	5.4829998328781704	5.8599998213872047	6.0959998141939256	6.2039998109020864	6.4009998048975314	6.4129998045317684	6.626999798009046	6.7059997956011603	6.7949997928884072	6.9489997881944934	7.2129997801477703	7.4849997718572077	7.5399997701808124	7.6199997677424056	7.9379997580497674	8.5339997398837024	9.1439997212908271	9.4489997119944515	9.4629997115678108	9.5999997073920085	9.7539997026980902	9.9749996959620226	10.44199968172785	10.82999966990165	10.8829996682862	10.97299966554302	11.277999656246569	11.43499965146122	11.57999964704165	11.75799964161617	11.81799963978742	12.033999633203701	12.28999962540081	12.496999619091451	13.077999601382571	13.638999584283299	13.996999573371451	14.020999572639971	14.11999956962242	14.287999564501771	14.816999548377851	14.93499954478122	14.95599954414118	15.23999953548482	15.337999532497779	15.89799951542903	16.39399950031089	16.510999496744741	16.56999949494643	17.553999464954131	17.69399946068696	17.982999451878179	18.287999442581729	18.592999433285311	18.679999430633629	18.897999423989031	19.20199941472303	19.284999412193219	19.651999401007131	19.811999396130261	20.421999377537379	20.72599936827153	20.739999367844831	21.33599934967874	21.343999349434899	21.640999340382329	21.988999329775179	22.24999932182002	22.306999320082731	22.55499931252362	22.85999930322722	22.874999302770021	23.164999293930819	23.469999284634419	23.4619992848782	23.773999275368489	23.999999268480021	24.078999266072099	24.383999256775621	24.44899925479449	24.805999243913089	24.99399923818282	25.183999232391631	25.602999219620589	25.808999213341689	26.517999191731391	26.62999918831763	27.431999163872739	27.736999154576271	28.34599913601393	28.715999124736349	29.260999108124729	29.565999098828289	29.65399909614613	29.86999908956243	30.17499908026603	30.47999907096953	31.089999052376829	31.26999904689043	31.69899903381453	31.912999027291789	86	87	100	100	100	100	100	99	67	36	31	28	27	17	14	12	14	17	19	20	26	32	32	29	34	42	40	38	38	43	45	71	67	62	61	55	55	29	33	38	13	10	20	15	14	10	14	20	24	25	27	34	47	46	44	44	44	44	43	38	38	38	34	34	32	28	27	26	26	25	25	21	21	21	20	19	18	18	19	18	18	19	19	19	19	19	21	23	23	25	25	26	26	26	23	23	23	24	24	24	23	22	22	22	22	22	21	20	19	18	17	19	18	17	17	17	15	15	13	12	10	9	9	9	9	9	9	9	9	9	8	8	Alt [km]
Hum
[%rel]
Balloon Radius vs Altitude
Burst	35.4	5.2700000000000014	Radius w/ drag	0	4	8	14	20	24	30	1.5489999999999979	1.6767000000000001	1.845599999999997	2.258	2.9	3.4789999999999992	4.5911999999999997	Altitude [km]
Radius
[m]
Temperature vs Altitude
0.17099999478792074	0.18999999420880045	0.58599998213872095	0.60999998140720069	0.76999997653040286	0.91399997214128181	1.2189999628448798	1.4859999547067215	1.4959999544019214	1.5059999540971196	1.5239999535484794	1.53599995318272	1.5459999528779191	1.6179999506833616	1.8289999442520819	1.9759999397715229	2.133999934955682	2.4379999256897591	2.6169999202338374	2.7429999163933632	3.1549999038356029	3.3359998983187227	3.3529998978005633	3.6319998892966439	3.6579998885041642	3.6949998873764063	3.9619998792382427	4.2669998699418441	4.2759998696675243	4.8069998534826484	4.8769998513490451	5.4829998328781704	5.8599998213872055	6.0959998141939264	6.2039998109020864	6.4009998048975314	6.4129998045317684	6.626999798009046	6.7059997956011408	6.7949997928884072	6.9489997881944934	7.2129997801477694	7.4849997718572077	7.5399997701808124	7.6199997677424065	7.9379997580497674	8.5339997398837024	9.1439997212908661	9.4489997119944764	9.4629997115677842	9.5999997073920085	9.7539997026980902	9.9749996959620226	10.441999681727848	10.829999669901627	