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We developed a spreadsheet simulation for satellites moving through an atmosphere of variable density.  The simulation reviews mechanics and illustrates a method scientists might use to break a complex problem into small, solvable elements.
The lab explanation follows:

Orbital Drag Lab – Satellite Orbits in Real Atmospheres
PURPOSE
How much does the atmosphere affect the shuttle as it orbits the Earth?  
In this lab, we will use an iterative numerical technique to examine the effect of atmospheric drag on the satellites in general and the space shuttle in particular.  Specifically, we will explore the effect of a 10% increase in atmospheric temperature on the duration of a typical shuttle mission.  To determine the atmospheric drag at the altitude of the shuttle’s orbit, we will need to use the model for the density of the atmosphere as a function of altitude that we developed in class during the last lesson. This model is called the Mass Spectrometer-Incoherent Scatter (MSIS) model. It was built on the simple Law of Atmospheres but also incorporates changes with altitude in the gravitational acceleration g, temperature T, and mean atmospheric molecular mass m. 
BACKGROUND: MODELING THE ORBITAL DECAY
Because the atmosphere extends effectively as high as 1000 km, it can be a detriment for satellites in near-Earth orbits. The air drag produced by the atmosphere can cause a satellite's orbit to decay over time and eventually cause the satellite to burn up in the atmosphere. Orbital decay occurs because air drag, being a non-conservative force, robs the satellite of its mechanical energy and thus the satellite loses altitude and speeds up.  The amount of energy lost by the satellite is simply the work done by the drag force:
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where the magnitude of the drag force is given by 
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In these equations, ( is the atmospheric mass density (at the location of the satellite), A is the effective surface area of the satellite, CD is the drag coefficient, v is the satellite's speed, and d is the distance over which the force acts.  For a satellite in a circular orbit, assuming the satellite's orbital radius (r) does not change appreciably for any one orbit, d may be taken simply as the circumference of the orbit, 2(r.  The work done by drag is negative—that is the amount of energy the satellite loses.  If we know an initial total orbital energy of a satellite, we can find the satellite’s orbital energy after one orbit simply by adding the work done by drag.  A new velocity and altitude can then be calculated from the new total energy. On your lab worksheet, you’ll see a flow chart that depicts this process and shows how we’ll implement it.
These ideas have an important application in space shuttle missions where the shuttle is in a circular orbit with an altitude between 200 km and 550 km.  Prior to a shuttle mission and each day that the shuttle is in orbit, the amount of altitude loss due to air drag is calculated by mission controllers to determine what preventive actions, if any, must be taken to maintain the shuttle's orbit.  The reason this calculation is done each day the shuttle is in orbit is because of the unpredictable fluctuations of the temperature of the atmosphere.  In this lab, you will see what the impact of an atmosphere at standard temperature and an atmosphere with a 10% temperature increase can have on a 4.25-day (101-hour) shuttle mission with a circular orbit at an altitude of 350 km. We will assume the shuttle is oriented in its orbit such that its bottom is always pointing in the same [image: image5.png]Altinde (km)
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direction as its velocity vector as shown below.
This gives the shuttle an effective surface area of 362 m2 and a drag coefficient of ~2.  We will also use the average loaded mass of a shuttle in orbit: 91,974 kg.

REVIEW: MODELING THE ATMOSPHERIC DENSITY
In class, we derived an equation called the Law of Atmospheres.
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This expression is valid and correct when the acceleration due to gravity (g), temperature (T), and mean molecular mass of the atmosphere (m) are all constant – that is, if they do not vary with altitude. This equation tells us how the mass density (amount of mass per unit volume in the atmosphere) changes with altitude.
We know that g actually depends on altitude according to
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Thus, the (simple) Law of Atmospheres is not accurate at higher altitudes unless the correct value for g is incorporated.  Additionally, to accurately model the atmosphere at high altitudes we also need to take into account the actual temperature at different altitudes.  Figure 1 shows the temperature profile of the atmosphere up to 1000 kilometers.  Finally, we need to incorporate the fact that “turbulent mixing” in the atmosphere causes the mean molecular mass (m) to be constant in the lowest 100 km of the atmosphere, but beyond that, m also varies with altitude. The more sophisticated atmospheric model known as the MSIS model that we explored last time takes into account all three of these things: the change in g with altitude, the change in temperature with altitude, and the change in mean molecular mass with altitude.
THE ATMOSPHERIC DENSITY SPREADSHEET
The atmosphere portion of the spreadsheet that you’ll use for this lab contains six columns of data.  The first column [A] contains altitude data (in km), the second column [B] contains actual temperature data (in K) for the atmosphere, and column [C] contains the mean mass of an air molecule in unified mass units (u). These first three columns of data were generated with the MSIS model. This model is semi-empirical, which means it incorporates both physical theory and actual radar and mass spectrometer measurements of the atmosphere.  The fourth column [D] shows atmospheric mass densities as calculated using the original (simple) form for the Law of Atmospheres (Eq. 3), which assumes (incorrectly) a constant value for g, a constant temperature atmosphere, and a constant mean molecular mass for the atmosphere.  The fifth column [E] contains what we’ll call the true atmospheric mass density in kg/m3. This column is calculated from the first three columns of data using the MSIS model. The spreadsheet automatically makes a graph of the mass densities from both the MSIS model and the simple (incorrect) Law of Atmospheres model. As you saw in class last time, when you examine this graph, you’ll see that the (simple) Law of Atmospheres model fails greatly above about 100 km. You can adjust the value of the mean atmospheric temperature [cell E4] to get better agreement at lower elevations, but not at the higher altitudes. The sixth column [F] will be used later to explore the effects of increased temperatures. (The other columns beyond column F are used to generate the various curves on the “Altitude vs. Mass Density” chart.)
EQUIPMENT

