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Building Models to Scale
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Introduction

Can you picture the dimensions of the solar system?  Probably not.  The sizes and distances involved are so great that the mind tends to give up, classifying the whole thing as “really, really big.”  It’s even difficult to represent on paper!  Let me explain what I mean:

· The above image shows the relative sizes of the Sun and her nine planets, but makes no attempt to represent the distances between them.  Relative to their diameters, they’re really much farther apart than shown.
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· The top diagram at right shows the true positions and orbital paths for the whole solar system as of August 5th, 2003.  Can you tell how big each planet is from this view?  What about the positions of the inner planets?[image: image4.png]fipolio 11 Mission




· This next image “zooms in” on the previous one by a factor of 18, showing the state of the inner solar system on the same date.  But now we’ve lost track of the outer planets!

You see?    An 8.5” x 11” sheet of paper is just too small to represent visually all of the sizes and separations in our solar system.  What about bigger paper? Well, blowing up the diagram of the outer solar system to match the scale of the inner solar system diagram shown above would require a poster 3 feet tall and 5 feet wide!  And even then, the sizes of the planets still would not be represented.
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So, how can we visualize our solar neighborhood?  One way is to build a scale model.  Take, for example, the model of a BMW Z4 Roadster shown below.  This model is advertised as “1/43 scale,” which means that 1 inch on the model represents 43 inches (a bit over 3.5 feet) on the real car.  This scale may also be written as a ratio, “1:43.”  In order to design such a model, each and every feature of the real car must be measured and then scaled down by this same factor of 43.  The model car will then be exactly 43 times smaller than the real thing, right down to the last detail.

Today you will be building two models at very different scales.  One will feature the nine planets of our solar system, including their correct and current positions as they orbit around the Sun.  From this model you will be able to predict what planets will be visible to us at night, and you may even develop an observing schedule so that you won’t miss any opportunities to see them during an evening lab tonight.  The other model will be of the Earth-Moon system, which will allow us to see how human beings compare to the vast sizes and distances of the Solar System.  You may be surprised to see just how far today’s Space Shuttle astronauts travel compared to the Apollo astronauts who once landed on the Moon!
Before we get started, answer the following questions in your lab notebook.  Don’t worry about being right or wrong, just honestly record your answers.  You aren’t expected to know everything yet, we’re just getting started!

1. What real-world measurements do you think we will need to know in order to build our models?

2. How much smaller than the real thing do you think a “reasonably-sized” model of the entire solar system would be?  In other words, what scale should we use for our model?  By “reasonably-sized,” I mean that the planets should be large enough for us to see and manipulate, but the largest distances in the model shouldn’t be so large that it becomes cumbersome to build and interact with the model.
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Part I: The Solar System
As I mentioned earlier, the first step to creating a scale model is to measure all of the important properties of the full-sized object or system.  If you were around for our previous sessions, you know that we’ve already taken care of this step.  We used NASA’s Solar System Simulator website (http://space.jpl.nasa.gov) to look up the distances of each planet from the Sun as of 6:00pm CST (Central Standard Time) on November 8th, 2003.  This is the same as 12:00am the following day in Greenwich Mean Time (GMT, sometimes also called Universal Time or UT), which is a standard time that astronomers and other scientists can agree upon no matter where they live.  The image above is a sample output from the simulator for 9:30pm Central Daylight Time (CDT) on Monday, August 4th, 2003 (or 2:30am the next day in UT).  As you can see from the image, the “range” from the point of observation (the Sun) to Jupiter at that time was 803.009 million kilometers (803,009,000 km).

The list of these distances for all of the planets, as well as their diameters, is given in Table 1 below.  Notice that the planetary diameters are “only” between a few thousand and a few hundred thousand kilometers, while the distances range from 50 million to 5 billion kilometers.  In general, these clumps of gas and/or rock are tiny compared to the distances that separate them!

	Celestial
	Diameter
	Distance from the Sun

	Body
	(km)
	(DEarth)
	(km)
	(A.U.)

	0. Sun
	1,392,000
	109.13
	------------------
	--------

	1. Mercury
	4,879
	0.38
	69,782,000
	0.47

	2. Venus
	12,104
	0.95
	108,811,000
	0.73

	3. Earth
	12,756
	1.00
	148,198,000
	0.99

	4. Mars
	6,794
	0.53
	211,710,000
	1.42

	5. Jupiter
	142,984
	11.21
	806,660,000
	5.39

	6. Saturn
	120,536
	9.45
	1,351,170,000
	9.03

	7. Uranus
	51,118
	4.01
	2,997,170,000
	20.03

	8. Neptune
	49,528
	3.88
	4,499,360,000
	30.08

	9. Pluto
	2,390
	0.19
	4,595,194,000
	30.72


Table 1: Solar System Data

Because these numbers tend to be a bit overwhelming, we have also converted them into some more convenient units.  The unit of choice for planet sizes is the Earth-diameter, which reveals that Jupiter’s diameter is about 10 times larger than the Earth’s, while the Sun’s is about 10 times larger still.  For distances between planets we use the astronomical unit (A.U.), which is defined as 149,598,000 km, the average distance between the Earth and the Sun.  All four of the inner, terrestrial planets are less than about 1.5 A.U. from the Sun, while the farthest gas giant is a whopping 30 A.U. away!