10.882999668286176	10.972999665542984	11.277999656246571	11.43499965146122	11.579999647041626	11.757999641616168	11.817999639787386	12.033999633203702	12.289999625400812	12.496999619091454	13.077999601382571	13.638999584283294	13.996999573371454	14.020999572639948	14.11999956962242	14.287999564501773	14.816999548377854	14.93499954478122	14.955999544141154	15.23999953548482	15.337999532497776	15.897999515428999	16.393999500310887	16.510999496744738	16.56999949494643	17.553999464954121	17.693999460686921	17.982999451878179	18.287999442581754	18.592999433285353	18.679999430633618	18.897999423988995	19.201999414723034	19.284999412193219	19.651999401007089	19.811999396130258	20.421999377537436	20.725999368271527	20.739999367844831	21.335999349678744	21.343999349434899	21.640999340382329	21.988999329775261	22.24999932182002	22.306999320082685	22.55499931252362	22.859999303227223	22.874999302770021	23.164999293930823	23.469999284634422	23.461999284878239	23.773999275368489	23.999999268480025	24.078999266072103	24.383999256775677	24.448999254794487	24.805999243913114	24.99399923818287	25.183999232391677	25.602999219620585	25.808999213341689	26.517999191731388	26.62999918831763	27.4319991638727	27.736999154576267	28.345999136013926	28.715999124736349	29.260999108124729	29.565999098828321	29.65399909614613	29.869999089562427	30.17499908026603	30.479999070969587	31.089999052376829	31.26999904689043	31.69899903381453	31.912999027291793	24.2	24.2	21	20.9	20	19	16.899999999999999	15	15.4	15.8	18.399999999999999	20.2	21.6	22.2	21.4	20.8	19.899999999999999	18.100000000000001	17	16	12.8	11	10.9	8.8000000000000007	8.6	8.2000000000000011	6.3	4.0999999999999996	4	-0.9	-1.6	-7.5	-10.7	-12.8	-13.7	-15	-15.1	-15.5	-16.2	-17.100000000000001	-17.100000000000001	-18.100000000000001	-20.3	-20.5	-20.9	-22.7	-28.2	-33.9	-36.800000000000004	-36.9	-37.9	-39	-40.700000000000003	-43.9	-47.5	-48.1	-48.4	-49.5	-50.1	-49.7	-51.1	-50.1	-50.7	-50.3	-51.6	-55.3	-57.9	-60.9	-60.9	-61.1	-61.5	-64.900000000000006	-65.099999999999994	-65.099999999999994	-67.3	-68.099999999999994	-71.099999999999994	-71.7	-70.3	-70.7	-72.3	-70.099999999999994	-69.5	-68.8	-68.099999999999994	-67.900000000000006	-67.599999999999994	-67.2	-67.099999999999994	-62.5	-62.2	-60.9	-60.3	-60.3	-59.3	-59.3	-57.5	-55.5	-56.2	-56.3	-54.6	-52.6	-52.5	-52.8	-53.1	-53.1	-52.2	-51.5	-51.3	-50.6	-50.5	-52.5	-51.9	-51.3	-52.2	-52.7	-50.8	-50.5	-47.7	-46.7	-44.6	-43.3	-43.6	-43.8	-43.9	-43.5	-43	-42.5	-41.4	-41.1	-40.200000000000003	-39.700000000000003	Altitude [km]
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Where T is the temperature, Ty is the base temperature of the layer, Ly is the lapse rate of the layer, T
is the measured height of the payload, and Hy is the base height of the layer. For the subscript b, 0 is
the Troposphere, 1 is the Tropopause, and 2 is the lower Stratosphere. There will be  small error in the
measured base height and there will be an error in the measured height of the payload.
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Typical hy — hy should be 0.03 km, typical Ty — T should be 6.5 0.03 = 0.195, expected uncertianties
of £0.6 °C and £0.002 km. If we take the first and second temperature and hights to be N measurements

apart.

\/2(0 62(0.03N)2 +0.002%(0.195N)?) _ 28 29)

e =
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In 1 kilometer (3280 feet), we will take 33 data points, putting the lapse rate error at 28/33 = 0.85
k/km. If o, in the above equation is set to 0, then the error is still 28/N. The major source of error comes

from o7





