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    Gravitational Field

    Guiding Questions 

    
      	How do two masses interact? Do they need to be in physical contact to
        do so? 

      	What do field lines represent? Do field lines represent similar things
        for gravitational fields and electric fields? 

      	How can we understand the motion of planets and satellites? Are we at
        the centre of the universe? 

    

    Learning Content of Physics
        Higher 2 9749_2017 

    

    
      	Gravitational field

      	Gravitational force between point masses

      	Gravitational field of a point mass

      	Gravitational field near to the surface of the Earth

      	Gravitational potential

      	Circular orbits

    

     Learning Outcomes

    Students should be able to:

    
    

    
      	show an understanding of the concept of a gravitational field as an
        example of field of force and define the gravitational field strength at
        a point as the gravitational force exerted per unit mass placed at that
        point. 

      	recognise the analogy between certain qualitative and quantitative
        aspects of gravitational and electric fields.

      	recall and use Newton’s law of gravitation in the form
        |F|=
          
            
              G
              
                M
                1 
              
                M
                2  
            
              r
              2    

      	derive, from Newton’s law of gravitation and the definition of
        gravitational field strength, the equation
        g
            =
            
              
                G
                M 
              
                
                  r
                  2     for
        the gravitational field strength of a point mass.

      	recall and apply the equation
        
          
            g
            =
            
              
                G
                M 
              
                
                  r
                  2      for
        the gravitational field strength of a point mass to new situations or to
        solve related problems.

      	show an understanding that near the surface of the Earth g is
        approximately constant and equal to the acceleration of free fall.

      	 define the gravitational potential at a point as the work done per
        unit mass in bringing a small test mass from infinity to that point. 

      	 solve problems using the equationϕ
          =
          -
          
            GM
            r for the gravitational potential in the
        field of a point mass. 

      	 analyse circular orbits in inverse square law fields by relating the
        gravitational force to the centripetal acceleration it causes. 

      	 show an understanding of geostationary orbits and their application.
      

    

    Learning Experiences Students may have opportunities to: 

    
      	Examine the representation used in gravitation. Examine how field
        lines are useful as a representation of the gravitational field to help
        in visualising, communicating and deepening the understanding of
        concepts in gravitation. Discuss the possible limitations of field lines
        in explaining the various gravitation ideas and concepts as well as
        possible misconceptions that may arise. Discuss the representation of field
          lines at surface of the Earth

      	Build a model for Newton’s law of gravitation using a simulation
        Develop a mathematical model for the force of gravitation between two
        masses using either simulation one
        or two.

      	Investigate the value of g through experiments

        Design, carry out and present different experiments 1,
        2, 
        3
        (e.g. electromagnetic induction, free fall, oscillations
        1,2)
        to find the value of acceleration of free fall, g.

      	Explore Newton’s
          mountain thought experiment on a cannon ball fired at right angles
        to the Earth’s gravitational field to come to an explanation for orbital
        motion and escape velocity. The calculated velocity of the cannon ball
        launched at the top of a mountain (with a height that is negligible when
        compared to the Earth’s radius) is 7,902 ms−1. This is much
        greater than the muzzle velocity of modern military cannons, which reach
        velocities of about 1,800 ms−1. The result is that Newton's
        Cannon could work in theory, but there is no existing way to fire a
        cannon ball or any projectile at the velocity required to orbit the
        Earth.

      	Explore how data from satellites is used in Singapore, making
        reference to the work of the Centre for Remote Imaging, Sensing and
        Processing (CRISP) and Changi Meteorological Station. Examples of how
        the data is used by Singapore include the monitoring of the haze 1,2
        problem and the prediction of the weather. Students can also compare the
        differences in the use of data from 
          geostationary orbits satellites and polar orbits satellites for
        these purposes.

    

    7. Introduction 

    In the topics of Dynamics, Forces, etc, we have been dealing with weights
      of different objects. Weight is a name given to the force acting on the
      object due to gravity. In other words, weight is a gravitational force. 

      Gravitational force is a force that is evident in our everyday lives and
      plays a crucial role in many processes on Earth. For instance, the ocean
      tides are caused by the gravitational attraction of both the Moon and Sun
      on the Earth’s oceans. 

    7.0 Real World Physics

    7.0.1 Tidal changes over one day

    [image: On Day 0, approximately twice a month, around new moon when the Sun, Moon, and Earth form a line (a condition known as syzygy), the tidal force due to the sun reinforces that due to the Moon]
    

    On Day 0, when the Sun, Moon, and Earth form a line (a condition known as
      syzygy), the tidal force due to the Sun reinforces that due to the Moon.
      Note the observer experiences high tide.

    [image: At t =6 hours later, note it is low tide around the person.]
    At t =6 hours later, note the observer experiences low tide.

    [image: At t =12 hours later, note it is high tide around the person.]
    At t =12 hours later, note the observer experiences high tide.

    [image: At t =18 hours later, note it is low tide around the person.]
    At t =18 hours later, note the observer experiences low tide.

    [image: At t =24hours later, note it is low tide around the person.]
    At t =24 hours later, note the observer experiences high tide.

    So it can be explained why in approximately one day ( t = 0, 6,12,18 and
      24 hours), the combined gravitational forces of the Moon and the Sun give
      rise to the tidal changes ( high - low - high - low and high
      respectively). 

    7.0.2 Tidal changes over one month

    At the end of the lunar cycle on the Day 29, 12 hours, around new moon when
    the Sun, Moon, and Earth form a line (a condition known as syzygy), the
    tidal force due to the Sun reinforces that due to the Moon. So over 29.5
    days, which is a complete lunar cycle, the sea level varies as shown with
    orange representing the effects of the gravity of Sun, grey representing
    effects of the Moon and blue representing the resultant sea level waveform.
    So, gravity physics helps provide a way to formulate an explanation for the
    formation of tidal changes on Earth.

    [image: so after 29.5 days, the complete lunar cycle, the sea level varies as shown with orange represents the effects of the gravity of Sun, grey represents effects of the Moon and blue is the resultant sea level waveform]
    7.0.3 Other phenomena 

    More visibly around us, the falling of objects when released is also
      caused by the gravitational pull of the Earth on all objects. In terms of
      explaining for planetary motion, the same gravitational force is also
      responsible for keeping the Earth in its orbit around the Sun. 

    7.0.4 YouTube

    
      	How do tides work? https://youtu.be/5ohDG7RqQ9I

      	Reasons for the Seasons
          https://youtu.be/Pgq0LThW7QA

      	What Physics Teachers Get Wrong About Tides! | Space Time | PBS
        Digital Studios https://youtu.be/pwChk4S99i4

    

    

     7.0.5 Models: 

    You may interact with the simulations using the EJSS below link (require
    internet) or just below if you are using the epub3 reader such as Gitden
      Reader(Android) or iBook(Apple).
    It is recommended to enable Scrolling View equal to true by clicking on the
    AA on the top right corner of the
    reader app, so as to maximize the view of the simulations.

    
      	 Run
          Sim 

      	 http://iwant2study.org/ospsg/index.php/51

    

    7.0.5.1 Video Tutorial

    
      	https://www.youtube.com/watch?v=Z0WpkXh6cZk

    

    
    

  
    

    

  
    7.1 Newton’s Law of Gravitation 

     Gravitation is a natural phenomenon by which physical bodies attract
      each other due to their masses. This force occurs whenever masses are
      present and the two bodies need not to be in contact with each other. It
      is however the weakest of the fundamental forces of nature.

      

      In 1687, Sir Isaac Newton concluded that this non-contact gravitational
      force must be as responsible for the falling of the apple from a tree as
      it is the cause for the rotation of the Moon about the Earth. Hence he
      published the Newton’s law of gravitation which states that:

    “The mutual force of attraction between any two point masses is directly
      proportional to the product of their masses and inversely proportional to
      the square of the separation between their centres.”

    [image: This means that if there are two point masses M and m and they are separated by distance r, the magnitude of the gravitational force attracting them to each other is F = GM1M2/r^2]
    

    This means that if there are two point masses M
      and m and they are separated by
      distance r, the magnitude of the
      gravitational force attracting them to each other is
        |F|=
        
          
            G
            
              M
              1 
            
              M
              2  
          
            r
            2   where G,
      the constant of universal gravitation, is 
        6
        .
        67x1
        
          0
          
            -
            11  
        
          
            N
            
              m
              2  
          
            k
            
              g
              2     (will be given in
      data & formulae list during tests and examinations). 

