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            Preface

            To the Student

            This book has been written to help you understand and review high school physics. Physics is not a particularly easy subject, and no book—no matter how well written—can give you instant insight into the subject. Nevertheless, if you read this book carefully and do all of the problems and review questions, you will have a pretty good understanding of what physics is all about.

            I have designed this book to be your “physics companion.” It is somewhat more detailed than some review books but is probably much less detailed than your hardcover text. This book is divided into 14 chapters. Each chapter begins with Key Ideas and ends with multiple-choice questions (part A and B-1 Regents style questions) and some (where available) short-constructed response and free-response questions (part B-2 and C Regents style questions) drawn from past NYS Regents Physics examinations. The answers to these questions appear after the glossary. The appendices contain various items of information that are useful in the study of physics and in answering short-constructed response and free-response questions.

            This book covers all of the concepts and skills listed in the NYS Physical Setting: Physics core curriculum. In this edition, a significant amount of material that I had included in previous editions as review for a general physics course that went beyond the core (the core being only the minimum to be taught and what is testable by NYS) has at the request of reviewers and my publisher been deleted from this edition. There is only a small amount of material included that is not part of the core, but which I felt helped to clarify concepts that were a part of the core and so remain. A star icon (✪) appears next to chapter subheadings that are not part of the core curriculum. For those students taking the NYS Physical Setting: Physics Regents Examination at the end of your course, I have included general information about this examination and a summary of concepts to be mastered and skills to be demonstrated. These items can be found in Appendix 4. The correlation of chapter material with the NYS Physical Setting: Physics core curriculum Regents is clearly indicated in the Appendix.

            If you have any comments about this book, I would appreciate hearing from you. Please write to me in care of the publisher, whose name and address are given on the copyright page.

            To the Teacher

            Another review book in Physics? Every author feels that he or she has a unique contribution to make, and I’m certainly no exception to this rule. It is my belief that a physics review book should be more than an embellished outline of a particular syllabus with questions and problems added. Introductory physics is a difficult subject that requires diligent effort on the part of the student, and any book worth its salt must provide careful and detailed explanations of the material. I wrote the book with these thoughts in mind and I hope that it will be successful for both you and your students.

            This book covers all of the concepts and skills listed in the NYS Physical Setting: Physics core curriculum. I have divided the book into 14 chapters because I believe that the material is best presented in this fashion. In this edition, a significant amount of material, that I had included in previous editions as review for a general physics course that went beyond the core (the core being only the minimum to be taught and what is testable by NYS) has at the request of reviewers and my publisher been deleted from this edition. There is only a small amount of material included which is not part of the core but which I felt helped to clarify concepts that were a part of the core and so remain. A star icon (✪) appears next to chapter subheadings that are not part of the core curriculum. You may not feel that my division of the material is appropriate for your teaching style or course, but there is no one correct way to order the material in a physics text. If you are more comfortable with another approach, then use it by all means.

            I spent considerable time in working out short-constructed response and free-response problems throughout the text because I believe that is the area where students experience their greatest difficulties with physics. I chose not to pad each section with multiple-choice questions but reserved them for the end of each chapter. In this edition I have included a section of short-constructed response and free-response questions at the end of each chapter. These questions were drawn from past NYS Regents examinations spanning more than 30 years.

            I hope that this book will give you some new insights and enable you to plan and execute your physics lessons with a spirit of inquiry. If you have any comments or corrections, please write to me in care of the publisher, whose name and address are given on the copyright page or you can e-mail me at archimedesacademy@gmail.com.

            I wish to thank my editors at Barron’s for their patience and understanding, Mr. Joseph Lazar (my father) for his excellent art work and all my former students at Stuyvesant, who contributed much to the first edition that continues to be included in this edition. I wish to thank Albert S. Tarendash, my teacher, my mentor, and my friend, for his invaluable hard work and effort that went into the creation of the first edition that lives on in this edition.

            I continue to dedicate this book to the memories of Dr. Murray Kahn and Dr. Matthew Litwin. Both men were friends and colleagues and outstanding chemistry teachers whose first and last thoughts were always of their students.

            Miriam Lazar

        

    
        
            Chapter

                one

            

        

        Introduction to Physics

        
            Key Ideas

            Science depends on our ability to measure quantities. The SI metric system is used internationally as the standard for scientific measurement. It consists of seven basic quantities (e.g., length and time) and many derived quantities (e.g., speed and density).

            Every measurement has a degree of uncertainty that is related to the limits of the measuring instrument. The concept of significant digits helps us to evaluate the degree of uncertainty in a particular measurement.

            A graph of data points can indicate whether there is regularity within a set of data and can be used to predict how variables will behave under given conditions.

        

        KEY OBJECTIVES

        At the conclusion of this chapter you will be able to:

        
            	
                
                State the fundamental quantities of measurement in the Système International (SI) and the metric units associated with them.

            	
                
                Perform calculations using scientific notation.

            	
                
                Determine the number of significant digits in a measurement.

            	
                
                Incorporate significant digits within calculations.

            	
                
                Determine the order of magnitude of a measurement.

            	
                
                Plot a graph from a series of data points.

            	
                
                Determine proportional relationships within data.

            	
                
                Calculate the slope of a straight-line graph.

            	
                
                State the common mathematical relationships in a right triangle.

        

    


1.1 Physics Is …?



It’s not easy to come up with a precise definition of physics because this subject is so broad. The best one we’ve heard so far is this: “Physics is what physicists do.” But what do they do? Physicists study the universe, from the smallest parts of matter (the particles that make up atoms) to the largest (the galaxies and beyond). They study the interactions of matter and energy, using both experimental (laboratory) and theoretical (mathematical) techniques. In this chapter, we will introduce some of these techniques in order to prepare us for the material that is covered in later chapters.


        
            1.2 Measurement and the Metric System

        

        The basis of all science lies in the ability to measure quantities. For example, we can easily measure the length of a table. In principle, we can even design an experiment to measure the distance from Earth to the nearest star. Therefore, these lengths have scientific meaning to us. However, modern physics theorizes that an electron has no measurable diameter, and consequently no experiment or apparatus can ever measure this length. As a result, we say that the diameter of an electron has no scientific meaning.

        To be able to measure quantities we must have a system of measurement. We use the Système International (SI) because scientists all over the world express measurements in these metric units. The SI recognizes seven fundamental quantities upon which all measurement is based: (1) length, (2) mass, (3) time, (4) temperature, (5) electric current, (6) luminous intensity, and (7) number of particles. Each of these quantities has a unit of measure based on a standard that can be duplicated easily and does not vary appreciably.

        Length

        The unit of length is the meter (m), which is approximately 39 inches. The standard is based on the speed of light, which is absolutely constant (in a 

            vacuum) and has an assigned value of 2.99792458  ×  108 meters per second.

        Mass

        The unit of mass is the kilogram (kg), which has an approximate weight (on Earth) of 2.2 pounds. The standard is a platinum-iridium cylinder that is kept at constant temperature and humidity in a dustless vault in Sèvres, France. (Note that mass and weight are not the same quantities. Mass is the measure of the matter an object contains, while weight is the force with which gravity attracts matter.)

        Time

        The unit of time is the second (s). The standard is based on the frequency of vibrations of cesium-133 atoms under certain defined conditions.

        ✪ Temperature

        The unit of temperature is the kelvin (K). The standard is based on the point at which solid, liquid, and gaseous water coexist simultaneously (the “triple” point, which has an assigned value of 273.16 K).

        Electric Current

        The unit of electric current is the ampere (A). The standard is based on the mutual forces experienced by parallel current-carrying wires.

        ✪ Luminous Intensity

        The unit of luminous intensity is the candela (cd). The standard is based on the amount of radiation emitted by a certain object, known as a black-body radiator, at the freezing temperature of platinum (2046 K).

        ✪ Number of Particles

        The unit of number of particles is the mole (mol). The standard is based on the number of atoms contained in 0.012 kilogram of carbon-12 (6.02  ×  1023 atoms).

    

1.3 Scientific Notation



Once we have established a system of measurement, we need to be able to express small and large numbers easily. Scientific notation accomplishes this purpose. In scientific notation, a number is expressed as a power of 10 and takes the form








M is the mantissa; it is greater than or equal to 1 and is less than 10 (1 ≤ M < 10). The exponent, n, is an integer. For example, the number 2300 is written in scientific notation as 2.3  ×  103 (not as 23  × 102 or 0.23  ×  104). The number 0.0000578 is written as 5.78  × 10–5.

To write a number in scientific notation, we move the decimal place until the mantissa is a number between 1 and 10. If we move the decimal place to the left, the exponent is a positive number; if we move it to the right, the exponent is a negative number.

If we wish to multiply two numbers expressed in scientific notation, we multiply the mantissas and add the exponents. The final result must always be expressed in proper scientific notation. Here are two examples:







To add two numbers expressed in scientific notation, both numbers must have the same exponent. The mantissas are then added together. The following example illustrates the application of this rule:








To divide two numbers expressed in scientific notation, we divide the mantissas and subtract the exponents. The following example illustrates the application of this rule:









        
            1.4 Accuracy, Precision, and Significant Digits

        

        As stated in Section 1.2, every scientific discipline, including physics, is concerned with making measurements. Since no instrument is perfect, however, every measurement has a degree of uncertainty associated with it. A well-designed experiment will reduce the uncertainty of each measurement to the smallest possible value.

