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Seven Minutes of Terror

NASA often refers to the event of landing a rover on Mars as the ‘seven minutes of terror’. (Check out the YouTube video uploaded by the Jet Propulsion Laboratory, JPL.) There are many situational factors that can impact on a successful landing. The distance between Mars and Earth is millions of miles, and communication between the two planets takes close to 14 minutes. NASA has no control over variables present at the time of landing and can only watch with fear and hope as events unfold. So for NASA (and the viewing public), the ‘terror’ doesn’t end until the landing process is complete, and the rover is safely settled on the ground.

The process to land spacecraft on Mars is not the same as that for the moon or Earth.  Mars has more atmosphere than the moon but less than Earth. The atmosphere, temperature, and density can vary appreciably within each day as well as from day to day. Techniques such as retrorockets and airbags have been used to slow the velocity of landing spacecraft on the moon, whereas heat shields and parachutes have been used for Earth landings. Knowledge learned from Earth and moon landings contribute to techniques for Mars landings but doesn’t replace them. The rocky terrain, variable temperature, variable atmosphere, wind velocity, and dust storms are some of the factors that impact the success of a landing.

The goal of the Mars Science Laboratory (MSL) is to determine if life has ever existed on Mars. Reaching this goal requires objectives such as scientifically investigating past and present climate, surface and subsurface geology, and feasibility for human habitat. The goal and objectives framed the design of MSL and its rover, named Curiosity. Involved computer software and delicate laboratory equipment were created to explore the soil, rocks, and terrain on Mars. Curiosity needs to house and protect the equipment, move from location to locationfor soil sampling (gather soil or rock, filter the sample, transport to Curiosity), and deliver the sample to scientific instruments inside of the rover. Curiosity contains computers to enact the day-to-day tasks assigned by NASA scientists and to provide power for the computer and equipment to analyze the retrieved samples.

MSL’s exterior design is similar to the previous initiatives Viking, Pathfinder, Mars Exploration Rover, and Phoenix. MSL was encased in a pod called an aeroshell that comprised a backshell and a heat shield. Inside the pod was the cruise stage for navigating interplanetary travel between Earth and Mars, a parachute to slow down velocity during landing, the descent stage (radar, thrusters, landing apparatus) to manage the landing once MSL entered Mars atmosphere, and the rover Curiosity. 
The landing system for MSL was especially challenging for two reasons. One, the proposed landing ellipse was much smaller compared to previous landings. The landing site was carefully selected to provide access to soil diversity. The autonomous entry guidance support designed for MSL needed to be especially precise.  Although guidance support has been used for Earth landings, on Mars the support operates closer to the surface because of Mars’ thinner atmosphere. This results in a smaller margin of error in determining the flight path. 
Second, MSL was larger, heavier, and carried more sensitive and complex computers and laboratory equipment.  NASA was not deterred by these challenges and ultimately was able to develop and implement an effective, innovative landing system. The system was designed in 3 stages-entry, descent, and landing (EDL).

On August 5, 2012, MSL landed the Curiosity rover and detached from it to begin orbiting the planet.  All together the EDL was completed in about 430.9 seconds. The EDL combined already successful techniques, along with a novel twist when the rover was to actually touch Martian soil for the first time. The first phase of the landing system paralleled that of previous Mars landings.  MSL’s cruise stage separated before MSL entered Martian atmosphere. Thrusters fired to turn the heat shield toward the planet. The drag from the heat shield helped decrease MSL’s velocity. On-board computers adjusted the flight path, using S-turns for maneuvering. The supersonic, one-of-a-kind, 100-lb parachute was deployed.  The heat shield, no longer needed, fell away from MSL. 