    Note:

      1.    r is taken to be the
      centre to centre distance (i.e. centre of particle to centre of particle).
      Do not take r to be the radius of orbit!

      2.    This formula is an example of the inverse square law. 

    7.1.1 Inquiry:

      What can you conclude about the two forces in the simulation below?

    

    Answer: Based on the evidences from the simulation triangulated with real
    life examples, the mutual force of attraction between any two point masses
    is directly proportional to the product of their masses and inversely
    proportional to the square of the separation between their centres.
     7.1.2 Model: 

    
      	Run
          Sim

      	http://iwant2study.org/ospsg/index.php/266

    

    
    

  
    

    

  
    

    

  
    7.1.4 Example (N84/P2/Q7) Binary Stars

    [image: Example (N84/P2/Q7) Binary Stars]
    Two stars of equal mass M move with constant speed v in a circular orbit
      of radius R about their common centre of mass O. What is the net force on
      each star?

      

      A  
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                M
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                R
                2             
      B    
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                2  
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              M
              
                v
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              2
              R    

    7.1.4.1 Activity:

    select from the down-drop menu "M1=M2=1,circular_orbit"

    click play and observe the motion, noting down the magnitude of the
      forces (green arrows) on each mass.

    let assume in the simulation that 
        
          
            M
            1 
          =
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          s
          .
          m
          .
          =
          1.988
          x
          1
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            30 
          k
          g     and
      
        
          M
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        s
        .
        m
        .
        =
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        x
        1
        
          0
          30 
        k
        g

    given that astronomical unit is 1 a.u. = 1.496x1011 m 

    the distance between the masses is  
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        +
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          2 
        =
        2
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        .u.
        =
        
          (
          2
          ) 
        
          (
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          x
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    the force is therefore,
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      therefore net force on each M1 star is
      
        
          
            F
            1 
          =
          
            
              G
              
                M
                2  
            
              4
              
                R
                2     

    similarly, the net force on M2 star is
      
        
          
            F
            2 
          =
          
            
              G
              
                M
                2  
            
              4
              
                R
                2 making the answer
      B

    in  the simulation terms, notice the force on M1,  F1 =
      (2.98x1026)9.81 N and F2 = (2.98x1026)9.81
      N.

    

     [image: Model: You may view the movement of the two stars using the EJSS below link (require internet) or just below:]

    7.1.4.2 Model: 

    You may interact with the simulations using the EJSS below link (require
    internet) or just below if you are using the epub3 reader such as Gitden
      Reader(Android) or iBook(Apple).
    It is recommended to enable Scrolling View equal to true by clicking on the
    AA on the top right corner of the
    reader app, so as to maximize the view of the simulations.

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/272

    

  
    

    

  
    7.1.5 Example (N09/I/16) Binary Stars  

    [image: Example (N09/I/16) Binary Stars ]
    Two stars of mass M and 2M, at a distance 3x apart, rotate in circles
      about their common centre of mass O. 

      The gravitational force acting on the stars can be written as 
        
          
            
              k
              G
              
                M
                2  
            
              
                x
                2      . 

      What is the value of k? 

      A  0.22             B  0.50                C  0.67             D  2.0 

    [image: Model: You may view the movement of the two stars using the EJSS below link (require internet) or just below:]

    

    7.1.5.1 Model: You may view the movement of the two stars using the EJSS
      below link (require internet) or just below:

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/53

    

    Answer is
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    7.1.6 Gravitational Field LO (a)

    Think about it: How can two objects exert attractive forces on each other
    when they are not in contact with each other?

    

    Every object sets up a gravitational field around itself due to its mass. 
    When two objects enter each other’s gravitational fields, they will be
    attracted towards each other.  

    Hence, a gravitational field is a region of space in which any object that
    lies in it experiences a gravitational force towards the object that creates
    the field, due to its mass.  

    

    (For your information, magnetic fields and electric fields are also examples
    of force fields.)

    7.1.6.1 Inquiry:

    A gravitational field is invisible and thus is represented by imaginary
    field lines on paper. How would the Earth’s gravitational field (over both
    near and large distances from Earth) look like?

    

    1)    Using the simulation later, drag the red test mass to the outer
      most series of blue dots and play and simulation. Every time the field
      lines are drawn and contact Earth's surface, the simulation will pause.
      When that happens, drag the red mass to a new position to draw the field
      line and click play to continue to run the simulation. repeat these steps
      until all outer most series of blue dots have been drawn with the field
      lines. The green vectors represent the field vectors while the red lines
      represent the field lines near the Earth’s surface. Compare with the
      picture below;

    [image: field lines near earth]

    

    •    The gravitational field near Earth’s surface is uniform

    •    The field lines should be drawn parallel to each other and of equal
    spacing. 

    

    

    

    2)     Select from the drop down menu the option for Near_Earth_Surface.
    Using the same steps earlier, try to draw the RED field lines for this case.
    Compare with the picture below.

    [image: near earth surface]

    •    The gravitational field around Earth is non-uniform.

    •    The field lines should be drawn radially pointing towards the centre of
    Earth. 

    

    

    3)     Select from the drop down menu the option for Outer_Space. Using the
    same steps earlier, try to draw the RED field lines for this case. Compare
    with the picture below.

    

    [image: outer space]

    •    The gravitational field around Earth is non-uniform.

    •    The field lines should be drawn radially pointing towards the centre of
    Earth. 

    

    

    

    4)     Finally, select from the drop down menu the option for
    very_outer_Space. Using the same steps earlier, try to draw the RED field
    lines for this case. Compare with the picture below.  

    

    [image: very outer space]

    •    The gravitational field around Earth is non-uniform.

    •    The field lines (use the red test mass
      to draw field lines) should be drawn radially pointing towards the
    centre of Earth. 

    

    

    

    What can you infer from the representations of these gravitational field
      lines? LO (e)

                              

                                        

    
      	The closer the field lines, the stronger the gravitational field.[image: very outer space]

      	Near Earth’s surface, the field strength is approximately constant
        (around 9.81 m s-2) and hence the gravitational field lines
        are almost equidistant from each other.[image: earth surface]

      	Over large distances from Earth, the gravitational field strength
        decreases as it gets further from Earth and hence the gravitational
        field lines space out further from each other.[image: far from earth]

    

    

    7.1.6.2 Model:

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/55

    

  
    

    

  
    7.2 Gravitational Field Strength (symbol: g and units: N kg-1
      or m s-2)

    

      As seen in earlier section, the gravitational field strength acting at a
      point in the field (previously depicted as M2 = 1kg) decreases
      (illustrated by an increase in the field line spacing) as the point moves
      further away from Earth. This means that field strength varies with
      distance from the source mass (in this case, the Earth).

      

      The gravitational field strength, g at a particular point in free space is
      defined as the gravitational force per
        unit mass acting on a point mass placed at that point.

    7.2.1 Why point mass assumption:

    Why must it be a 'point mass'?

      To simplify analysis, point mass are used as they are physically very
      small so that the point mass itself does not distort the gravity field of
      its surrounding. Another reason could be that the forces acting on
      different parts of the point mass are generally the same. 

    7.2.2 g LO(C)

    7.2.2.1 Equation

    Based on Newton’s law of gravitation, the gravitational force acting on
      the point mass, m by the source mass, M, (notice M1 is denoted
      by M and M2 is denoted by m respectively)

    F=
        
          
            G
            
              M
              1 
            
              M
              2  
          
            r
            2      

    
        
          F
          =
          
            
              G
              M
              m 
            
              
                r
                2
      ---------------------------------------------------------- (1) 

    and gravitational field strength, g is the
      gravitational force, F per unit mass acting on the point mass, m, we may
      derive the gravitational field strength. 

    Since we know the force on object as a result of the gravitational field
      created by Earth is  

    F = mg 
      --------------------------------------------------------- (2) 

    putting the equations (1) and (2) together, we get   

      
              

    
      
         F
        =
        m
        g
        =
        m
        
          
            G
            M 
          
            
              r
              2     

    

    giving us the expression for gravitational field field g 

    

    
      
        g
        =
        
          
            G
            M 
          
            
              r
              2     

    7.2.2.2 Graphical representation 

    The following shows the different g field strength at different positions
    away from the mass M creating the gravitational field.

    From left to right, for the case when M = 100 kg.