        Accuracy refers to how well a measurement agrees with an accepted value. For example, if the accepted density of a material is 1220 kilograms per meter3 and a student’s measurement is 1235 kilograms per meter3, the difference (15 kg/m3) is an indication of the accuracy of the measurement. The smaller the difference, the more accurate is the measurement.

        Precision describes how well a measuring device can produce a measurement. The limit of precision depends on the design and construction of the measuring device. No matter how carefully we measure, we can never obtain a result more precise than the limit of our measuring device. A good general rule is that the limit of precision of a measuring device is equal to plus or minus one-half of its smallest division. For example, in the diagram below:

        
            [image: ]
        

        the smallest division of the meter stick is 0.1 meter, and the limit of its precision is ±0.05 meter. When we read any measurement using this meter stick, we must attach this limit to the measurement, for example, 0.27 ± 0.05 meter.

        Significant digits are the digits that are part of any valid measurement. The number of significant digits is a direct result of the number of divisions the measuring device contains. The following diagram represents a meter stick with no divisions on it. How should the measurement, indicated by the arrow, be reported?

        
            [image: ]
        

        Since there are no divisions, all we know is that the measurement is somewhere between 0 and 1 meter. The best we can do is to make an educated guess based on the position of the arrow, and we report our measurement as 0.3 meter. This meter stick allows us to measure length to one significant digit.

        Suppose we now use a meter stick that has been divided into tenths and repeat the measurement:

        
            [image: ]
        

        Now we can report the measurement with less uncertainty because we know that the indicated length lies between 0.3 and 0.4 meter. If we allow ourselves one guess, we could report the length as 0.33 meter. This measurement has two significant digits. The more significant digits a measurement has, the more confidence we have in our ability to reproduce the measurement because only the last digit is in doubt.

        Measurements that contain zeros can be particularly troublesome. For example, we say that the average distance between Earth and the Moon is 238,000 miles. Do we really know this number to six significant digits? If so, we would have measured the distance to the nearest mile. Actually, this measurement contains only three significant figures. The distance is being reported to the nearest thousand miles. The zeros simply tell us how large the measurement is.

        To avoid confusion, a number of rules have been established for determining how many significant digits a measurement has. 

        Rules for Determining the Number of Significant Digits in a Measurement

        
            	
                
                All nonzero numbers are significant. The measurement 2.735 meters has four significant digits.

            	
                
                Zeros located between nonzero numbers are also significant. The measurements 1.0285 kilograms and 202.03 seconds each have five signifi­cant digits.

            	For numbers greater than or equal to 1, zeros located at the end of the measurement are significant only if a decimal point is present. The measurement 60 amperes has one significant digit. In this case, the zero indicates the size of the number, not its significance. The measurements 60. amperes and 60.000 amperes, however, have two and five significant digits, respectively.

            	For numbers less than 1, the leading zeros are not significant; they indicate the size of the number. Thus, the measurements 0.002 kilogram, 0.020 kilogram, and 0.000200 kilogram have one, two, and three sig­nificant digits, respectively. (The significant digits are indicated in bold type.)

        

        If we use scientific notation, we need not become involved with the preceding rules because the mantissas always contains the proper number of significant digits; the size of the number is absorbed into the exponent. For example, the measurement 3.10  ×  10–4 meter has three significant digits. 

        Using Significant Digits in Calculations

        Significant digits are particularly important in calculations involving measured quantities and it is crucial that the result of a calculation does not imply a greater precision than any of the individual measurements. Calculators routinely give us answers with ten digits. It is incorrect to believe that the results of most of our calculations have this many significant digits.

        When two measurements are multiplied (or divided), the answer should contain as many significant digits as the least precise measurement. For example, if the measurement 2.3 meters (two significant digits) is multiplied by 7.45 meters (three significant digits), the answer will contain two significant digits:

        
            
                
            

        

        (Note that the units are also multiplied together.)

        When two measurements are added (or subtracted), the answer should contain as many decimal places as the measurement with the smallest number of decimal places. For example, when 8.11 kilograms and 2.476 kilograms are added, the answer will be taken to the second decimal place:

        
            
                
            

        

        (Note that the answer has been rounded to two decimal places.)

        If counted numbers (such as 6 atoms) or defined numbers (such as 273.16 K) are used in calculations, they are treated as though they had an infinite number of significant digits or decimal places.

    

1.5 Order of Magnitude



There are times when we are interested in the size of a measurement rather than its actual value. The order of magnitude of a measurement is the power of 10 closest to its value. For example, the order of magnitude of 1284 kilograms (1.284  ×  103) is 103, while the order of magnitude of 8756 kilograms (8.756  ×  103) is 104. Orders of magnitude are very useful for comparing quantities, such as mass or distance, and for estimating the answers to problems involving complex calculations.

For a real world example, the size of an oak leaf is on an order of mag­nitude of 10–1 m while the size of a single proton is on an order of magnitude of 10–15 m. By subtracting the exponents we can determine how many orders of magnitude difference there are between two quantities. In the above example there is a difference in order of magnitude on the scale of 1014. That is, an oak leaf is on order of magnitude 1014 times larger than a single proton.


        
            1.6 Graphing Data

        

        We have all heard the expression “A picture is worth a thousand words.” This adage is particularly true when we wish to present experimental data. The following table of data gives the stretched lengths of a spring (in meters) when different weights (in a unit called newtons) are placed on it.

        
            
                
                    	Weight

                        (N)
                    	Length

                        (m)
                

            
            
                
                    	0.0
                    	0.0
                

                
                    	5.0
                    	0.04
                

                
                    	10.
                    	0.11
                

                
                    	15
                    	0.13
                

                
                    	20.
                    	0.18
                

                
                    	25
                    	0.27
                

            
        

        Now plot these points and draw a graph.

        
            [image: ]
        

        Note how the graph is constructed. First, the axes are drawn so that the data can be displayed over the entire graph. Next, the axes are labeled with the names of the quantities and their units of measure. It is traditional to place the quantity that is varied by the experimenter (the independent variable) along the x-axis, and the result of the experiment (the dependent variable) along the y-axis. Each item of data is then entered in the correct place on the graph.

        Note that we do not play “connect the dots.” Rather, we look for some regular relationship between the data points. We then draw a smooth line (or curve) that will fit this relationship as closely as possible. The “scatter” of the data in this example implies that we are dealing with a straight-line relationship. Although in most cases the graphed line will pass through a maximum number of data points, it is entirely possible that the graph may not pass through any of the data points. We  require only that the data points above and below the graph be evenly distributed, as shown in the example. This graph is known as a best-fit straight line.

        If a graph yields a straight line, we can conclude that the variables change uniformly. In the example given above, the length of the spring increases regularly as heavier weights are applied to the spring, and the steadily rising line of the graph reflects this direct relationship. If a graph is a curve, however, the variables (here, weight and length) change at a rate that is not uniform.

    
        
            1.7 Direct and Inverse Proportions

        

        Two quantities are directly proportional to one another if a change in one quantity is accompanied by an identical change in the other. For example, the table given below represents the ideal relationship between the mass of a substance and its corresponding volume. If the mass changes by a factor of 2 or 3, the volume changes by the same factor. This means that the ratio of the two quantities is a constant.

        
            
                
                    	Mass

                        (kg)
                    	Volume

                        (m3)
                

            
            
                
                    	0.0
                    	0.0
                

                
                    	2.0
                    	0.040
                

                
                    	4.0
                    	0.080
                

                
                    	6.0
                    	0.12
                

                
                    	8.0
                    	0.16
                

                
                    	10.
                    	0.20
                

            
        

        When we plot this relationship, we obtain a straight-line graph that passes through the origin.

        
            [image: ]
        

        Frequently, the slope of a straight line provides us with additional information. Recall that we calculate the slope of a line by selecting two data points (x1, y1 and x2, y2) and finding the ratio Δy/Δx:

        
            Physics Concepts

            
                
                    
                

            

            *Note that this slope equation does not appear on the Reference Tables. However, it is essential when solving problems. Memorize this equation.

        

        The slope of the line representing a direct proportion is known as the constant of proportionality, and it provides the ratio between the variables. (In the mass-volume graph, the constant is known as the density of the substance.)

        Two quantities are inversely proportional to one another if a change in one quantity is accompanied by a reciprocal change in the other. For example, the table given below represents the ideal relationship between the pressure of a gas and its corresponding volume at constant temperature. If the pressure changes by a factor of 2 or 3, the volume changes by a factor of
            
            or
            . This means that the product of the two quantities is a constant.

        
            
                
                    	Pressure

                        (atm)
                    	Volume

                        (m3)
                

            
            
                
                    	0.5
                    	0.24
                

                
                    	1.0
                    	0.12
                

                
                    	2.0
                    	0.060
                

                
                    	3.0
                    	0.040
                

                
                    	4.0
                    	0.030
                

                
                    	5.0
                    	0.024
                

            
        

        If we plot this relationship we will obtain a curve known as a hyperbola. As shown in the diagram, this curve will approach both the x- and the y-axis but will not intersect the axes.

        
            [image: ]
        

        Other types of relationships include direct-squared proportions and inverse-squared proportions. Two quantities exhibit a direct-squared proportion if an increase in one causes a squared increase in the other.