One last set of data that we need before we know how the real solar system currently looks are the positions of the planets along their orbits around the Sun.  We obtained these angles from the Solar System Simulator as well, using print-outs of the bird’s-eye-view diagrams of the outer and inner planets similar to those included on page 1 of this lab.  First we used a ruler to draw lines from the Sun to each of the planets.  We then used a protractor to measure the angles (centered at the Sun) from the Sun-Earth line clockwise to each of the Sun-planet lines we had drawn.  This data is included in the “Position in Orbit” column of Table 2 below.

Now that we know what the real solar system looks like on the night of interest, we can consider what scale is appropriate for the construction of our model.  Our constraints are that we need to be able to fit the model into the space we have available, that we have unobstructed sight-lines from the Earth and Sun to all of the planets, and that the planet-models themselves not be so small as to be invisible.  Taking all of these considerations into account, the best scale ratio seems to be 1:16,360,000,000, or roughly 16 billion times smaller than the real thing.  One meter in our model will represent 16,360,000 kilometers out in space.  Using this scale, you calculated the scaled diameters and distances for the model, and these are listed along with the orbital positions in Table 2 below.

	Celestial

Body
	Diameter

(mm)
	Distance from

the Sun (m)
	Position

in Orbit

	0. Sun
	85.09
	------------------
	---------------

	1. Mercury
	0.30
	4.27
	152.4°

	2. Venus
	0.74
	6.65
	128.7°

	3. Earth
	0.78
	9.06
	0.0°

	4. Mars
	0.42
	12.94
	26.0°

	5. Jupiter
	8.74
	49.31
	251.1°

	6. Saturn
	7.37
	82.59
	308.4°

	7. Uranus
	3.12
	183.20
	74.5°

	8. Neptune
	3.03
	275.02
	93.8°

	9. Pluto
	0.15
	280.88
	146.7°


Table 2: Properties of the Model
We are finally ready to begin construction.  We will need to make our own super-long metric measuring tape, using a piece of string about 3 football-fields in length.  We will be using printed images to represent the planets, the correct scale for which is shown in the image below.  They will be affixed to placards on posts that we will plant at the appropriate places out on the lawn.  We’ll use a 360˚ protractor, straight-pins, and corkboard to construct all of our angles.
3.  As each new planet comes up for placement, ask yourself where you might expect it to be located based on what you’ve seen so far.

Your teacher will now give you instructions on how to lay our your model.  These instructions will be specific to the particular outdoor space that you have available.  You will need to find a location at which to place your model Sun, and a direction from there towards your model Earth.  You will need to get both of these aspects right, so that you will have access to every planet location (e.g., they shouldn’t be in the woods or behind a fence), and so that you will be able to see all of the planets from the models of both the Sun and the Earth.

Once the Sun and the Earth have been placed, you will use the model Sun as your base of operations for placing the remaining planets.  In order to get the orbital positions right, you will use the Sun-Earth line as the zero-line for angle measurements.  Once the model is complete, you will then move to the position of the model Earth, and again use the Sun-Earth line to measure the angular positions of the planets as seen in the night sky of the Earth.  Your teacher will give you more detailed instructions on how this will be done.

Part II: Making Predictions
Now that our model is complete, it’s time to see what it can teach us.  By now you will have a true feel for the enormous distances separating these relatively tiny planets.  But even some of these “tiny planets” are huge in their own right!  (We don’t call them “gas giants” for nothin’.)

This model can do much more than just make us say, “Wow.”  All of the information we’ve put into it so far has been centered at the Sun, but now we can walk over to the model Earth and see how the perspective changes.  Some of the planets are very close to us at the moment, so they will be especially large and brilliant.  Some others will be hiding behind the Sun or too close to it to be seen against the glare.  You probably won’t be able to see many of the model planets’ disks with the naked eye, but with binoculars or a telescope you can simulate what you’ll see during tonight’s night-lab.

4. The first step is to measure the angles – centered at the Earth – that separate each planet from the Sun.  Record this data in your lab notebook.

5. From west to east (counterclockwise) and starting from the Sun, what is the order of the planets across the sky?  This is the order in which they will rise and/or set.
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Next we will attempt to understand the times at which each of the planets will rise and set tonight.   Having already measured all of the planetary angles as observed from the Earth, we now have a handy pins-and-corkboard model of their locations in the night sky (see Instructor Notes for more information).  If we align the 180˚ mark on the protractor with the pin that represents the Sun, and then mask off the bottom half of the protractor (180˚ - 360˚), we will be able to represent the situation at sunset tonight.  Every planet between 0˚ and 180˚ on the protractor will be visible in the sky at sunset, while all of those that are in the masked-off region will be “below the horizon.”  Now we can rotate the protractor counter-clockwise, simulating the rotation of the Earth.  Notice that the Sun drops further below the horizon as we do this, just like it will in reality!  Some planets will also set, while others will rise.