    [image:  g = G M /r^2 ]

    When r = -5.0 m, |g| = 2.669x10-10 N/kg towards M

    [image:  g = G M /r^2 ]

    When r = -4.0 m, |g| = 4.171x10-10 N/kg towards M

    [image:  g = G M /r^2 ]

    When r = -3.0 m, |g| = 7.414x10-10 N/kg towards M

    [image:  g = G M /r^2 ]

    When r = -2.0 m, |g| = 1.672x10-10 N/kg towards M

    [image:  g = G M /r^2 ]

    When r = -1.0 m, |g| = 6.673x10-9 N/kg towards M

    

    

    

    

    [image: r = -0.5]

    

    When r = -0.5 m, |g| = 2.669x10-8 N/kg towards M

    

    

    

    [image: r = +0.5]

    When r = +0.5 m, |g| = 2.669x10-8 N/kg towards M

    

    [image:  g = G M /r^2 ]

    When r = 1.0 m, |g| = 6.673x10-9 N/kg towards M

    

    [image:  g = G M /r^2 ]

    When r = 2.0 m, |g| = 1.668x10-9 N/kg towards M

    [image:  g = G M /r^2 ]

    When r = +3.0 m, |g| = 7.414x10-10 N/kg towards M

    

    [image:  g = G M /r^2 ]

    When r = +4.0 m, |g| = 4.171x10-10 N/kg towards M

    

    [image:  g = G M /r^2 ]

    When r = 5.0 m, |g| = 2.669x10-10 N/kg towards M.

    

    7.2.2.3 Vector Quantity

    Suggest whether g field is a vector (possessing both magnitude and
    direction) or scalar (possessing only magnitude, no direction) quantity.

    

    1)    Gravitational field strength, g (depicted as a magenta color curve) is
    a vector quantity, and it
    has a direction which is always towards the mass M. 

    7.2.2.4 Independent of test mass m

    Try varying the values of the green test mass m, does it change the value of
    g due to mass M alone?

    

      As shown in 
    
      
        g
        =
        
          
            G
            M 
          
            
              r
              2     , the
    gravitational field strength of source mass M , g is independent of the mass
    at that point, m.  

    7.2.2.5 Modeling activity with Simulation.

    From the pictures above, how do the values of g changes with r?

    Is the relationship linear, quadratic, inverse square etc?

    Try your own model by keying an expression to test  linear = "r", quadratic
    = "r^2", inverse square = "1/r^2". 

    Which model seems to "fit" the g well?

    The suggested activities is on 7.2.6 Model can you think of a mathematically
    valid equation to represent the gravitational field strength, g ?[image: model of g]

    7.2.2.5.1 gravitational field inverse square law field

      The magnitude of the field strength , g varies according to the inverse
    square law 
    
      
        g
        proportional
        
          1
          
            
              r
              2      .Hence
    gravitational field is also known as an inverse square law field. In other
    words as r increases, magnitude of g decreases according the formula
    
      
        g
        =
        
          
            G
            M 
          
            
              r
              2     

    7.2.2.5.2 gravitational field points towards source mass M

    •    On the left side of the M =100-kg mass, the gravitational field
    strength points to the right are positive values.

    •    On the right side of the M =100-kg mass, the gravitational field
    strength points to the left are negative values. 

    The reason is because of the adoption of the Cartesian coordinate system
    with positive x direction to the right.

    Activity to do

    Complete section (A) & (B) in ICT inquiry worksheet 1 using the EJS
    below to build your conceptual understanding on gravitational field
    strength. The HTML5 version is below,
    the Java worksheet customization to HTML5 is work in progress.
    7.2.3 YouTube

    https://youtu.be/nZSHpQmlddk
    video tutorial to explain how to use the simulations for learning the
    concepts

    7.2.4 Inquiry:

    An astronaut feels that he is ‘floating’ in a spacecraft in outer space as
    the spacecraft rotates around the Earth at a distance of 4 x 107
    m from the centre of Earth. He concludes that he is ‘floating’ because he is
    not experiencing any gravitational field of the Earth. Suggest whether his
    conclusion is right. 

    7.2.5 YouTube 

    https://youtu.be/_ikouWcXhd0
    Resource Running in Space! by ReelNASA
    

    

    7.2.6 Model: 

    The following suggested activity is recommended to allow students to use
    mathematical equations or use the model field to propose a mathematically
    valid equation to represent the gravitational field strength, g.

    Hint: try typing in expression like  6.67*100/r^2 (left)  and - 6.67*100/r^2
    (right) separately. 

    Note that students do not need to key in x10^-11.

    Note that the model field assumes G = 6.67 instead of 6.67x10-11,M
    = 100 kg, r is the distance away from M (red gravitational field source
    mass)

    

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/52

    

  
    

    

  
    7.2.7 Characteristics of Earth's Gravitational Field Strength (g):

     Note that g is the gravitational field strength on test mass, m due to
      Earth alone. When the test mass is on the right of the source mass, say
      Earth, the gravitational field strength is

    
        
          g
          =
          -
          
            
              G
              M 
            
              
                r
                2      

    [image: ]

    

    When test mass is on the left of the source mass, say Earth, the
    gravitational field strength is

    
      
        g
        =
        +
        
          
            G
            M 
          
            
              r
              2     

    [image: ]
    1.    g is a vector quantity and the SI unit for g is N kg-1
      (or m s-2). g is + when the test mass is on the left of the
      source mass Earth and g is - when the test mass is on the right of the
      source mass Earth M. In other words, the sign +/- depends on the direction
      (test mass on the left/right of Earth). Another way to visualize this is
      to look at the magenta color data line. 

      

      2.    The symbol chosen for the gravitational field strength is ‘g’. So
      far, in kinematics, we have been using g to represent the acceleration due
      to free-fall on the Earth’s surface which has the value 9.81 m s-2.
      But the generic gravitational field strength ‘g’ is not necessarily 9.81 N
      kg-1 (which is the value of g on Earth’s surface). Its
      magnitude varies with distance r  and mass M according to 
        
          g
          =
          -
          
            
              G
              M 
            
              
                r
                2     .  

    [image: ]

          [image: ]

          To avoid misrepresentation, we will use the symbol, gE  to
      specifically represent the gravitational field strength at the Earth’s
      surface (ie gE = 9.81 N kg-1).

    
        
          
            g
            E 
          =
          -
          
            
              G
              M 
            
              
                R
                E
                2      

    To summarize.

    [image: ]

    

    Test your understanding of the various parts of the gravitational field
    strength using the model builder.

    

    7.2.8 Model

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/56

    

  
    

    

  
    7.3 Gravitational Potential Energy (symbol: U and units: J)

    7.3.1 in Work, Energy & Power topic

     In the topic of Work, Energy & Power, the calculation of
      gravitational potential energy (GPE) is determined using the expression,
      mgh, which assumes that the gravitational field strength g is roughly
      constant, but a more robust formula is required for varying field
      strength, say when sending rockets which travel into outer space from the
      surface of the Earth.

    [image: ߡU = ߡPE = mgh or mgߡh]
    ΔU
      = ΔPE
      = mgh or mgΔh

    where ΔPE
      or ΔU
      is the gravitational potential energy possessed by mass m measured from
      the reference height h0 , g is the gravitational field strength
      created by source mass M. 

    h or Δh
      is the change in the height (h1 - h0 ) of the mass
      m.

    7.3.2 more universal formula for Potential energy

    This formula PE = mgh or mgΔh
      was appropriate when the magnitude of gravitational field strength, g of
      Earth was assumed to be constant (9.81 m s-2) over this height.
      When the assumption of constant gravitational field strength is not valid,
      a more robust PE formula is given by the calculation of potential energy 
    

    
        
          U
          =
          -mG
              M 
            r   

    where 

    U is the gravitational potential energy possessed by mass m measured from
      the reference position of infinity,

    G is the gravitational constant, approximately 6.673×10−11
      N·(m/kg)2,

    M is the source mass that sets up the gravitational field, 

    m is the test mass experiencing the gravitational field set up by M, and
    

    r is the distance away from the centre of the gravitational field source
      mass M

    
       [image:  U = -mG M/ r  ]
    In this particular case,
      
        
          
            U
            =
            -m
            
              
                G
                M 
              r 
            =
            -(1)
            
              
                6.67
                x
                1
                
                  0
                  -11 
                
                  (
                  100)  
              100 
            =
            -
            6.67
            x
            1
            
              0
              -11 
            J   

    Calculate for the case when r = 50 m.