Laptop Computer, with Excel Spreadsheet – OrbitalDrag.xls

ANALYSIS -Shuttle Orbital Decay Analysis (Done with your lab group)
1. On page 1 of your lab worksheet, you will find a flowchart that depicts the steps we will use to model the orbit decay process. The top half of the flowchart is for the “Initial values” and the first circular orbit – the one starting from the initial altitude, 350 km. Fill in the boxes on the top half of the worksheet. Shaded boxes should contain a symbolic formula and then a numerical result, while unshaded boxes just require a number. The atmospheric density value comes from the atmosphere model, calculated in a tab labeled Atmosphere.  Open this tab and look for the MSIS value at an altitude of 350 km.
2. Now complete the bottom half of the flowchart on your worksheet. This is for the “Next values.” The information here is used to find the “next” orbit, all starting from knowing the energy in that orbit. The information here shows how each orbit after the first one will be handled in our spreadsheet model. Again, each of the shaded boxes should contain a symbolic formula and then a numerical result. 
3. In the spreadsheet, go to the tab entitled “Shuttle Orbit Decay.”

4.  Ensure the following data for the shuttle are in the appropriate cells:
	Mass of Shuttle (kg) = 91974

	Drag Coefficient = 2

	Cross Sectional Area of the Shuttle (m2)= 362

	Initial Altitude (km) = 350


5. Complete the “Initial” cells of the spreadsheet: Enter the “Initial” orbit information from the top half of your worksheet flowchart. If the information is from a shaded box in the worksheet, enter a formula in the appropriate spreadsheet cell. Note that the constants at the top of the spreadsheet all have “names” that can be used in the formulas! (Your instructor will help you with this, if needed.)

6. Complete the “typical” (top green) row of the spreadsheet: Enter the “Next” orbit  information from the bottom half of your worksheet flowchart. Again, be sure to enter a formula for the shuttle's total energy, altitude, and speed, as well as the drag force acting on the shuttle and the work done by drag.

7. Check your work with your instructor.

8. Copy the green cells that you’ve just completed into the green cells below, down to the bottom of the green section. (You can copy the whole row at once, rather than copying individual columns down separately.)
9. Search for the row where a negative altitude occurs.  From this point on delete the data in all of the rows.  Be sure to delete the row with the negative altitude.

10. Go to the “Shuttle Alt vs. Time,” “Shuttle Vel vs. Time,” “Shuttle Drag vs. Time,” and “Shuttle Total (Mech) E vs. Time” charts (or the spreadsheet data) and find the value for each of these quantities at the mission duration time (~101 hours). These are your data, calculated using the standard temperature MSIS model. Record these values on your worksheet.
11. Go to the spreadsheet tab entitled “Atmosphere.”  In the entry cell for "Percentage of Temperature increase for MSIS Model (X%):" [E5] enter 10 for a 10% increase in the atmosphere's temperature.
12. Go to the tab entitled “Altitude vs. Mass Density” and examine the curves on the graph. (This will help you answer question #2 below!)
13. Go back to the tab entitled “Shuttle Orbit Decay.”

14. Search for the row where a negative altitude occurs.  From this point on delete the data in all of the rows. Be sure to delete the row with the negative altitude.

15. Go to the “Shuttle Alt vs. Time,” “Shuttle Vel vs. Time,” “Shuttle Drag vs. Time,” and “Shuttle Total (Mech) E vs. Time” charts (or the spreadsheet data) and find the value for each of these quantities at the mission duration time (~101 hours). These are your data using the increased-temperature MSIS model. Record these values on your worksheet.
“The Big Picture” Questions to think about:

1. What are the assumptions which limit the utility of the (simple) Law of Atmospheres? How did we improve on this by using the MSIS model?
2. What happens to the atmosphere as it heats up?

3. What parameters affect the duration of a shuttle mission?
4. What happens to the energy (total mechanical, kinetic, and potential) of a satellite as it experiences atmospheric drag?

5. Why was an iterative technique required in this lab to calculate shuttle altitude?

6. What process did you use to model the orbital decay? (Write a summary in a few sentences that outlines the steps.)
Figure � SEQ Figure \* ARABIC �1�.  Temperature profile of Earth's atmosphere.
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