        
            [image: ]
        

        Two quantities exhibit an inverse-squared proportion if an increase in one causes a squared decrease in the other.

        
            [image: ]
        

    
        
            1.8 Mathematical Relationships within Right Triangles

        

        Right triangles play an important part in the solution of physics problems. In this section, we summarize some of the more important relationships common to these triangles.

        Consider the right triangle drawn below, where h indicates the hypotenuse and x and y are the two shorter sides. 

        
            [image: ]
        

        Three well-known trigonometric relationships relate the value of acute angle θ to the lengths of the sides of the triangle:

        
            Physics Concepts

            
                
                    
                

            

        

        In addition, the Pythagorean theorem relates the lengths of the sides of the triangle:

        
            Physics Concepts

            
                
                    
                

            

        

    
        
            
                Review Questions

                                 
                
                
                
                
                
                
                
                
 

                

                

            

            Part A and B–1 Questions

            
                
                	
                    
                    
                        
                            
                            The unit of mass in the SI metric system is the

                    

                    
                        	
                            
                            gram

                        	
                            
                            kilogram

                        	
                            
                            newton

                        	
                            
                            meter

                    

                

                	
                    
                    
                        
                            
                            A meter stick has millimeter divisions marked on it. The limit of precision of this instrument is

                    

                    
                        	
                            
                            0.005 m

                        	
                            
                            0.01 m

                        	
                            
                            0.0005 m

                        	
                            
                            0.001 m

                    

                

                	
                    
                    
                        
                            
                            What is the order of magnitude for the measurement 72 meters per second?

                    

                    
                        	10–2


                        	101


                        	102


                        	104


                    

                

                	
                    
                    
                        
                            
                            How many significant digits are contained in the measurement 500,000 kilometers?

                    

                    
                        	
                            
                            1

                        	
                            
                            2

                        	
                            
                            3

                        	
                            
                            6

                    

                

                	
                    
                    
                        
                            
                            How many significant digits are contained in the measurement 406.200 seconds?

                    

                    
                        	
                            
                            6

                        	
                            
                            5

                        	
                            
                            3

                        	
                            
                            4

                    

                

                	
                    
                    
                        
                            
                            How many significant digits are contained in the measurement 0.000300 volt?

                    

                    
                        	
                            
                            1

                        	
                            
                            2

                        	
                            
                            3

                        	
                            
                            6

                    

                

                	
                    
                    
                        
                            
                            When the measurements 33.972 kilograms and 0.21 kilogram are added, the answer, to the correct number of significant digits, is

                    

                    
                        	34 kg

                        	34.2 kg

                        	34.18 kg

                        	34.182 kg

                    

                

                	
                    
                    
                        
                            
                            When the measurements 8.14 meters and 2.1 meters are multiplied, the answer, to the correct number of significant digits, is

                    

                    
                        	17 m2


                        	17.0 m2


                        	17.09 m2


                        	17.094 m2


                    

                

                	
                    
                    
                        
                            
                            How can the measurement 0.00567 liter be expressed to one significant digit?

                    

                    
                        	
                            
                            0.005 L

                        	
                            
                            0.0050 L

                        	
                            
                            0.006 L

                        	
                            
                            0.0060 L

                    

                

                	
                    
                    
                        
                            
                            The approximate height of a high school physics student is

                    

                    
                        	101 m

                        	102 m

                        	100 m

                        	10–2 m

                    

                

                	
                    
                    
                        
                            
                            The mass of a paper clip is approximately

                    

                    
                        	1 × 106 kg

                        	
                            
                            1 × 103 kg

                        	
                            
                            1 × 10–3 kg

                        	
                            
                            1 × 10–6 kg

                    

                

                	
                    
                    
                        
                            
                            What is the approximate length of a baseball bat?

                    

                    
                        	
                            
                            10–1 m

                        	
                            
                            100 m

                        	
                            
                            101 m

                        	
                            
                            102 m

                    

                

                	
                    
                    
                        
                            
                            The length of a dollar bill is approximately

                    

                    
                        	
                            
                            1.5 × 10–2 m	

                        	
                            
                            1.5 × 10–1 m	

                        	
                            
                            1.5 × 101 m

                        

                        	
                            
                            1.5 × 102 m

                    

                

                	
                    
                    
                        
                            
                            What is the approximate mass of an automobile?

                    

                    
                        	
                            
                            101 kg

                        	
                            
                            102 kg

                        	
                            
                            103 kg

                        	
                            
                            106 kg

                    

                

                	
                    
                    
                        
                            
                            The reading of the ammeter in the diagram below should be recorded as

                        
                            [image: ]
                        

                    

                    
                        	
                            
                            1 A

                        	
                            
                            0.76 A

                        	
                            
                            0.55 A

                        	
                            
                            0.5 A

                    

                

                	
                    
                    
                        
                            
                            Which is the most likely mass of a high school student?

                    

                    
                        	
                            
                            10 kg

                        	
                            
                            50 kg

                        	
                            
                            600 kg

                        	
                            
                            2500 kg

                    

                

                	
                    
                    
                        
                            
                            What is the approximate thickness of this piece of paper?

                    

                    
                        	
                            
                            101 m

                        	
                            
                            100 m

                        	
                            
                            10–2 m

                        	
                            
                            10–4 m

                    

                

                	
                    
                    
                        
                            
                            What is the approximate mass of a pencil?

                    

                    
                        	
                            
                            5.0 × 10–3 kg	

                        	
                            
                            5.0 × 10–1 kg	

                        	
                            
                            5.0 × 100 kg

                        	
                            
                            5.0 × 101 kg

                    

                

            

        

    Answer
						Key

Review Questions


	2

	3

	3

	1

	1

	3

	3

	1

	3

	3

	3

	2

	2

	3

	2

	2

	4

	1




        
            Chapter

                Two

        

        Motion in One Dimension

        
            Key Ideas

            Motion is the change of position in time. Displacement is the directed change of an object’s position. Velocity is the time rate of change of displacement, and acceleration is the time rate of change of velocity.

            Under conditions of constant acceleration (also known as uniform acceleration), the motion of an object is governed by a set of interrelated equations. Objects that fall freely near the surface of the Earth are uniformly accelerated by gravity.

            The motion of an object can be described by a series of motion graphs. The object’s position, velocity, and acceleration can be plotted as functions of time. These graphs can then be used to illustrate various aspects of the object’s motion at every point in time.

        

        KEY OBJECTIVES

        At the conclusion of this chapter you will be able to:

        
            	Define the terms motion, distance, displacement, average velocity, speed, instantaneous velocity, and acceleration, and state their SI units.

            	Solve problems involving average velocity and constant velocity.

            	Distinguish between average velocity and instantaneous velocity, and relate these terms to a position-time graph.

            	Solve problems involving the equations of uniformly accelerated motion.

            	Solve problems involving freely falling objects.

            	Interpret the data provided by motion graphs and solve problems related to them.

        

    

2.1 Motion Defined

 How do we know when an object is in motion? If we look at the hour hand of a watch, it does not appear to be moving, yet over a period of time we see a change in its position. Therefore, a reasonable definition of motion is the change of an object’s position in time.


        2.2 Graphing an Object’S Motion

         Graphs are especially useful for analyzing an object’s motion. The position of the object is plotted along the y-axis, and the elapsed time along the x-axis. Here is a graph of very general motion in one dimension:

        
            [image: Image]
        

        The origin of the graph (0, 0) marks the reference point for both position and time. When we say “zero time” we mean the time when we begin the event—the time when we “start the clock,” so to speak. Similarly, “zero position” means the specific place where we begin measuring. It may be the ground or a table top or a spot on the wall. Generally, we use the letters d to represent position and t to represent time. If we know that we are measuring horizontal position, we may use the letter x, or dx in place of d. If we are measuring a vertical position we can substitute the letter y or dy in place of d.

        The dotted lines on the graph tell us where the object is at a given time. At time t1, the object is at position d1; at time t2, the object is at position d2.

    
        2.3 Displacement

         The displacement of an object is the change in its position and is measured in units of length (such as meters or inches). In the graph in Section 2.2, the displacement of the object between times t1 and t2 is given by the relationship d = d2 – d1. Since we are subtracting two coordinates (d1 from d2), we are not primarily concerned about the exact path taken by the object between these points. We assume that the magnitude of the displacement is given by the length of a straight line between d1 and d2 along the axis representing position. 

        Displacement is known as a vector quantity because, in addition to magnitude, it has direction. (Vector quantities, which are discussed in detail in Chapter 4, are set in boldface type.) The magnitude of displacement is known as distance. 

        
            [image: Image]
        

        In the first graph above, the displacement (d) from t1 to t2 is positive because its magnitude (indicated by the arrow) is measured in the positive direction; in the second graph, the displacement is negative. Whenever we are working with one-dimensional motion, we can use positive and negative signs to represent opposite directions.

        In each of the graphs, the elapsed time is given by the relationship t = t2 – t1 and is measured in units of time, such as seconds or hours. We always read the time axis from left to right since normally we do not travel backward in time.