    

    [image:  U = -mG M/ r  ]
    Similarly,
      
        
          U
          =
          -m
          
            
              G
              M 
            r 
          =
          -(1)
          
            
              6.67
              x
              1
              
                0
                -11 
              
                (
                100
                )  
            50 
          =
          -
          13.35
          x
          1
          
            0
            -11 
          J  

    7.3.3 Characteristics of Gravitational potential energy 

    equation is given by 
      
        U
        =
        -m
        
          
            G
            M 
          r   

    a scalar quantity (i.e. it has no direction only magnitude )

    has only negative value due to the reference potential equal zero U = 0,
      position is defined at position r = infinity,  ∞, and gravity is
      attractive which means the lowest potential position is at the centre of
      the source mass M. 

    U = -infinity, at r = 0, lowest potential energy 

    U = 0, at r = infinity, highest potential energy   

    Now, this leads to the need to define gravitational potential energy. 

    7.3.4 Definition of gravitational potential energy, U 

    The gravitational potential energy (U) of a mass m at a point (due to the
    gravitational field set up by mass M ) is defined as the work done by an
    external agent in bringing the mass from infinity to that point r distance
    away from source mass M.

    

    To further understand the meaning of this definition, let's start with the
    definition for work done on external agent, where WD = WD by external
      agent.

    

    
      W
      D
      =
      
        
          ∫
          ∞
          r  
      F
      d
      x 

    
       Substituting the formula for force F and working out
    the integration, it can be shown.

    
        
          
            W
            D
            =
            
              
                ∫
                ∞
                r  
            F
            d
            r
            =
            
              
                ∫
                ∞
                r  
            
              
                G
                M
                m 
              
                
                  r
                  2   
            
        
          dr=
              
                
                  [
                  
                    
                      -
                      G
                      m
                      M
                    r
                  ] 
                r
                ∞ 
              =
              
                [
                
                  
                    -
                    G
                    m
                    M 
                  r 
                -
                
                  
                    -
                    G
                    m
                    M 
                  ∞ 
                ] 
              =
              -
              
                
                  G
                  m
                  M 
                r     

    Notice the formula for this work done by external agent is equal to the
      U. 

    
        
          W
          D
          =
          U
          =
          -
          
            
              G
              m
              M 
            r    

    To understand this definition, we can use the simulation with some
      imagination. 

      Imagine the test mass, m is at a distance r = ∞, U∞ = 0 (the
      simulation does not allow r = ∞, but let's assume r = 100 is somewhat far
      enough)

    Let imagine a force pointing towards infinity away from source mass M,
      acting on this test mass m, the potential energy of m at this point would
      be therefore the work done by this external force.

    WD= Ufinal-Uinitial=Ur-U∞

    which means that the work done by external force is equal to the
    gravitational potential energy (Ur) since U∞ = 0.

    

    7.3.5 Suggested activity

    The intent of these activities is to allow students be like a
      student-scientists and collect their own data to form an understanding of
      potential energy.

    The test mass (green) is at r = 100 m, observe and record the value for U
        r=100 = -6.67 x10-11 J

    Click play and pause the model when r = 90 m, record the value of U
        r=90 = ____________ J

    Click play and pause the model when r = 80 m, record the value of U
        r=80 = ____________ J

    Click play and pause the model when r = 70 m, record the value of U
        r=70 = ____________ J

    Click play and pause the model when r = 60 m, record the value of U
        r=60 = ____________ J

    Click play and pause the model when r = 50 m, record the value of U
        r=50 = ____________ J

    Click play and pause the model when r = 40 m, record the value of U
        r=40 = ____________ J

    Click play and pause the model when r = 30 m, record the value of U
        r=30 = ____________ J

    Click play and pause the model when r = 20 m, record the value of U
        r=20 = ____________ J

    Calculate the change in U from r = 100 to r = 50.

    Answer is about
      
          ΔU
          =
          -
          
            [
            
              
                6.67
                x
                1
                
                  0
                  -11 
                
                  (
                  1
                  ) 
                
                  (
                  100
                  )  
              50 
            -
            
              
                6.67
                x
                1
                
                  0
                  -11 
                
                  (
                  1
                  ) 
                
                  (
                  100
                  )  
              100 
            ] 
          =
          -
          6.67
          x
          1
          
            0
            -9 
          J  

    Check the "your model" checkbox and a teal color line appear. For example
      if the model is , 
          U
          =
          -
          
            
              G
              m
              M 
            r   , key in -6.67*1*100/abs(r)
      and observe the closeness of fit of the orange color line (data collected)
      versus the teal color line (model proposed).

    Suggest with reason why you think the model -6.67*1*100/abs(r) is
      accurate. 

    Note that the model already has a multiple of x10-11 so there
      is no need to key it.

    7.3.6 Model:

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/57

    

  
    

    

  
    7.3.7 Gravitational Potential (symbol: ϕ
      and units: J kg-1)

    

      The gravitational potential, ϕ , at a point due to the gravitational field
      set up by a mass M is defined as the
        work done per unit mass in bringing a point mass from infinity to that
        point.

    Mathematically, it can be shown that 
        
          ϕ
          =
          -
          
            
              G
              M 
            r   

     7.3.7.1 Equation U = mϕ

    1) This expression 
      
        ϕ
        =
        -
        
          
            G
            M 
          r    is similar to the expression
    for gravitational potential energy,
    U
        =
        -m
        
          
            G
            M 
          r   . and they are related by U = mϕ.

    [image:  ϕ = - G M/r]

     7.3.7.2 Scalar quantity

    2)    Gravitational potential is a scalar quantity. (i.e. it has no
    direction and a negative value simply means it is less than zero).

     7.3.7.3 Always negative

    3)    This expression implies that ϕ is also always negative (less than
    zero) and by convention, the gravitational potential at infinity is also
    taken to be zero (maximum).

    [image:  ϕ = - G M/r]

    

    7.3.7.4 Independent of test mass

    4)    Similar to gravitational field strength 
      
        g
        =
        
          
            G
            M 
          
            
              r
              2     ,
    gravitational potential
    
      
        ϕ
        =
        -
        
          
            G
            M 
          r    is also independent of the mass
    of the point mass, m.  

    7.3.7.5 Vary according to inverse law with distance r

    5)    As distance r of the point mass from source mass increases, ϕ
    increases according to the equation
    
      
        ϕ
        =
        -
        
          
            G
            M 
          r    .

    

    [image:  ϕ = - G M/r]

     7.3.8 Activity to do 

    ICT inquiry worksheet 1 (C) and (D), as well as the "G field and
      potential" EJS
      here. The HTML5 version is below,
      the Java worksheet customization to HTML5 is work in progress.

    7.3.9 Summary

    
      
        
          	symbol
          	g 
          	ϕ 
        

        
          	name 
          	Field strength
          	Potential
        

        
          	units
          	N kg-1 or m s-2
          	J kg-1
        

        
          	meaning
          	Gravitational force per unit mass
          	Gravitational potential energy per
            unit mass
        

        
          	quantity
          	vector
          	scalar
        

        
          	equation
          	
              
                |g|
                =
                
                  
                    G
                    M 
                  
                    
                      r
                      2     
            towards the centre of the source mass

          
          	
              
                ϕ
                =
                -
                
                  
                    G
                    M 
                  r   

          
        

        
          	relationship to mass
          	Force,
            
              F
              =
              
                
                  G
                  
                    M
                    1 
                  
                    M
                    2  
                
                  r
                  2    = mg 
          	Potential energy,
            U
                =
                -m
                
                  
                    G
                    M 
                  r    = mϕ 
        

        
          	graph
          	[image: g = -6.67*500/(abs(r)*r)]

          
          	[image: φ = -6.67*500/abs(r)]
        

        
          	computer model if M = 500.
          	 -6.67*500/(abs(r)*r)
          	-6.67*500/abs(r)
        

      
    

    

     7.3.10 Modeling

    Try to input your own model for potential until you achieve a close fit to
    the data set graph from potential.

    Hint: 

    What is the value of M is the model?

    no need to key in x10-11

    abs in JavaScript is absolute |   | that always make the value positive.

    try something like -6.67*500/abs(r) in the equivalent for
    
      
        ϕ
        =
        -
        
          
            G
            M 
          r   
    7.3.11 Model

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/58

    

  
    

    

  
    7.3.8 Relationship between F and U; between g and ϕ

     To understand how g is related to ϕ:

    
      	Similarly, compare 
          
            g
            =
            -
            
              
                G
                M 
              
                
                  r
                  2      and 
          ϕ
          =
          -
          
            GM
            r   in the above table.