MSL’s landing system then implemented an innovative, never-tried approach. It was named the sky crane maneuver, similar to the sky crane approach used on the Sikorsky heavy-lift helicopter. (Also described as ‘rover-on-a-rope.’) This maneuver provided a stable, vertical descent at a low velocity and low altitude. It started when the rover and the descent stage parted from the back shield and parachute. The horizontal component of Curiosity’s path halted while the rover continued to move vertically down.  Less than 75 feet above ground, ropes attached to Curiosity lowered it gently to the ground. When the wheels of the rover touched ground, the descent stage severed the ropes connected to Curiosity, moved safely away, and crashed on the ground.  Curiosity was now ready to begin its scientific adventures, exploring the mystery of Mars’ history, existing climate and geology, and potential for future habitation.

[image: ]Curiosity’s novel landing was successful, but it wasn’t without its surprises. Initially there was a calibration issue that falsely indicated MSL’s orientation was off and that the spacecraft was going to be lost.  A target value of atmospheric drag force occurred earlier than expected, because the temperature predicted by the atmospheric model was lower than the actual temperature. The heat shield reached its peak temperature in a different location and at a cooler temperature than anticipated. The descent stage took a total of 17.9 seconds, longer than the expected 15.67 seconds, and Curiosity still had a horizontal drift affecting the point of landing. NASA realized that a generic, constant value had been used for Mars’ gravity in MSL’s development. In actuality, the force of gravity varies depending on location on Mars (or Earth for that matter.)
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Exercises:

1.   The entry mass of Pathfinder was 585 kg, compared to the entry mass of 3380 kg for the Mars Science Laboratory.  How many times more massive was MSL compared to Pathfinder?

2.  The diameter of Phoenix was 2.65 m compared to the diameter of MSL at 4.5 m. What is the ratio of MSL’s diameter compared to that of Phoenix?

3.   The landing ellipse for Viking was 300 km x 300 km. The landing ellipse for MSL was 21 km x 7 km. How many fewer square km was the MSL landing ellipse compared to the Viking landing ellipse?

For Exercises 4-9
Temperature is one of several atmospheric parameters that impact on the success of landing attempts. The Glenn Research Center offers the following simplified model for temperature on Mars, where T is temperature in degrees Fahrenheit (F) and h is altitude in feet. There is a model for the upper atmosphere, h> 22960 feet, and for the lower atmosphere, h< 22960 feet. (www.grc.nasa.gov).
For h> 22960,
T = – 10.34 —  .001217 h

For h< 22960,
T =  25.68 — .000548 h

4.   What type of mathematical equation is the Temperature model?

5.  What is the slope for h < 22960 feet? Include the units of measure in your answer.

6.  Using the sign and value of the slope, describe how temperature changes with altitude.

7.   Use the Temperature model to predict temperature values at the following stages of the EDL. Round your answers to the nearest tenth F.

8.   What do the values from Exercise 7 reveal regarding the relationship between temperature and altitude?

9.   Using the results of Exercise 7, calculate the ratio of difference in temperature to difference of altitude between entry to the atmosphere and the deploying of the parachute. How does this ratio support the Temperature model?

10.   The EDL landing system for Curiosity took 430.9 seconds. How close is this to the ‘Seven Minutes of Terror’ referenced in the title of this Activity?



Answer Key

1.  The ratio of MSL to Pathfinder is 3380 kg/585 kg = 5.8.
MSL’s entry mass was almost 6 times that of Pathfinder.

2.  The ratio of MSL’s diameter to Phoenix’ is 4.5 m/2.65 m = 1.7
The diameter of MSL was almost double that of the diameter of Phoenix.

3.  	AViking  =r1  r2 =  (300 km/2)(300 km/2)=70685.8 km2
	
	AMSL = r1  r2 =  (21 km/2)(7 km/2)=115.5 km2

The landing ellipse for MSLhad (70685.8 km2— 115.5 km2) = 70570.3 km2 fewer square kilometers than for Viking.