    
        2.4 Velocity

         In the graph below, the slope of the straight line connecting the two points on the graph is given by the relationship d/t, and it indicates how rapidly the position of the object (d) has changed over the time interval (t). This quantity is known as the average velocity () of the object and is measured in units such as meters per second (m/s) or miles per hour (mph). Mathematically, the average velocity of the object is defined by the equation

        
            [image: Image]
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        Velocity, like displacement, is a vector quantity because it has both magnitude and direction. As with displacement, we can use positive and negative signs to represent motion in opposite directions. The magnitude of the velocity is known as speed.

        Problem

        The position of an object is +35 meters at 2.0 seconds and is +87 meters at 15 seconds. Calculate the average velocity of the object.

        Solution

        
            
        

        This object is traveling in the positive direction with an average speed of 4.0 m/s. 

        We use the term average velocity because we do not know exactly what is happening between the two points in question. For example, suppose we traveled by automobile due west 1000 miles and the trip took 20 hours. When we calculate our average velocity for the trip, we obtain

        
            
        

        Does this mean that we traveled the entire distance at a constant speed of 50 miles per hour? Not necessarily! We would probably have had to add fuel, eat, pay tolls, or engage in other activities on the trip. There might have been construction delays or reduced speed zones. All we can say with certainty is that our average speed was 50 miles per hour and our direction of travel was west.

        How then could we measure our velocity at any point on our trip—our instantaneous velocity? (This is the value that we read on the speedometer of our car.) One way would be to measure our average velocity over smaller and smaller time intervals. To accomplish this, however, we would need to use mathematical techniques that are beyond the scope of this book. The other way is to use a position versus time graph. The instantaneous velocity at any point on the graph is the slope of a line drawn tangent to the graph at that point, as shown in the diagram.

        
            [image: Image]
        

    
        2.5 Acceleration

        
            [image: Image]
        

        Consider the two graphs shown above. The first graph represents the position of an automobile as a function of time. Note that the graph becomes steeper (curves upward) as time passes. This occurs because the automobile’s instantaneous velocity is increasing. 

        The second graph represents the instantaneous velocity of the same automobile as a function of time. Note that the graph is a straight line directed upward. This graph also shows that the instantaneous velocity of the automobile is increasing with time. 

        Actually, the graphs represent the motion of the automobile from two different viewpoints: that of position (as measured by the automobile’s odometer) and that of velocity (as measured by the automobile’s speedometer).

        The slope of the velocity–time graph is given by the relationship △v/t and indicates the rate at which the velocity of the object (△v) has changed over the time interval (t). This quantity is known as the acceleration (a) of the object and is measured in units such as meters per second2 (m/s2). Since the graph is a straight line, the acceleration in this case is constant or uniform. Mathematically, the uniform acceleration of the object is defined by the equation
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        Acceleration is also a vector quantity because it has both magnitude and direction. A positive acceleration means that the velocity of an object is becoming more positive with time; a negative acceleration, that the velocity of the object is becoming more negative with time.

        Problem

        The velocity of an object is +47 meters per second at 3.0 seconds and is +65 meters per second at 12.0 seconds. Calculate the acceleration of the object.

        Solution

        
            
        

        This object’s velocity is becoming more positive by 2.0 m/s each second. Since the magnitude of the velocity is increasing, the object is speeding up.  The table below shows how this occurs. 

        
            
                
                    
                        	
t (s)
                        	0.0
                        	1.0
                        	2.0
                        	3.0
                        	4.0
                        	5.0
                        	6.0
                        	7.0
                        	8.0
                        	9.0
                    

                    
                        	
v (m/s)
                        	+47
                        	+49
                        	+51
                        	+53
                        	+55
                        	+57
                        	+59
                        	+61
                        	+63
                        	+65
                    

                
            

        

    
        2.6 The Equations of Uniformly Accelerated Motion

        In the problem we solved in Section 2.5, an object accelerates uniformly, at 2.0 meters per second2, from 47 meters per second to 65 meters per second in 9.0 seconds. There is a great deal of additional information about the object we might wish to learn. For example:

        
            	What is the average velocity of the object over 9.0 seconds?

            	What is the displacement of the object at the end of 9.0 seconds?

            	What is the instantaneous velocity of the object at any given time (at 6.0 s, for example)?

        

        To solve these problems, we use a set of five equations that describe the motion of an object undergoing uniform acceleration. In each of these equations, we use the subscripts i (for initial value), f (for final value), and  to indicate average velocity. Your textbook or teacher may use different subscripts or notation, but they all yield the same results. The equations for uniformly accelerated motion are as follows:
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            *Note that equation 2 does not appear on the Reference Tables.

        

        Equation 1 is the definition of average velocity. Equation 2 tells us that, under uniform acceleration, the average velocity lies midway between the initial and final velocities. It should be noted that although this equation is not included on the Reference Table, it is essential to solving problems on the exam. Equation 3 is just the definition of acceleration (a = △v/t) rearranged in a more convenient form for solving problems. Equations 4 and 5 are relationships that have been derived from the first three equations.

        Which equation should you use to solve a particular problem? The answer depends on the data you are given. In the problem we have been considering, an object with an initial velocity of 47.0 meters per second accelerates uniformly at 2.0 meters per second2 for 9.0 seconds. Suppose we wish to calculate the displacement of this object at the end of 9.0 seconds. We list the variables that are part of the problem, along with their values:

        
            
        

        If we examine the list of equations given above, we see that equation 4 contains the four variables that form the basis of our problem. We solve the problem by substituting the values and calculating the answer:

        
            
        

    
        2.7 Freely Falling Objects

        The following table represents the motion of an object falling from rest near the surface of the Earth when air resistance is ignored.

        
            
                
                    
                        	
t (s)
                        	0.00
                        	1.00
                        	2.00
                        	3.00
                        	4.00
                        	5.00
                        	6.00
                    

                    
                        	
v (m/s)
                        	0.00
                        	9.80
                        	19.6
                        	29.4
                        	39.2
                        	49.0
                        	58.8
                    

                    
                        	
d (m)
                        	0.00
                        	4.90
                        	19.6
                        	44.1
                        	78.4
                        	122
                        	176
                    

                
            

        

        If we analyze this motion, we see that the speed of the object increases uniformly by 9.8 meters per second for each second of travel. This suggests that the object is subject to a constant acceleration of 9.8 meters per second2. The distance traveled by the object over time verifies that the object’s acceleration is constant.

        Problem

        How does the distance traveled by the object described above over time verify that the object’s acceleration is constant?

        Solution

        The distance traveled by an object under uniform acceleration is given by the equation:

        
            
        

        Since the object starts from rest, this equation reduces to:

        
            
        

        If we substitute each of the corresponding values of d and t given in the table, we find that the acceleration in each case is 9.8 m/s2.

        If we were to investigate further, we would find that all objects falling near the surface of the Earth experience a constant acceleration of 9.8 meters per second2 if air resistance is ignored. This phenomenon is due to the presence of gravity, which affects each and every object. If we were to travel to the Moon, we would find that all objects also fall to its surface with a uniform acceleration. However, this acceleration is only 1.6 meters per second2 because of the Moon’s weaker gravitational forces.

        Since free fall involves uniform acceleration, the five equations we developed in Section 2.6 can be used to solve all free-fall problems. We need only remember that objects can move up as well as down in the presence of gravity. Therefore, we assign the up direction as positive and the down direction as negative. Since gravity always points downward (i.e., toward the Earth), its value is taken to be –9.8 meters per second2. Gravitational acceleration is denoted by the lowercase letter g.

        Problem

        An object is dropped from rest from a height of 49 meters.

        
            	How long does the object take to hit the ground?

            	What is its speed as it hits the ground?

        

        Solution

        
            	Since the initial velocity is zero, we can use the equation
                
                    
                

                The displacement is –49 m (since we measure the distance in a downward direction), and the acceleration due to gravity is –9.8 m/s2 (since gravity points downward). Therefore:

                
                    
                

            

            	We can use the relationship vf = vi + a · t, which reduces to vf = a · t since the initial velocity is zero. Then
                
                    
                

            

        

    
        2.8 Motion Graphs Revisited

        Throughout this chapter we have used motion graphs as aids to understanding the concept of motion. In this section, we take a more detailed look at these graphs and the information they can provide. We shall examine three types of graphs: position–time, velocity–time, and acceleration–time.

        Position–Time Graphs

        The following graph illustrates the position of an object as a function of time.

        
            [image: Image]
        

        We recall from Section 2.2 that “zero time” represents the start of an event and that “zero position” represents some arbitrary reference point. We have divided the position–time graph into five sections: A, B, C, D, and E. Since each section is a straight-line segment, the velocity within each section is constant and the acceleration over each section is zero. We will learn how to interpret this graph by considering the following problem.

        Problem

        
            	What is the displacement over each section of the graph?

            	What is the velocity over each section of the graph?

            	What is the displacement over the entire trip (0–10 seconds)?

            	What is the average velocity over the entire trip (0–10 seconds)?

        

        Solution

        
            	To calculate the displacement (d) we subtract the initial position from the final position.
                
                    	 The displacement over section A is 0 m because the object has not changed its position.

                    	 The displacement over section B is +2 m because the object has changed its position from +2 m to +4 m.

                    	 The displacement over section C is –1 m because the object has changed its position from +4 m to +3 m.

                    	 The displacement over section D is 0 m because the object has not changed its position.

                    	 The displacement over section E is –4 m because the object has changed its position from +3 m to –1 m.

                

            

            	The velocity over each section is found by dividing the displacement by the elapsed time.
                