      	If we differentiate 
          ϕ
          =
          -
          
            GM
            r      with respect to r, we will get  
          
            
              
                d
                ϕ 
              
                d
                r  
            =
            -
            
              
                G
                M 
              
                (
                -
                
                  r
                  2 
                )    ,
        which has the same expression as g.

      	Hence, mathematically 
          
            
              
                d
                ϕ 
              
                d
                r  
            =
            
              
                G
                M 
              
                
                  r
                  2   
            =
            -
            g  

      	To understand the meaning of
        
          
            g
            =
            -
            
              
                d
                ϕ 
              
                d
                r     observe the two
        graphs carefully, on the right side where r is positive, the gradient of
        ϕ vs r graph is positive but the value of g will be negative. And on the
        left side where r is negative, the gradient of ϕ vs r graph is negative
        but the value of g is positive. Thus,
        
          
            g
            =
            -
            
              
                d
                ϕ 
              
                d
                r    

    

     Similarly, it can be concluded that by multiplying both sides by test
      mass m.

    
        
          m
          g
          =
          -
          
            
              d
              m
              ϕ 
            
              d
              r    

      thus
      
        
          F
          =
          -
          
            
              d
              m
              ϕ 
            
              d
              r    

     7.3.8.1 Activity To do

    ICT inquiry worksheet 1 (E), as well as the "G field and potential" EJS
    here. The HTML5 version is below,
    the Java worksheet customization to HTML5 is work in progress.

    

    7.3.8.2 Summary

    
      
        	symbol
        	
            
              g
              =
              -
              
                
                  G
                  M 
                
                  
                    r
                    2     
        	 
            ϕ
            =
            -
            
              GM
              r  
      

      
        	name 
        	Field strength
        	Potential
      

      
        	units
        	N kg-1 or m s-2
        	J kg-1
      

      
        	meaning
        	Gravitational force per unit mass
        	Gravitational potential energy per unit
          mass
      

      
        	quantity
        	vector
        	scalar
      

      
        	equation
        	
            
              |g|
              =
              
                
                  G
                  M 
                
                  
                    r
                    2     
          towards the centre of the source mass

        
        	
            ϕ
            =
            -
            
              GM
              r  

        
      

      
        	relationship to mass
        	Force,
          
            F
            =
            
              
                G
                
                  M
                  1 
                
                  M
                  2  
              
                r
                2    = mg 
        	Potential energy,
          U
              =
              -m
              
                
                  G
                  M 
                r    = mϕ
        
      

      
        	graph
        	[image: model g = -6.67*500/(abs(r)*r) ]

        
        	[image: model phi = -6.67*500/abs(r) ]
      

      
        	computer model if M = 500.
        	 -6.67*500/(abs(r)*r)
        	-6.67*500/abs(r)
      

      
        	relationship between g and ϕ 
        	
          [image: relationship between g and φ]

          
              
                g
                =
                -
                
                  
                    d
                    ϕ 
                  
                    d
                    r    

        
      

      
        	relationship between F and U
        	
          [image: relationship between F and U]

          
            
              F
              =
              -
              
                
                  d
                  U 
                
                  d
                  r     
      

    

    

    7.3.8.3 Model

    
      	 Run Sim

      	http://iwant2study.org/ospsg/index.php//59

    

  
    

    

  
    7.3.8.4 Example 9 (J89/II/2)

    7.3.8.4.1 Values for the gravitational potential due to the Earth are
      given in the table below.

    
      
        
          	Distance from Earth’s surface / m
          	Distance from Earth’s centre / m
          	Gravitational potential / MJ kg-1
          	Gravitational Field Strength g / ms-2
          	Rate of change of potential with distance  
              
                
                  
                    d
                    ϕ 
                  
                    d
                    r    / ms-2
        

        
          	0
          	6 370 000 = 6.37x106=
            0.637x107
          	-62.72
          	

          
          	

          
        

        
          	

          
          	10 000 000 = 1.0x107
          	-40.10
          	

          
          	

          
        

        
          	1.363x107

          
          	2.0x107
          	-20.00
          	

          
          	

          
        

        
          	

          
          	3.0x107
          	-13.34
          	-0.44

          
          	0.44

          
        

        
          	

          
          	4.0x107
          	-10.01
          	

          
          	

          
        

        
          	

          
          	5.0x107
          	-8.01
          	-0.16
          	0.16
        

        
          	

          
          	Infinity
          	0
          	

          
          	

          
        

      
    

    (i) given that radius of Earth = 6370 km, fill in the missing values in
      the column of Distance from Earth’s surface / m.

    (ii)    Calculate the change in potential if an object travels from r =
      5.0x107 m to r = 2.0x107 m

     

    
    Answer: Δϕ = ϕfinal - ϕinitial = -20.00x106 - (-8.01x106)
      = -11.95x106 J/kg

    (iii) Hence or otherwise, calculate the change in potential energy if the
      object-satellite has a mass 0.01x1024 kg.

    Answer:  ΔPE = ΔU = m(Δϕ) = 0.01x1024(-11.95x106) =
      -1.196x1029 J = -0.20x1030 J

    (iv) Determine the potential energy lost by object-satellite of 0.07x1024
      kg from a height of 13 630 000 to the Earth's surface.

    Answer: ΔPE = m(Δϕ) = 0.07x1024 (-6.67x10-11)(6.0x1024)(
        
          
            1
            
              (
              6.37
              x
              1
              
                0
                6 
              )  
          -
          
            1
            
              (
              13630000
              +
              6.37
              x
              1
              
                0
                6 
              )     ) =
      (0.07x1024 )(-6.27x107 -(-20.00x107))=
      (0.07x1024 )(-4.28x107 ) = 2.996x1030 =
      3.00x1030 J

     

    

      v) by means of using the simulation, move the mass and record down and
      fill in the last 2 missing columns for Gravitational Field Strength and 
      rate of change of potential with distance. 

    vi) Hence, suggest a relationship between g, ϕ and r.

    vii) Explain why the accuracy of determining g at r = 3x107 is
      poor when using the following values at r = 2x107 and 4x107
      m where 
          
            
              d
              ϕ 
            
              d
              r  
          =
          -
          
            
              -
              10.01
              -
              
                (
                20.00
                )  
            
              4
              x
              1
              
                0
                7 
              -
              2
              x
              1
              
                0
                7     

    7.3.8.4.2 Model 

    
      	 Run Sim

      	http://iwant2study.org/ospsg/index.php/60

    

  
    

    

  
    7.3.8.5 Virtual Laboratory of 2 Stationary Mass to explore field
      strengths and potentials

    
      	Run
          Sim

      	http://iwant2study.org/ospsg/index.php/410

    

  
    

    

  
    7.3.8.6 Example of Application of potential ϕ

     7.3.8.6.1 Revision:

      The total ϕ at a point in a field due to two or more source masses is
      the scalar addition of the individual ϕ due to each mass at that point,
      i.e.  . 

      ϕtotal = ∑ϕ

    Similarly, since PE = U = mϕ

    PE total =
      
        
          m
          ∑
          ϕ  

     Showing how the gravitational potential varies between the surface of
      the Moon and the surface of the Earth along the line joining the centres.

    

    ϕ1 = Gravitational potential due to Moon

    

     ϕ2 = Gravitational
    potential due to Earth

    

    

    

    ϕtotal = ϕ1 +ϕ2 = Net gravitational
    potential along the line of centres is equal to the sum of the gravitational
    potentials due to the Earth and Moon

    7.3.8.6.2 Escape Speed Is it true that 'what goes up must come down'?  

    It is only accurate to say that 'what goes up may come down'.  There is a
    critical speed at which an object can be launched such that it can escape
    the Earth permanently.  Such a critical speed is termed as the escape speed.

    7.3.8.6.2.1 Example Determine an expression for the escape speed, v, of
      a rocket of mass m launched from the surface of Earth of mass M and radius
      R.

    

    By conservation of energy, assuming at r = ∞, the minimum speed is
    0.

    

    KEearth surface + PEearth surface = KE∞
    + PE∞

    

    
      
        
          1
          2 
        m
        
          v
          2 
        +
        
          (
          
            
              -
              G
              m
              M 
            
              
                r
                
                  e
                  a
                  r
                  t
                  h    
          ) 
        =
        0
        +
        0  

    

    
      
        
          1
          2 
        
          v
          2 
        +
        
          (
          
            
              -
              (
              6.67
              x
              1
              
                0
                -11 
              )
              (
              6.0
              x
              1
              
                0
                24 
              ) 
            
              6.37
              x
              1
              
                0
                6   
          ) 
        =
        0
        +
        0  

    

    v = 1.12x104 m/s

    

    Therefore, to escape from Earth, it implies that the projectile must have a
    minimum launch velocity of v = 1.12x104 m/s .