Now, the Earth rotates on its axis at a rate of 15˚ per hour, making a full rotation in 24 hours.  (24 hr x 15˚/hr = 360˚.)  We will assume that this constant rate applies to the apparent motion of the planets as well, and from this assumption we will predict rough rising and setting times for the planets.  This is only an approximation, however, and due to the fact that the plane of the solar system is not aligned to the Earth’s equator, these estimates could be wrong by as much as an hour.  (To really get this right, we would need to rotate the protractor at different rates for different times of day.)
6.  What planets, if any, do you think are too close to the Sun to be visible to you against the glare?

7.  What planets, if any, do you think might be too far away from Earth to be visible?

8.  What planets do you think will be visible to us at sunset or within 2 or 3 hours after?

9.  What planets do you think would be visible if you were up later than that, but before sunrise?  If there are any planets in this category, at what time would you need to be awake to observe them?

Now, take a look at where the Moon is in the sky right now, and remember where you’ve seen it over the past few nights.  We will want to incorporate it into our plans for the evening…

10.  As a group, your final task will be to plan your observing schedule for this evening’s night lab.  Prioritize each planet based on when it will rise or set (you don’t want to be looking for something that isn’t up yet, or have something set before you’ve gotten to see it).  If there are objects that will be up for the entire time, save them for when there are no other objects are available.  We will have access to binoculars as well as a telescope.

11.  Propose your observing schedule for approval by your instructors.

Part III: Testing Predictions at Night
12.  For each object you try to observe, note the following information:

· What equipment did you use?

· If you couldn’t find it, what do you think you would need to do for next time?

· If you found it, was it where you expected?

· What did you notice about the object?

13.  Observe the Moon in binoculars or a telescope.  What do you notice?  How big do you think the features are that you see on the surface?

Extension: The Earth and the Moon

Our previous scale model showed us that, although the Sun and the “gas giant” planets are much larger than the Earth, the Solar System is really mostly empty space.  Now we will take a closer look at the Earth and her partner the Moon, and discover just how we as human beings compare in size to the vastness of the Solar System.

Most of us will spend our entire lives here on the planet Earth, catching occasional glimpses of our companion the Moon.  (If you do get to go into space someday, send me a postcard!)  Hundreds of astronauts and cosmonauts have orbited the Earth, but only 12 have ever set foot on the Moon, the last of whom were among the Apollo 17 crew back in 1972.

14. Take a guess: When Neil Armstrong became the first man to walk on the Moon back in 1969, how much farther from the surface of the Earth was he than one of today’s shuttle astronauts on a servicing mission to the Hubble Space Telescope?

Now, let’s begin to build a model of the Earth-Moon system.  At this time your group will receive a ball of clay from your instructor, which we will divide up into models of the Earth and Moon.

15. Take a guess:  How much of this clay do you think should be used to construct your model of the Moon, if the remainder must be used to make your model Earth?  Record your answer.  Divide the clay up according to your guess and note the relative sizes of your models.

Your instructor will now tell you the actual ratio of the volumes of Earth and Moon.  Remake your model according to this ratio.

16. How did your original model compare to this new model?

17. Take a guess:  Based on intuition or previous knowledge, how far away do you think you should place the Moon from the Earth?  Record your answer.  Build your model.  What was the reasoning behind your guess?

Now you will need the following facts:  The diameter of the real Earth is 12,756 kilometers, and the true Earth-Moon separation is roughly 384,400 kilometers.  

18. From the size of your model Earth and the diameter of the real Earth, use a calculator to determine the scale of your model.  Then, calculate the appropriate separation between your Earth and Moon models.  Record both answers.  Correct your model.

19. How did your guess compare to the distance you’ve just calculated?

Now we will insert the “human perspective” that I mentioned above.  When a NASA space shuttle heads up on a servicing mission to the Hubble Space Telescope, it orbits at a height of about 600 kilometers above the surface of the Earth.  This is the farthest above sea level that any human has been since the last manned lunar mission back in 1972.  We will insert a toothpick into our model Earth, with the tip of the toothpick representing the height of the shuttle orbit.

20.  Using the scale of your model, calculate the height of the space shuttle orbit within the model.  Record your answer.  Add a toothpick to your model to represent this height, and compare this with the distance to the model Moon.

Would it be reasonable to build another full model of the Solar System at this scale?  To answer that question, consider what the Sun would look like in this model.  The real Sun is an average of 149,598,000 kilometers from the Earth, and has a diameter of 1,392,000 kilometers.

21.  Using the scale of your model, calculate the diameter of the model Sun you would need and the distance at which you would need to place it.  Based on your calculations, do you think we could keep using this current scale to build another model of the whole Solar System?
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