                
                    	 The velocity over section A is 0 m/s (0 m/3 s).

                    	 The velocity over section B is +2 m/s (+2 m/1 s).

                    	 The velocity over section C is –1 m/s (–1 m/1 s).

                    	 The velocity over section D is 0 m/s (0 m/2 s).

                    	 The velocity over section E is –1.3 m/s (–4 m/3 s).

                

            

            	The displacement over the entire trip is –3 m because the object changed position from +2 m at t = 0 s to –1 m at t = 10 s.

            	The average velocity over the entire trip is –0.3 m/s (–3 m/10 s).

        

        It is important to note that the slope of a position–time graph or a d vs. t graph is equal to the velocity of the object. Assuming as in the example above that there are straight-line segments, the velocity is constant for each segment. A curved graph or a graph with a changing slope would indicate changing velocity or the presence of acceleration.

        Velocity–Time and Acceleration–Time Graphs

        The graph below illustrates the velocity of an object as a function of time.

        
            [image: Image]
        

        The values on the y-axis represent the instantaneous velocities of the object at the times marked on the x-axis. It is as though we were looking at a car’s speedometer at various times. We have divided the graph into six sections: A, B, C, D, E, and F. Since each section is a straight-line segment, the object’s acceleration within each section is constant. We will learn how to interpret this graph by considering the following problem.

        Problem

        
            	What is the average velocity within each section of the graph?

            	What is the acceleration within each section of the graph?

            	When does the object come to rest?

            	When does the object reverse the direction of its motion?

            	What is the displacement within each section of the graph?

            	What is the displacement over the entire trip (0–14 seconds)?

            	What is the average velocity over the entire trip (0–14 seconds)?

            	What is the shape of the corresponding acceleration versus time graph?

        

        Solution

        
            	 The average velocity for each section is calculated by finding the midpoint of each line, that is, by adding the initial and final velocities within each section and dividing this sum by 2:
                
                    
                

                We must remember to take both positive and negative signs into account when we add the velocities. For example, in section E, the initial velocity is +3.0 m/s and the final velocity is –2.0 m/s. Therefore, the average velocity is

                
                    
                

                The table summarizes the results of the calculations for the six sections:

                
                    
                        
                            
                                	section
                                	A
                                	B
                                	C
                                	D
                                	E
                                	F
                            

                            
                                	
                                    
                                    (m/s)
                                	+1.5
                                	+2.0
                                	+2.5
                                	+3.0
                                	+0.5
                                	–2.0
                            

                        
                    

                

            

            	The acceleration within each section is found by calculating the slope of each of the lines:
                
                    
                

                For example, in section A, vi = 1.0 m/s, vf = 2.0 m/s, and △t = 2.0 s. The acceleration is calculated to be

                
                    
                

                The table summarizes the results of the calculations for the six sections:

                
                    
                        
                            
                                	section
                                	A
                                	B
                                	C
                                	D
                                	E
                                	F
                            

                            
                                	
a (m/s2)
                                	+0.50
                                	0
                                	+1.0
                                	0
                                	–1.25
                                	0
                            

                        
                    

                

            

            	The object comes to rest when its velocity is zero. Referring to the graph, we estimate that zero velocity corresponds to an approximate time of 9.5 s. (Actually, the time is 9.4 s; we could have calculated this value by using the graph and the equation vf = vi + a · t.)

            	Before 9.4 s, the velocity of the object is always positive; after 9.4 s, its velocity is negative. Therefore the object reverses the direction of its motion at 9.4 s.

            	
                There are two ways to calculate the displacement of the object.

                First, we could multiply the average velocity of each section by the time elapsed in that section. For example, in section E the average velocity is +0.5 m/s and the elapsed time is 4.0 s. Therefore, the displacement of the object is +2.0 m (+0.5 m/s · 2.0 s). A positive displacement means that the object traveled the distance in the positive direction.

                Second, we could calculate the displacement by measuring the area between the section line and the x-axis. (In mathematics, this is known as calculating the area “under the curve.”). We will use this method to calculate the displacement for section F of the graph, as follows.

                
                    [image: Image]
                

                The shaded area is defined by a rectangle whose length is 3.0 s and whose height is –2.0 m/s (this value is negative because section F lies under the x-axis). The area is the product of these two values (3.0 s · –2.0 m/s), that is, –6.0 m.

                The table summarizes the results of the calculations for the six sections:

                
                    
                        
                            
                                	section
                                	A
                                	B
                                	C
                                	D
                                	E
                                	F
                            

                            
                                	ds (m)
                                	+3.0
                                	+4.0
                                	+2.5
                                	+6.0
                                	+2.0
                                	–6.0
                            

                        
                    

                

            

            	The displacement over the entire trip is found by adding the displacements for all the sections:
                
                    
                

                (Refer to the table above.)

            

            	The average velocity for the entire trip is found by dividing dtotal by the total time (14 s):
                
                    
                

            

            	The acceleration versus time graph for this object is constructed by referring to the accelerations over all of the sections. (See the table on page 25 for part 2 of this problem.)
                
                    [image: Image]
                

                Note that the accelerations are drawn as straight-line segments within each section, but they are not connected between sections. The reason is that the change in velocity between sections is so abrupt that the acceleration cannot be calculated accurately. (Contrast the velocity versus time graph shown in part 5 of this problem.)

                 The first point of importance to note is that the slope of a velocity–time graph or a v vs. t graph is equal to the acceleration of the object. Assuming as in the graph on page 26 that there are straight-line segments, the acceleration is constant for each segment. A curved graph or a graph with a changing slope would indicate changing acceleration.

                 The second point of importance to note is that the area under the curve of a velocity–time graph is equal to the displacement of the object.

                 Lastly, in an acceleration–time graph or an a vs. t graph, it is important to note that the area under the curve is equal to the object’s change in velocity.

            

        

    
        
            
                Review Questions
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            Part A and B–1 Questions
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                            A flashing light of constant 0.20-second period is situated on a lab cart. The diagram below represents a photograph of the light as the cart moves across a tabletop.

                        
                            [image: Image]
                        

                        How much time elapsed as the cart moved from position A to position B?

                    

                    
                        	
                            
                            1.0 s

                        	
                            
                            5.0 s

                        	
                            
                            0.80 s

                        	
                            
                            4.0 s

                    

                

                	
                    
                    
                        
                            
                            Approximately how much time does it take light to travel from the Sun to Earth?

                    

                    
                        	
                            
                            2.00 × 10–3 s

                        	
                            
                            1.28 × 100 s

                        	
                            
                            5.00 × 102 s

                        	
                            
                            4.50 × 1019 s

                    

                

                	
                    
                    
                        
                            
                            An object travels for 8.00 seconds with an average speed of 160. meters per second. The distance traveled by the object is 

                    

                    
                        	
                            
                            20.0 m

                        	
                            
                            200. m

                        	
                            
                            1280 m

                        	
                            
                            2560 m

                    

                

                	
                    
                    
                        
                            
                            A blinking light of constant period is situated on a lab cart. Which diagram best represents a photograph of the light as the cart moves with constant velocity?

                    

                    
                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                    

                

                	
                    
                    
                        
                            
                            A car is accelerated at 4.0 meters per second2 from rest. The car will reach a speed of 28 meters per second at the end of

                    

                    
                        	
                            
                            3.5 s

                        	
                            
                            7.0 s

                        	
                            
                            14 s

                        	
                            
                            24 s

                    

                

                	
                        
                        	
                            Base your answers to questions 6 through 8 on the information and diagram below. The diagram represents a block sliding along a frictionless surface between points A and G.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    As the block moves from point A to point B, the speed of the block will be 

                            

                            
                                	
                                    
                                    decreasing

                                	
                                    
                                    increasing

                                	
                                    
                                    constant, but not zero

                                	
                                    
                                    zero

                            

                        

                        	
                            
                            
                                
                                    
                                    Which expression represents the magnitude of the block’s acceleration as it moves from point C to point D?

                            

                            
                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                            

                        

                        	
                            
                            
                                
                                    
                                    Which formula represents the velocity of the block as it moves along the horizontal surface from point E to point F?

                            

                            
                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                                	
                                    
                                    
                                

                            

                        

                    


                	
                    
                    
                        
                            
                            An object that is originally moving at a speed of 20. meters per second accelerates uniformly for 5.0 seconds to a final speed of 50. meters per second. What is the acceleration of the object?

                    

                    
                        	
                            
                            14 m/s2


                        	
                            
                            10. m/s2


                        	
                            
                            6.0 m/s2


                        	
                            
                            4.0 m/s2


                    

                

                	
                    
                    
                        
                            
                            A block starting from rest slides down the length of an 18-meter plank with a uniform acceleration of 4.0 meters per second2. How long does the block take to reach the bottom?

                    

                    
                        	
                            
                            4.5 s

                        	
                            
                            2.0 s

                        	
                            
                            3.0 s

                        	
                            
                            9.0 s

                    

                

                	
                        
                        	
                            Base your answers to questions 11 through 15 on the information below.

                            A toy projectile is fired from the ground vertically upward with an initial velocity of +29 meters per second. The projectile arrives at its maximum altitude in 3.0 seconds. [Neglect air resistance.]