    

    

    

    [image: ]

    

    To understand the escape velocity concept, the following steps could be used
    as an inquiry approach to experience escape velocity in the context of the
    simulation.

    

    
      	Un-check the M1 moon to remove the effects of the Moon

      	Select from the drop-box menu the option Earth Surface view MoonEarth
        (Left to Right), and notice the test mass (red) is placed on the surface
        of the Earth on the right side.

      	Key in on the vtest, velocity of the test mass (magenta) say -10000
        m/s (negative as the velocity points to the left of the Cartesian
        coordinate system)), and click play to observe the effects of launching
        a projectile at this speed. You could record your observation as "unable
        to escape from Earth's gravity pull.

    

    [image: ]

    Similarly, design an experiment to discover the minimum theoretical speed to
    escape from Earth's pull.

    

    Can you conclude that any velocity lesser than v = 1.12x104 m/s
    cannot allow the projectile to escape from Earth's pull?

    

    Can you conclude that any velocity greater than vescape Earth =
    1.12x104 m/s allow the projectile to escape from Earth's pull?

    

    

    Similarly,  you can derive the theoretical escape velocity from Earth's Moon
    surface and test it on the simulation.

    Answer: vescape Moon=2400 m/s

    

    

    Given that root-mean-square
      speed is the measure of the speed of particles in a gas that is most
      convenient for problem solving within the kinetic theory of gases,  is
    given by
    
      
        
          v
          
            r
            m
            s  
        =
        
          ( 
        
          
            3
            R
            T 
          
            M
            m  
        )  

    

    Given molar gas constant R = 8.31 J K−1 mol−1, molar
    mass of water is Mm H20 = 18x10-3 kg/mol , T is
    temperature in Kelvin, using the minimum theoretical speed from Moon,
    suggest the surface temperature of Moon at some point in its history which
    resulted in the Moon's surface not having water now.

    

    T = 4.2x103 K

    

    With this limited information, this data seems to suggest at some point of
    Moon's history, it could have been very hot (T = 4.2x103 K) which
    causes water molecules to escape then. As the Moon cools, not enough water
    molecules was able to form on the Moon's surface to form oceans like what we
    have on Earth.

    7.3.8.6.3 Model ϕ 

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/63

    

    

    
    

  
    

    

  

    7.3.8.6.3 Model g 

    
      	 Run
          Sim

      	http://iwant2study.org/ospsg/index.php/63

    

    

    
    

  
    

    

  
    7.4 Satellite in Circular Orbits

     7.4.1 Introduction

    An object projected horizontally near the Earth’s surface follows
      parabolic trajectories as shown ( v = 0 red, v = 2000 green, v = 4000
      blue, v = 6000 yellow and v = 8000 teal) . 

    [image: ]

    As the speed of projection v increases, the object will reach a speed
      approximately v = 7888 m/s where the trajectory follows the curvature of
      the Earth’s surface. [click
          this for live action now? require internet or scroll down to the
        model running from hard disk] 

    [image: ]
     If air resistance is negligible, the object will orbit round the Earth
      continuously and will never meet the Earth’s surface such as speed v 8000 
      red m/s and v = 10000 m/s green. 

    [image: ]

    [image: ]
    Many man-made satellites move in circular orbits around the Earth. The
      first man-made satellite, the Sputnik 1, was launched by Soviet Union in
      1957. Since then, thousands of satellites have been launched into orbit
      around the Earth. The only force acting on a satellite in a circular orbit
      (achieved by launching horizontally at vx =7276.69 m/s at height above
      Earth surface  H = 0.185 RE where RE = 6370 000 m is
      the radius of Earth,  is the Earth’s gravitational force. The
      gravitational force (red arrow is directed towards the centre of Earth) is
      also the the centre of the circular orbit.

    [image: ]
    

      Since the satellite velocity (magenta arrow)  is perpendicular to the
      gravitational force (Red arrow), its magnitude of velocity remains
      constant while its direction changes.  

    [image: ]
    This means that the satellite is traveling in a uniform circular motion
      .  At the same time, the distance from the satellite to the centre of
      Earth will also remain constant in this circular orbit.

      

      For a satellite (or any object) in circular orbit, the gravitational force
      acting on it is the centripetal force that keeps it in circular motion.

    Using Newton's second law in this context of a circular motion orbit.

    
        
          F
          =
          
            
              m
              
                v
                2  
            r    

    Since in outer space, the assumption is only Earth's gravitational field
      is responsible for the circular motion and gravitational force is
      
        
          F
          =
          
            
              G
              m
              M 
            
              
                r
                2     

    thus,
      
        
          
            
              G
              m
              M 
            
              
                r
                2   
          =
          
            
              m
              
                v
                2  
            r    

    the expression can be simplified to give the exact velocity required for
      circular motion 
      
        
          
            
              
                
                  G
                  M 
                r   
          =
          v . 

    This equation-formula can be used to calculate the speed required for any
      object to orbit around a planet of mass M at a constant distance-radius of
      orbit r

    where r is the radius of orbit from the centre of Planet M, 

    M is the mass of Planet M, which is typically Earth.
    7.4.2 Inquiry:

    

    What will happen to the orbiting satellite if it starts to slow down?
    A student says the gravitational force will be higher than the
    required centripetal force to keep it in the uniform circular motion. Hence
    the satellite will be pulled closer towards Earth and move in a smaller
    circular orbit. Explain with
    evidences from the model whether the answer is satisfactory.
    

    [click
        this for live action now? require internet or scroll down to the
      model running from hard disk] 

      [image: ]
    7.4.2.1 Suggested Steps to conduct
        inquiry

    

    
      	Select from drop-down menu option
          circular_motion_at_r_=_2*R_earth

      	Click play and observe the motion of
          the orbit. describe the motion is circular or otherwise.

      	Pause the simulation

      	Click fire- to simulate firing of
          reverse thrusters for a very short time, to reduce the speed of the
          object in orbit.

      	Observe the motion of the new orbit.
          describe the motion is circular
          or otherwise.

      	Design an alternative inquiry option
          and write down briefly what you have found out.

      	Discuss with more classmates in the
          school and suggest an a community of learners what you have concluded
          from the evidences collected by at least 3 other independent
          approach/options. 

    

    The desired outcome is to allow the students to experience real orbits
      are not always perfectly circular (a common misconception for students).
      Real life orbits are usually elliptical.

    
    

    7.4.2.2 Calculation of speed at r = 3 times Radius of Earth

    Example 10 (Object in orbit)

    How fast must the satellite be moving in its circular orbit about the Earth,
    if it stays at a constant height of three times of Earth’s radius, above the
    Earth’s surface?  

    (Given:  mass of Earth = 6.0 x 1024 kg; radius of Earth = 6.4 x
    106 m) 

    

    Suggested Steps to solve this problem

    
      	draw a free body diagram of the mass and its path (is it circular,
        linear etc?).

      	decide on the symbols and values, r = 4(6.4 x 106) =
        2.56x107 m

      	recall the formula and derive from newton's law
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      	imply 3.94x103 m/s = v

      	check the answer, put v back to check if
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              r   still hold for both left and
        right hand sides of the equal sign.

    

    7.4.2.3 Model 

    
      	Run Sim

      	http://iwant2study.org/ospsg/index.php/284

    

  
    

    

  
    7.4.3 Energy of a Satellite in circular orbit in terms of
      distance from Earth, r

    [image: ]
    A satellite in orbit possesses kinetic energy, KE, (by virtue of its
      speed motion) and 

    [image: ]

    gravitational potential energy, PE, (by virtue of its position within the
      Earth’s gravitational field).

      

      Hence, total energy of a satellite,

    [image: ]
    TE = PE + KE
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      Recall that for a satellite in circular orbit, its gravitational force 
        F
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              2  
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            2    acts as the centripetal
      force:

          ΣF =  ma
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    simplifying and multiply by 
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      Substituting equation (2) into (1),

      Hence total energy of a satellite, TE = PE + KE
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      A typical graph showing the relationship between PE, KE and TE with
      respect to the distance, r, from centre of Earth, O, is as shown. 