4.  The Temperature model is a linear equation because it fits the format y = b + a  x.

5.  The slope is the coefficient of h,  .000548 F/foot.

6.  The slope is negative, so temperature and altitude have a decreasing relationship. Since the slope is the ratio of temperature to altitude, for every one foot of altitude, the temperature decreases .000548 degrees Fahrenheit. Thus, a lower height means a higher (warmer) temperature, and vice versa.

7.  MSL entered the top of Mars’ atmosphere at an altitude of 78 miles.
Since 78 miles is 78(5280) = 411,840 feet, the model for the upper atmosphere is used.
T =  10.34—.001217 h=   10.34— .001217 (785280) = – 511.5F

The parachute deployed at an altitude of 6.2 miles.
Since 6.2 miles is 6.2(5280) = 32,736 feet, the model for the upper atmosphere is used.
T =  10.34— .001217 h=– 10.34 — .001217(6.25280)=50.2F

The rover released from the descent stage at an altitude of 75 feet.
For this altitude, the Temperature model for the lower atmosphere is used.
T =  25.68 —  .000548 h= 25.68—.000548(75)= – 25.7F

8.   Regardless of upper or lower atmosphere, as the altitude decreases from 78 miles to 6.2 miles to 75 feet, the temperature increases from – 511.5F to  50.2 F to – 25.7 F.

9.  The ratio is (– 511.5F — (–50.2F))/(411840 ft —32736 ft) =.001217 F/ft.
As expected in a linear function, the ratio mirrors the slope –.001217F/ft.

10.  Seven minutes totals to760=420 seconds, and the actual time was 430.9 seconds. The difference between actual time and proposed time is 430.9 – 420 = 10.9 seconds.
The EDL took 10.9 seconds longer than predicted. This was almost an additional 11 seconds for NASA and the public to be in ‘terror and hope’ during Curiosity’s landing.
Faculty Notes for the Seven Minutes of Terror Activity

This Activity is appropriate for a course that covers linear functions, such as Basic and Elementary Algebra, or that reviews them, such as Intermediate and College Algebra. It can be presented in a 50-minute class period or used as an out-of-class assignment or a team project.

The Activity has an introduction that summarizes the Entry, Descent, and Landing (EDL) system used to land the rover Curiosity, part of the Mars Science Laboratory (MSL) initiative to determine if life ever existed on Mars. The exercises include comparisons of MSL with previous NASA initiatives and an exploration of Mars temperature using a linear Temperature model.

The Temperature model was based on temperature measurements from the Mars Global Surveyor. Jonathon Donadee of Canfield (Ohio) Middle School gathered the data as part of a mentoring program, and Dave Hiltner of St. John’s Jesuit High School calculated the model fit during a shadowing program. 

The model is available at the Glenn Research Center web site (grc.nasa.gov). In addition to the linear Temperature model, there is an exponential Pressure model and a rational Density model. A similar Temperature/Pressure/Density model is also available for Earth. The models are presented in Imperial units, English units, and metric units.

[bookmark: _GoBack]There are multiple ways that this Activity can be enhanced. The introduction is written as a summary of the landing process, so it is compatible with a variety of exercises to address additional mathematical concepts. The Activity can be presentedin courses that cover logarithmic and rational equations. Graphical components would complement the material well. UpdatedTemperature/Pressure/Density models can be calculated in statistics courses using more current Mars atmospheric measurements.

There are many resources that are available to provide context and further exploration. The following 2 books were very helpful in explaining the trials and tribulations of developing and implementing MSL. As a note, there is some variation in values from book to book (and indeed within the same book).

Lakdawalla E (2018) The Design and Engineering of Curiosity. Springer Praxis Books, Cham, Switzerland
Manning R and Simon W (2014) Mars Rover Curiosity: An Inside Account from Curiosity’s Chief Engineer. Smithsonian Books, Washington, DC

Online resources such as the YouTube video of ‘Seven Minutes of Terror’, the Rocket Man Blog, and the NASA web site all contain additional valuable support.
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