                        

                        	
                            
                            
                                
                                    
                                    The greatest height the projectile reaches is approximately

                            

                            
                                	
                                    
                                    23 m

                                	
                                    
                                    44 m

                                	
                                    
                                    87 m

                                	
                                    
                                    260 m

                            

                        

                        	
                            
                            
                                
                                    
                                    What is the velocity of the projectile when it hits the ground?

                            

                            
                                	
                                    
                                    0. m/s

                                	
                                    
                                    –9.8 m/s

                                	
                                    
                                    –29 m/s

                                	
                                    
                                    +29 m/s

                            

                        

                        	
                            
                            
                                
                                    
                                    What is the displacement of the projectile from the time it left the ground until it returned to the ground?

                            

                            
                                	
                                    
                                    0. m

                                	
                                    
                                    9.8 m

                                	
                                    
                                    44 m

                                	
                                    
                                    88 m

                            

                        

                        	
                            
                            
                                
                                    
                                    Which graph best represents the relationship between velocity (v) and time (t) for the projectile?

                            

                            
                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                            

                        

                        	
                            
                            
                                
                                    
                                    As the projectile rises and then falls back to the ground, its acceleration

                            

                            
                                	
                                    
                                    decreases, then increases

                                	
                                    
                                    increases, then decreases

                                	
                                    
                                    increases, only

                                	
                                    
                                    remains the same

                            

                        

                    


                	
                    
                    
                        
                            
                            A freely falling object near the Earth’s surface has a constant

                    

                    
                        	
                            
                            velocity of –1.00 m/s

                        	
                            
                            velocity of –9.81 m/s

                        	
                            
                            acceleration of –1.00 m/s2


                        	
                            
                            acceleration of –9.81 m/s2


                    

                

                	
                    
                    
                        
                            
                            The speed of an object undergoing constant acceleration increases from 8.0 meters per second to 16.0 meters per second in 10. seconds. How far does the object travel during the 10. seconds?

                    

                    
                        	
                            
                            3.6 × 102 m

                        	
                            
                            1.6 × 102 m

                        	
                            
                            1.2 × 102 m

                        	
                            
                            8.0 × 101 m

                    

                

                	
                    
                    
                        
                            
                            A 2.0-kilogram stone that is dropped from the roof of a building takes 4.0 seconds to reach the ground. Neglecting air resistance, the maximum speed of the stone will be approximately

                    

                    
                        	
                            
                            8.0 m/s

                        	
                            
                            9.8 m/s

                        	
                            
                            29 m/s

                        	
                            
                            39 m/s

                    

                

                	
                        
                        	
                            Base your answers to questions 19 and 20 on the diagram below, which shows a 1-kilogram aluminum sphere and a 3-kilogram brass sphere, both having the same diameter and both at the same height above the ground. Both spheres are allowed to fall freely. [Neglect air resistance.]

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    Both spheres are released at the same instant. They will reach the ground at

                            

                            
                                	
                                    
                                    the same time but with different speeds 

                                	
                                    
                                    the same time with the same speeds 

                                	
                                    
                                    different times but with the same speeds 

                                	
                                    
                                    different times and with different speeds

                            

                        

                        	
                            
                            
                                
                                    
                                    If the spheres are 19.6 meters above the ground, the time required for the aluminum sphere to reach the ground is

                            

                            
                                	
                                    
                                    1 s

                                	
                                    
                                    2 s

                                	
                                    
                                    8 s

                                	
                                    
                                    4 s

                            

                        

                    


                	
                    
                    
                        
                            
                            A softball is thrown straight up, reaching a maximum height of 20 meters. Neglecting air resistance, what is the ball’s approximate vertical velocity when it hits the ground? 

                    

                    
                        	
                            
                            –10 m/s

                        	
                            
                            –20 m/s

                        	
                            
                            –15 m/s

                        	
                            
                            –40 m/s

                    

                

                	
                    
                    
                        
                            
                            An object is allowed to fall freely near the surface of a planet. The object has an acceleration due to gravity of 24 meters per second2. How far will the object fall during the first second? 

                    

                    
                        	
                            
                            24 m

                        	
                            
                            12 m

                        	
                            
                            9.8 m

                        	
                            
                            4.9 m

                    

                

                	
                    
                    
                        
                            
                            Starting from rest, an object rolls freely down an incline that is 10 meters long in 2 seconds. The acceleration of the object is approximately

                    

                    
                        	
                            
                            5 m/s

                        	
                            
                            5 m/s2


                        	
                            
                            10 m/s

                        	
                            
                            10 m/s2


                    

                

                	
                        
                        	
                            Base your answers to questions 24 and 25 on the information below.

                            An object starting from rest moves down an incline with an acceleration of 2 meters per second2 for 2 seconds.

                        

                        	
                            
                            
                                
                                    
                                    How far does the object move during the 2 seconds?

                            

                            
                                	
                                    
                                    1 m

                                	
                                    
                                    2 m

                                	
                                    
                                    8 m

                                	
                                    
                                    4 m

                            

                        

                        	
                            
                            
                                
                                    
                                    The final speed of the object after 2 seconds is 

                            

                            
                                	
                                    
                                    1 m/s

                                	
                                    
                                    2 m/s

                                	
                                    
                                    8 m/s

                                	
                                    
                                    4 m/s

                            

                        

                    


                	
                    
                    
                        
                            
                            An object initially traveling in a straight line with a speed of 5.0 meters per second is accelerated at 2.0 meters per second2 for 4.0 seconds. The total distance traveled by the object in the 4.0 seconds is

                    

                    
                        	
                            
                            36 m

                        	
                            
                            24 m

                        	
                            
                            16 m

                        	
                            
                            4.0 m

                    

                

                	
                    
                    
                        
                            
                            Starting from rest, object A falls freely for 2.0 seconds, and object B falls freely for 4.0 seconds. Compared with object A, object B falls

                    

                    
                        	
                            
                            one-half as far

                        	
                            
                            twice as far

                        	
                            
                            3 times as far 

                        	
                            
                            4 times as far

                    

                

                	
                    
                    
                        
                            
                            An object starts from rest and falls freely. What is the speed of the object at the end of 3.00 seconds?

                    

                    
                        	
                            
                            9.81 m/s

                        	
                            
                            19.6 m/s

                        	
                            
                            29.4 m/s

                        	
                            
                            88.2 m/s

                    

                

                	
                    
                    
                        
                            
                            An object is allowed to fall freely near the surface of a planet. The object falls 54 meters in the first 3.0 seconds after it is released. The acceleration due to gravity on that planet is

                    

                    
                        	
                            
                            –6.0 m/s2


                        	
                            
                            –12 m/s2


                        	
                            
                            –27 m/s2


                        	
                            
                            –108 m/s2


                    

                

                	
                    
                    
                        
                            
                            An object, initially at rest, falls freely near the Earth’s surface. How long does it take the object to attain a speed of 98 meters per second? 

                    

                    
                        	
                            
                            0.1 s

                        	
                            
                            10 s

                        	
                            
                            98 s

                        	
                            
                            960 s

                    

                

                	
                    
                    
                        
                            
                            A car accelerates uniformly from rest at 3.2 meters per second2. When the car has traveled a distance of 40. meters, its speed will be 

                    

                    
                        	
                            
                            8.0 m/s

                        	
                            
                            12.5 m/s

                        	
                            
                            16 m/s

                        	
                            
                            128 m/s

                    

                

                	
                    
                    
                        
                            
                            An object initially at rest accelerates at 5 meters per second2 until it attains a speed of 30 meters per second. What distance does the object move while accelerating?

                    

                    
                        	
                            
                            30 m

                        	
                            
                            90 m

                        	
                            
                            3 m

                        	
                            
                            600 m

                    

                

                	
                        
                        	
                            Base your answers to questions 33 through 36 on the graph below, which is a velocity versus time graph for an object moving in a straight line.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    During which time interval did the object travel the greatest distance?

                            

                            
                                	
                                    
                                    0 s to 4 s

                                	
                                    
                                    4 s to 6 s

                                	
                                    
                                    6 s to 8 s

                                	
                                    
                                    9 s to 10 s

                            

                        

                        	
                            
                            
                                
                                    
                                    During which time interval did the object have the greatest positive acceleration?

                            

                            
                                	
                                    
                                    0 s to 4 s

                                	
                                    
                                    4 s to 6 s

                                	
                                    
                                    6 s to 8 s

                                	
                                    
                                    9 s to 10 s

                            

                        

                        	
                            
                            
                                
                                    
                                    What was the acceleration of the object during the time interval between 4 seconds and 6 seconds?

                            

                            
                                	
                                    
                                    20. m/s2


                                	
                                    
                                    10. m/s2


                                	
                                    
                                    5.0 m/s2


                                	
                                    
                                    0.20 m/s2


                            

                        

                        	
                            
                            
                                
                                    
                                    What distance did the object travel during the time interval between 9 seconds and 10 seconds?

                            

                            
                                	
                                    
                                    5.0 m

                                	
                                    
                                    7.5 m

                                	
                                    
                                    10. m

                                	
                                    
                                    20. m

                            

                        

                    


                	
                        
                        	
                            Base your answers to questions 37 through 41 on the graph below, which represents the relationship between speed and time for an object in motion along a straight line.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    What is the acceleration of the object during the time interval t = 3 seconds to t = 5 seconds?