    [image: ]
    Assuming mass of object mobject = 1kg,  Mass of Earth Mearth
      = 6.0x1024 kg, G =6.67x10-11 N m2 kg-2
      , The potential energy PE =
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    Similarly, determine the equation/model that describes KE and TE and key
      them into the simulation to test your understanding
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    7.4.3.1 Model: 

    
      	Run Sim

      	http://iwant2study.org/ospsg/index.php/285

    

  
    

    

  
    7.4.3.2 Example 

    An Earth satellite of mass 200 kg is in stable circular motion orbit,
    calculate the launch speed for a distance of 2 REarth from centre
    of Earth.

    

    [image: ]

    Answer: 5600 m/s

    

    Calculate the potential energy, kinetic and total energy in this orbit.

    [image: ]

    Answer: PE = -6.27x107 J, KE = 3.14x107 J, TE =
    -3.13x107 J.

    

    Calculate the value of the gravitational potential at this point.

    

    Answer: ϕ = 3.14x10 5 J/kg

    

    Calculate the value of the gravitational acceleration at this point and
    state its direction.

    

    Answer: a = 2.46 m/s2 towards centre of Earth

    

    Calculate the value of the gravitational force on the satellite at this
    point and state its direction.

    

    Answer: F = 492 N towards centre of Earth

    

    At this point of the motion, the satellite fires (click the fire- button)
    backward thrusters to reduce its speed. 

    

    [image: ]

    The orbits path decays to a point where it shoots some circular motion
    thrusters and goes on a lower circular motion.

    [image: ]

    

    Calculate the new potential energy, kinetic and total energy in this lowered
    orbit, given the new radius of orbit is approximately 8.68x106 m

    

    Answer: PE = -9.22x107 J, KE = 4.61x107 J, TE =
    -4.61x107 J.

    

    

    Hence or otherwise, calculate the changes in the potential, kinetic and
    total energies of the satellite as a result of this transition. (Mass of
    Earth = 6.0 x 1024 kg)

    

    Answer: ΔPE = -2.95x107 J, ΔKE = 1.47x107 J, ΔTE =
    -1.48x107 J.

    

    With the diagrams below or otherwise, describe 

    

    (a) the significance of the different parts of (1,2 & 3) the graph of KE
    for the complete motion above.

    [image: ]

    Suggested answers

    1. fire reverse thrusters to begin decay path that results in decrease of KE
    

    2. increase in speed as PE decrease and KE increase

    3. fire circular motion thrusters to begin lower circular motion orbit to
    meet the model
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    (b) the significance of the different parts of the graph of PE for the
    complete motion above.
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    Suggested answers

    the PE graph move according to the equation
    U
        =
        -m
        
          
            G
            M 
          r    = mϕ from r = 2Rearth
    to the lower orbit from right to left

    

    

    (c) the significance of the different parts of the graph of TE for the
    complete motion above.

    

    

    Suggested answers

    1. fire reverse thrusters to begin decay path result in decrease of KE thus
    a corresponding decrease in TE

    2. TE is constant 

    3. fire circular motion thrusters to begin lower circular motion orbit,
    results in decrease of KE and a corresponding decrease in TE to meet the
    model
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     7.4.3.2.1 Model 

    
      	 Run Sim

      	http://iwant2study.org/ospsg/61

    

    
  
    

    

  
    7.5 Kepler’s Third Law

    7.5.1 Newton's Second Law in Circular Motion to derive Kepler’s Third
      Law T2 α  r3

    [image: ] 

    By analysing the free body diagram of a satellite in circular orbit, the
      equation for Newton's Second Law is,

      

      i.e.              ΣF = mrω2 
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      Recalling in circular motion angular velocity and its period are related
      as follow, 
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      Which can be simplified to an equation involving T and r
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      This is the Kepler’s Third Law, which states that the square
        of the period of an object in circular orbit is directly
        proportional to the cube of the radius of its orbit. T2
      α  r3 

     7.5.1.1 Note:

    The Kepler’s Third Law T2 α  r3 is only applicable
      to masses in circular orbit, whereby the gravitational force is the only
      force acting on it and thus it acts as the centripetal force.

    7.5.1.2 Activity

    Complete ICT inquiry worksheet 2 to build your conceptual understanding
      on Kepler’s Third Law.

    7.5.1.3 Steps to support your inquiry

    Select from the drop-down menu the planet, say Mercury to show the
      orbital radius and click play.

    Click Pause to stop the simulation when the planet Mercury is almost at
      the time of 1 complete cycle or period T.

    Click Step to fine tune your determination of period T, say t =0.24 years

    [image: ]
    Click on the adjacent tab Record_Data and select Record Data button to
      store this data on the mean radius Rm and period (time for one complete
      cycle) T of motion.
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    Click back to the Orbit_View and to go to the next planet to collect data,
    select from the drop down menu again and select the next planet say Venus.
    Play the simulation for one complete cycle. 
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    Click again on the next tab Record_Data and select Record_Data. 

    [image: ]

    

    Repeat the above steps for the rest of the planets i.e. Earth, Mars,
    Jupiter, Saturn, Uranus, Neptune and Pluto. (Click back to the Orbit_View
    and to go to the next planet to collect data, select from the drop down menu
    again and select the next planet say Earth. Play the simulation for one
    complete cycle. )
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    Click again on the next tab Record_Data and select Record_Data. 
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    [image: ]

    Notice all the data on the actual T /years recorded by you are slightly
    different compared to the mean radius of orbits R has units of A.U.
    (astronomical units) where by 1 A.U. = mean distance of Earth to Sun.

    

    [image: ]

    Select the tab Graph_for_R_vs_T and the simulation automatically plots the
    data.

    

    Click on the Data Analysis Tool to bring up the following pop up view for
    further trend fitting.

    Select the Data Builder Button at the top right corner

    [image: ]  

    Click on the Data Function Add button to add your own functions such as T2
    for Tmean2 and R3 for rmean3.

    [image: ]Click on the Analyse
    button on the top left corner and select the Linear Fit Option of which the
    data of T2 and R3 is related by the following line fit

    T2 = 0.998 R3 -20.753 which suggests T2 α 
    r3

    [image: ]

    

    Alternatively,  you can also try to plot log (T) versus log (R)

    [image: ]

    

    Notice that log (T) = 1.501 log (R) -0.002 which suggests the relationship
    of T α  r1.5 or simply T2 α  r3

    7.5.1.4 YouTube

    
      	 https://youtu.be/jt88koyZQuw
        Discovering Kepler 3rd System by inquiry collect data like scientists 

    

    7.5.1.5 Java simulation for the full inquiry described above

    
      	Java
          File

    

    7.5.1.6 Model, you can record down the time for each planet's one
      revolution to determine if T2 α  r3 is valid

    
      	Run
          Sim

      	http://iwant2study.org/ospsg/index.php/241

    

    
    

  
    

    

  
    7.5.2 Geostationary Satellites

    7.5.2.1 Introduction

     A geostationary (Earth) satellite is a satellite that rotates around
      Earth in a certain orbit such that it is always positioned above the same
      point on the Earth’s surface.  Hence from the point of view of an observer
      standing at that point, the geostationary satellite appears to be always
      ‘stationary’ above him/her (but actually, both observer and satellite are
      rotating at the same angular speed). In order for a satellite to be moving
      in such a geostationary orbit, there are certain conditions to meet: 

    [image: ] 

     7.5.2.2 Characteristics of Geostationary satellites 

    
      	 placed vertically above the equator 

      	 same directional sense as the rotation of the Earth (determine
        through axis of rotation)

      	 same orbital period of Planet, in our case, Earth, thus the orbital
        period of  approximately 24 hrs 

    

    7.5.2.3 Determination of height above Earth surface for geostationary
      orbit radius.

    Analyzing the free body diagram of a satellite traveling in a
      geostationary orbit, we know the force on the satellite is assumed to be
      only due to Earth's gravitational pull. The period is approximately 24
      hours = (24)(60)(60) = 86400 s
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    r = 4.23x107 m which is r = 3.59x107 + 6.37x106
      m, where radius of Earth = 6.37x106 m.

    which is why Earth's geostationary satellites must be placed in an orbit
      at a fixed distance (around 35 700 km) from the Earth’s surface, in order
      to rotate with the same period as Earth. 

    7.5.2.4 Advantages of geostationary satellites: 

    
    
      	A geostationary satellite is ideal for telecommunication purposes
        since it remains ‘stationary’ above the same spot on the Earth’s surface
        at all times. The distance between the satellite and the transmitting
        station on Earth is kept relatively constant and a clear line of
        ‘vision’ between the transmitter and the receiver allows continuous and
        uninterrupted signal transmission. 

      	Since it is always at the same relative position above the Earth’s
        surface, there is no need to keep adjusting the direction of the
        satellite dish to receive signals from the geostationary satellite.

      	As geostationary satellites are positioned at a high altitude (a
        distance of 3.57 × 107 m away from the surface of the Earth),
        it can view a large section of the Earth and scan the same area
        frequently. Hence, they are ideal for meteorological applications and
        remote imaging.

    

    7.5.2.5 Disadvantages of geostationary satellites:

    

    
      	As geostationary satellites are positioned at such a high altitude,
        the resolution of the images may not be as good as those captured by the
        lower orbiting satellites (example shown is polar satellites in orbits
        at r=1.133Rearth with orbital period of 2 hours). 

      	Because of its high altitude, there may be a delay in the reception of
        the signals resulting in a lag time for live international broadcasts or
        video conferences.

      	 The transmitting
        stations in countries positioned at latitudes higher than 60 degrees may
        not be able to receive strong signals from geostationary satellites, as
        the signals would have to pass through a large amount of atmosphere.
        This is true for countries beyond the 60 degrees latitude ‘belt’, both
        on north and south sides. 

    

    7.5.2.5.1 What are polar orbits? 

     Besides geostationary satellites which are placed at a large distance
      from Earth, there are other types of satellite which orbit at lower
      altitudes from Earth, like the polar orbit satellites as shown below.

      

    Satellites in polar orbits rotate around the Earth over the poles, in a
    constant plane perpendicular to the equator. Polar satellites have much
    lower altitudes (about 850km or R=1.133Rearth with orbital period
    of 2 hour) which serve to provide more detailed information about the
    weather and cloud formation. However satellites in this type of orbit can
    view only a narrow strip of Earth's surface on each passover orbit. Strips
    of images must be "stitched together," to produce a larger view. 

    

    7.5.2.6 Would a geostationary satellite that orbit around planet Mars be
      at the same distance r = 4.23x107 m ? Why?
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    referring the data from https://en.wikipedia.org/wiki/Mars,
    MMars = 6.4185×1023 kg, Sidereal rotation period T
    =1.025957 day.
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    r =2.04x107 m, 

    thus it is different due to the different planet mass and rotation period.

    7.5.2.7 Example  (J2000/1/8)

    Which quantity is not necessarily the same for satellites that are in
    geostationary orbits around the Earth?

    

    A    angular velocity                    C    kinetic energy

    B    centripetal acceleration         D    orbital period

    

    Answer C: Kinetic energy is dependent on the satellite's mass and velocity.
    Hence different satellites of different masses may have different kinetic
    energies.

    7.5.2.8 Example

    A spacecraft was launched from Earth into a circular orbit around Earth that
    was maintained at an almost constant height of 189 km from the Earth's
    surface.  Assume the gravitational field strength in this orbit is 9.4 N kg-1,
    and the radius of the Earth is 6 370 km.

    a)  Calculate the speed of the spacecraft in this orbit.

    b)  Find the time to complete one orbit.

    c)  Comment whether this spacecraft is in a geostationary orbit

    7.5.2.8.1 Answer:

    Since the condition for circular motion is assumed to be true, we can use
    the circular motion equation while also assuming only the Earth's
    gravitational force acts on spacecraft.
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    rearranging to get
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    7.85x103 m/s = v

    

    b) Since 
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    T = 5249 = 5.25x103 s

    c) Since the spacecraft does not satisfy one of the condition (ie. T not 24
    hours), it is safe to conclude that the spacecraft cannot be geostationary.

    Repeated here are the characteristics of geostationary orbits are:

    
      	 placed vertically above the equator 

      	 same direction sense as the rotation of the Earth (determine through
        axis of rotation)

      	 same orbital period of Planet, in our case, Earth orbital period of 
        approximately 24 hrs

    

    7.5.2.9 Model 

    
      	Run Sim

      	http://iwant2study.org/ospsg/index.php/62

    

    7.5.2.9.1 Geostationary Satellite around Earth Model

     This Geostationary Satellite around Earth Model is a simple angular
      velocity model that uses the Java3D implementation for realistic
      visualization of satellite objects in geostationary orbits at three
      different locations namely (near Singapore, near Africa and America) .
      Students can explore the meaning of geostationary orbits, cases of
      non-geostationary orbits and even non-gravity physics orbit .  

    7.5.2.9.2 Geostationary Satellites 

    The term Geo-stationary implies a satellite fixed about a position above
      the earth. This is possible because such satellites have the same period
      as the Earth’s rotation (T = 24 hours) 2 same rotational sense as the
      earth's rotation spin 3 is a location directly above the equator in other
      words the plane of rotation of the satellite must be in the plane of the
      Equator. Therefore, it appears stationary.  

    7.5.2.9.3 Application 

    Example of geostationary satellites are GMS1, GEOS, METEOSAT etc. Most of
      these satellites are used for commercial and military purposes  

    7.5.2.9.4 Main Simulation View 

    The simulation has a Earth and a Satellite object  Menu Drop Down Allows
      for selecting what motion of Satellite is simulated. 

    
      	Geostationary near Singapore

      	Geostationary near Africa

      	Geostationary near America

      	Non-geostationary due to direction

      	circular motion r=3*Re, T =7.30 hr

      	circular motion r=10.5*Re, T = 48 hr

      	Non-Geostationary generally

      	Unlikely Orbits

    

    7.5.2.9.5 Check boxes 

    
      	Show:equator Plane, for visualizing the Earth's rotating equator plane
      

      	Geo stationary, for visualizing a geostationary object (RED) for
        comparative observation with the other modes. 

      	Show text: 35 700 km fixed position of object relative to planet
        earth. 

      	Axes earth: show spin axes of the rotation of earth in GREEN 

      	Axes satellite: show spin axes of the rotation of satellite in MAGENTA
      

      	Force: pair of action reaction force of equal magnitude, opposite
        direction and on different bodies. (Newton's 3rd Law)   

    

    7.5.2.9.6 Buttons 

    
      	Play 

      	Step Forward 

      	Reset

    

    have their usual meaning.
  
    

    

  
    End of Chapter Survey

    http://goo.gl/forms/999OI7kmmK

    Thank you!

  
    

    

  
      Copyright and conditions of use

      
      This ePub was created by its author using the Easy Java/Javascript Simulations modeling and authoring tool,       and has been released under a Creative Commons Attribution-NonCommercial-ShareAlike license.       [image: Creative Commons Attribution-NonCommercial-ShareAlike]
      

      
      This material is free for non-commercial purposes and lets others remix, tweak, and build upon this work non-commercially,      as long as they credit the author and license their new creations under the identical terms.       For other uses, permission must be obtained both from the ePub author and from the creators of the EjsS authoring tool and code library.
      

      
        For more information on Easy Java/Javascript Simulations, please visit the EjsS website.
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/**
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					aListnr.fn('textSizeChanged',[oArgs]);

				}

				else  {
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	var onAvailable = function() {
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	  	 	    TextResizeDetector.onAvailableCount_i++;

				setTimeout(onAvailable,200)
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	setTimeout(onAvailable,500);



 	return {
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		 	 * Initializes the detector
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		 	 * @param {String} sId The id of the element in which to create the control element
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		 	init: function() {

		 		

		 		createControlElement();		

				_startDetector();
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			/**

			 * Adds listeners to the ontextsizechange event. 

			 * Returns the base font size

			 * 

			 */

 			addEventListener:function(fn,obj,bScope) {

				aListeners[aListeners.length] = {

					fn: fn,

					obj: obj
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				return iBase;

			},

			/**

			 * performs the detection and fires textSizeChanged event

			 * @return the current font size

			 * @type {integer}

			 */

 			detect:function() {

 				return _detect();

 			},

 			/**

 			 * Returns the height of the control element

 			 * 

			 * @return the current height of control element

			 * @type {integer}

 			 */

 			getSize:function() {

	 				var iSize;

			 		return el.offsetHeight;

		 		

		 		

 			},

 			/**

 			 * Stops the detector

 			 */

 			stopDetector:function() {

				return _stopDetector();
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			/*

			 * Starts the detector

			 */

 			startDetector:function() {

				return _startDetector();

			}

 	}
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