                            

                            
                                	
                                    
                                    5.0 m/s2


                                	
                                    
                                    7.5 m/s2


                                	
                                    
                                    12.5 m/s2


                                	
                                    
                                    17.5 m/s2


                            

                        

                        	
                            
                            
                                
                                    
                                    What is the average speed of the object during the time interval t = 6 seconds to t = 8 seconds?

                            

                            
                                	
                                    
                                    7.5 m/s

                                	
                                    
                                    10 m/s

                                	
                                    
                                    15 m/s

                                	
                                    
                                    17.5 m/s

                            

                        

                        	
                            
                            
                                
                                    
                                    What is the total distance traveled by the object during the first 3 seconds?

                            

                            
                                	
                                    
                                    15 m

                                	
                                    
                                    20 m

                                	
                                    
                                    25 m

                                	
                                    
                                    30 m

                            

                        

                        	
                            
                            
                                
                                    
                                    During the interval t = 8 seconds to t = 10 seconds, the speed of the object is 

                            

                            
                                	
                                    
                                    zero

                                	
                                    
                                    increasing

                                	
                                    
                                    decreasing

                                	
                                    
                                    constant, but not zero

                            

                        

                        	
                            
                            
                                
                                    
                                    What is the maximum speed reached by the object during the 10 seconds of travel? 

                            

                            
                                	
                                    
                                    10 m/ s

                                	
                                    
                                    25 m/s

                                	
                                    
                                    150 m/s

                                	
                                    
                                    250 m/s

                            

                        

                    


                	
                    
                    
                        
                            
                            An object is thrown vertically upward from the surface of the Earth. Which graph best represents the relationship between velocity and time for the object as it rises and then returns to the Earth?

                    

                    
                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                    

                

                	
                        
                        	
                            Base your answers to questions 43 and 44 on the graph and information below.

                            Cars A and B both start from rest at the same location at the same time.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    What is the magnitude of the acceleration of car A during the period between t = 8 seconds and t = 10 seconds?

                            

                            
                                	
                                    
                                    20 m/s2


                                	
                                    
                                    16 m/s2


                                	
                                    
                                    18 m/s2


                                	
                                    
                                    4 m/s2


                            

                        

                        	
                            
                            
                                
                                    
                                    Compared to the speed of car B at 6 seconds, the speed of car A at 6 seconds is 

                            

                            
                                	
                                    
                                    less

                                	
                                    
                                    greater

                                	
                                    
                                    the same

                            

                        

                    


                	
                    
                    
                        
                            
                            The graph represents the acceleration acting on an object as a function of time. During which time interval is the velocity of the object constant?

                        
                            [image: Image]
                        

                    

                    
                        	
                            
                            0 to 2

                        	
                            
                            2 to 3

                        	
                            
                            3 to 4

                        	
                            
                            4 to 5

                    

                

                	
                        
                        	
                            Base your answers to questions 46 through 50 on the accompanying graph, which represents the motions of four cars on a straight road.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    The speed of car C at time t = 20 seconds is closest to

                            

                            
                                	
                                    
                                    60 m/s

                                	
                                    
                                    45 m/s

                                	
                                    
                                    3.0 m/s

                                	
                                    
                                    4.0 m/s

                            

                        

                        	
                            
                            
                                
                                    
                                    Which car has zero acceleration?

                            

                            
                                	
                                    
                                    A


                                	
                                    
                                    B


                                	
                                    
                                    C


                                	
                                    
                                     D


                            

                        

                        	
                            
                            
                                
                                    
                                    Which car has a negative acceleration?

                            

                            
                                	
                                    
                                    A


                                	
                                    
                                    B


                                	
                                    
                                    C


                                	
                                    
                                     D


                            

                        

                        	
                            
                            
                                
                                    
                                    Which car moves the greatest distance in the time interval t = 10 seconds to t = 16 seconds?

                            

                            
                                	
                                    
                                    A


                                	
                                    
                                    B


                                	
                                    
                                    C


                                	
                                    
                                    D


                            

                        

                        	
                            
                            
                                
                                    
                                    Which graph best represents the relationship between distance and time for car C?

                            

                            
                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                                	
                                    
                                    
                                        [image: Image]
                                    

                                

                            

                        

                    


                	
                    
                    
                        
                            
                            The motions of cars A, B, and C in a straight path are represented by the graph below.

                        
                            [image: Image]
                        

                        During the time interval from t1 to t2, the three cars travel 

                    

                    
                        	
                            
                            the same distance 

                        	
                            
                            with the same velocity, only 

                        	
                            
                            with the same acceleration, only 

                        	
                            
                            with both the same velocity and acceleration

                    

                

                	
                        
                        	
                            Base your answers to questions 52 through 56 on the graph below, which represents velocity versus time for an object in linear motion. The object has a velocity of 20 meters per second at t = 0.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    During which interval is the magnitude of the acceleration greatest?

                            

                            
                                	
                                    
                                    EF


                                	
                                    
                                    FG


                                	
                                    
                                    GH


                                	
                                    
                                    IJ


                            

                        

                        	
                            
                            
                                
                                    
                                    The acceleration of the object at point D on the curve is

                            

                            
                                	
                                    
                                    0 m/s2


                                	
                                    
                                    5 m/s2


                                	
                                    
                                    –10 m/s2


                                	
                                    
                                    –20 m/s2


                            

                        

                        	
                            
                            
                                
                                    
                                    During what interval does the object have zero acceleration?

                            

                            
                                	
                                    
                                    BC


                                	
                                    
                                    EF


                                	
                                    
                                    GH


                                	
                                    
                                    HI


                            

                        

                        	
                            
                            
                                
                                    
                                    At what point is the distance from start zero?

                            

                            
                                	
                                    
                                    C


                                	
                                    
                                    E


                                	
                                    
                                    F


                                	
                                    
                                    J


                            

                        

                        	
                            
                            
                                
                                    
                                    At what point is the distance from start a maximum?

                            

                            
                                	
                                    
                                    C


                                	
                                    
                                    E


                                	
                                    
                                    G


                                	
                                    
                                    J


                            

                        

                    


                	
                    
                    
                        
                            
                            Which combination of graphs best describes free-fall motion? [Neglect air resistance.]

                        
                            	
                                
                                
                                    [image: Image]
                                

                            

                            	
                                
                                
                                    [image: Image]
                                

                            

                            	
                                
                                
                                    [image: Image]
                                

                            

                            	
                                
                                
                                    [image: Image]
                                

                            

                        

                    

                    
                        	
                            
                            A and C


                        	
                            
                            B and D


                        	
                            
                            A and D


                        	
                            
                            B and C


                    

                

                	
                    
                    
                        
                            
                            The graph below represents the relationship between velocity and time for an object moving in a straight line. What is the acceleration of the object?

                        
                            [image: Image]
                        

                    

                    
                        	
                            
                            0 m/s2


                        	
                            
                            5 m/s2


                        	
                            
                            3 m/s2


                        	
                            
                            15 m/s2


                    

                

                	
                    
                    
                        
                            
                            The graph below represents the velocity versus time relationship for a ball thrown vertically upward. Time zero represents the time of release.

                        
                            [image: Image]
                        

                        During the time interval between 1.0 second and 2.0 seconds, the displacement of the ball from the point where it was released 

                    

                    
                        	
                            
                            decreases

                        	
                            
                            increases

                        	
                            
                            remains the same

                    

                

                	
                    
                    
                        
                            
                            The area under a speed versus time curve is a measure of

                    

                    
                        	
                            
                            acceleration

                        	
                            
                            distance

                        	
                            
                            momentum

                        	
                            
                            velocity

                    

                

                	
                    
                    
                        
                            
                            The graph below represents the displacement of an object moving in a straight line as a function of time.

                        
                            [image: Image]
                        

                    

                    
                        What was the total distance traveled by the object during the 10.0-second time interval?

                    

                    
                        	
                            
                            0 m

                        	
                            
                            8 m

                        	
                            
                            16 m

                        	
                            
                            24 m

                    

                

                	
                    
                    
                        
                            
                            A race car starting from rest accelerates uniformly at a rate of 4.90 meters per second2. What is the car’s speed after it has traveled 200. meters?

                    

                    
                        	
                            
                            1960 m/s

                        	
                            
                            62.6 m/s

                        	
                            
                            44.3 m/s

                        	
                            
                            31.3 m/s

                    

                

                	
                    
                    
                        
                            
                            A ball is thrown straight downward with a speed of 0.50 meter per second from a height of 4.0 meters. What is the speed of the ball 0.70 second after it is released? [Neglect friction.]

                    

                    
                        	
                            
                            0.50 m/s

                        	
                            
                            7.4 m/s

                        	
                            
                            9.8 m/s

                        	
                            
                            15 m/s

                    

                

                	
                    
                    
                        
                            
                            An astronaut standing on a platform on the Moon drops a hammer. If the hammer falls 6.0 meters vertically in 2.7 seconds, what is its acceleration?

                    

                    
                        	
                            
                            1.6 m/s2


                        	
                            
                            2.2 m/s2


                        	
                            
                            4.4 m/s2


                        	
                            
                            9.8 m/s2


                    

                

                	
                    
                    
                        
                            
                            An observer recorded the following data for the motion of a car undergoing constant acceleration.

                        
                            
                                
                                    
                                        	
Time (s)
                                        	
Speed (m/s)
                                    

                                
                                
                                    
                                        	3.0
                                        	4.0
                                    

                                    
                                        	5.0
                                        	7.0
                                    

                                    
                                        	6.0
                                        	8.5
                                    

                                
                            

                        

                    

                    
                        What was the magnitude of the acceleration of the car?

                    

                    
                        	
                            
                            1.3 m/s2


                        	
                            
                            2.0 m/s2


                        	
                            
                            1.5 m/s2


                        	
                            
                            4.5 m/s2


                    

                

                	
                    
                    
                        
                            
                            Which graph best represents the relationship between the velocity of an object thrown straight upward from Earth’s surface and the time that elapses while it is in the air? [Neglect friction.]

                    

                    
                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                    

                

                	
                    
                    
                        
                            
                            A car increases its speed from 9.6 meters per second to 11.2 meters per second in 4.0 seconds. The average acceleration of the car during this 4.0-second interval is

                    

                    
                        	
                            
                            0.40 m/s2


                        	
                            
                            2.4 m/s2


                        	
                            
                            2.8 m/s2


                        	
                            
                            5.2 m/s2


                    

                

                	
                    
                    
                        
                            
                            What is the speed of a 2.5-kilogram mass after it has fallen freely from rest through a distance of 12 meters?

                    

                    
                        	
                            
                            4.8 m/s

                        	
                            
                            15 m/s

                        	
                            
                            30. m/s

                        	
                            
                            43 m/s

                    

                

                	
                    
                    
                        
                            
                            A cart travels with a constant nonzero acceleration along a straight line. Which graph best represents the relationship between the distance the cart travels and time of travel?

                    

                    
                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                    

                

                	
                    
                    
                        
                            
                            Which graph best represents the relationship between the acceleration of an object falling freely near the surface of Earth and the time that it falls?

                    

                    
                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                [image: Image]
                            

                        

                    

                

                	
                    
                    
                        
                            
                            A rock falls from rest off a high cliff. How far has the rock fallen when its speed is 39.2 meters per second? [Neglect friction.]

                    

                    
                        	
                            
                            16.9 m

                        	
                            
                            44.1 m

                        	
                            
                            78.3 m

                        	
                            
                            123 m

                    

                

                	
                    
                    
                        
                            
                            A rocket initially at rest on the grond lifts off vertically with a constant acceleration of 2.0 × 101 meters per second2. How long will it take the rocket to reach an altitude of 9.0 × 103 meters?

                    

                    
                        	
                            
                            3.0 × 101 s

                        	
                            
                            4.3 ×101 s

                        	
                            
                            4.5 × 102 s

                        	
                            
                            9.0 ×102 s

                    

                

                	
                    
                    
                        
                            
                            The speed of a wagon increases from 2.5 meters per second to 9.0 meters per second in 3.0 seconds as it accelerates uniformly down a hill. What is the magnitude of the acceleration of the wagon during his 3.0-second interval?

                    

                    
                        	
                            
                            0.83 m/s2


                        	
                            
                            2.2 m/s2


                        	
                            
                            3.0 m/s2


                        	
                            
                            3.8 m/s2


                    

                

                	
                    
                    
                        
                            
                            A 1.0-kilogram ball is dropped from the roof of a building 40. meters tall. What is the approximate time of fall? [Neglect air resistance.]

                    

                    
                        	
                            
                            2.9 s

                        	
                            
                            2.0 s

                        	
                            
                            4.1 s

                        	
                            
                            8.2 s

                    

                

                	
                    
                    
                        
                            
                            The graph below represents the relationship between speed and time for an object moving along a straight line.

                        
                            [image: Image]
                        

                    

                    
                        What is the total distance traveled by the object during the first 4 seconds?

                    

                    
                        	
                            
                            5 m

                        	
                            
                            20 m

                        	
                            
                            40 m

                        	
                            
                            80 m

                    

                

            

            
            Part B–2 and C Questions

            
                
            

            
                Base your answers to questions 1 through 3 on the speed-time graph below, which represents the linear motion of a cart.

                
                    [image: Image]
                

            

            
                	
                    
                    
                        
                            
                            Determine the magnitude of the acceleration of the cart during interval AB. [Show all calculations, including the equation and substitution with units.]

                    

                    
                

                	
                    
                    
                        
                            
                            Calculate the distance traveled by the cart during interval BC. [Show all calculations, including the equation and substitution with units.]

                    

                    
                

                	
                    
                    
                        
                            
                            What is the average speed of the cart during interval CD?

                    

                    
                

                
                	
                    Base your answers to questions 4 through 6 on the information and data table below.

                    A car is traveling due north at 24.0 meters per second when the driver sees an obstruction on the highway. The data table below shows the velocity of the car at 1.0-second intervals as it is brought to rest on the straight, level highway.

                    
                        
                            
                                
                                    	
Time (s)
                                    	
Velocity (m/s)
                                

                            
                            
                                
                                    	0.0
                                    	24.0
                                

                                
                                    	1.0
                                    	19.0
                                

                                
                                    	2.0
                                    	14.0
                                

                                
                                    	3.0
                                    	10.0
                                

                                
                                    	4.0
                                    	  4.0
                                

                            
                        

                    

                    Using the information in the data table, construct a graph on the grid provided following the directions below.

                

                	
                    
                    
                        
                            
                            Plot the data points for velocity versus time.

                    

                    
                

                	
                    
                    
                        
                            
                            Draw the best-fit line.

                        
                            [image: Image]
                        

                    

                    
                

                	
                    
                    
                        
                            
                            Using your graph, determine the acceleration of the car. [Show all calculations, including the equation and substitution with units.]

                    

                    
                

                
                	
                    Base your answers to questions 7 through 10 on the data table below, which describes the motion of an object moving in a straight line.

                    
                        
                            Data Table
                            
                                
                                    	
Time (s)
                                    	
Speed (m/s)
                                

                            
                            
                                
                                    	0.0
                                    	0.0
                                

                                
                                    	1.0
                                    	1.2
                                

                                
                                    	2.0
                                    	2.7
                                

                                
                                    	3.0
                                    	3.3
                                

                                
                                    	4.0
                                    	5.0
                                

                                
                                    	4.0
                                    	5.6
                                

                            
                        

                    

                

                	
                    Directions (7–10)

                    Using the information in the data table, construct a graph on the grid provided below, following the directions below.

                

                	
                    
                    
                        
                            
                            Plot the data points.

                    

                    
                

                	
                    
                    
                        
                            
                            Draw the line of best-fit.

                    

                    
                

                	
                    
                    
                        
                            
                            On the same grid, sketch a line representing an object decelerating uniformly in a straight line.

                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        
                            
                            Based on your line of best-fit, what is the acceleration of the object?

                    

                    
                

                
                	
                    Base your answers to questions 11 through 14 on the information and data table below.

                    A 1.00-kilogram mass was dropped from rest from a height of 25.0 meters above Earth’s surface. The speed of the mass was determined at 5.0-meter intervals and recorded in the data table below.

                    
                        [image: Image]
                    

                    
                        [image: Image]
                    

                

                	
                    Directions (11–14)

                    Using the information in the data table, construct a graph on the grid above following the directions below.

                

                	
                    
                    
                        
                            
                            Mark an appropriate scale on the axis labeled “Height Above Earth’s Surface (m).”

                    

                    
                

                	
                    
                    
                        
                            
                            Plot the data points for speed versus height above Earth’s surface.

                    

                    
                

                	
                    
                    
                        
                            
                            Draw the line or curve of best fit.

                    

                    
                

                	
                    
                    
                        
                            
                            Using your graph, determine the speed of the mass after it has fallen a vertical distance of 12.5 meters.

                    

                    
                

                	
                        
                        	
                            Base your answers to questions 15 through 18 on the information and diagram below.

                            A spark timer is used to record the position of a lab cart accelerating uniformly from rest. Each 0.10 second, the timer marks a dot on a recording tape to indicate the position of the cart at that instant, as shown.

                            
                                [image: Image]
                            

                        

                        	
                            
                            
                                
                                    
                                    Using a metric ruler, measure the distance the cart traveled during the interval t = 0 second to t = 0.30 second. Record your answer to the nearest tenth of a centimeter.

                            

                            
                        

                        	
                            
                            
                                
                                    
                                    Calculate the magnitude of the acceleration of the cart during the time interval t = 0 second to t = 0.30 second. [Show all work, including the equation and substitution with units.]

                            

                            
                        

                        	
                            
                            
                                
                                    
                                    Calculate the average speed of the cart during the time interval t = 0 second to t = 0.30 second. [Show all work, including the equation and substitution with units.]

                            

                            
                        

                        	
                            
                            
                                
                                    
                                    On the diagram below, mark at least four dots to indicate the position of a cart traveling at a constant velocity.

                                
                                    [image: Image]
                                

                            

                            
                        

                    


            

        

        
    Answer
						Key

Part A and B-1 Questions
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Answers
								and Explanations

Part B-2 and C Questions


	
                    
                    
                    
                        
                            
                            Write out the problem.

                        
                            
                                
                                    
                                        	Given:
                                        	
                                            
                                        
                                        	 
                                        	Find:  
                                            
                                        
                                    

                                
                            

                        

                        Refer to the Mechanics section in the Reference Tables to find an equation(s) that relates acceleration with velocity and time.

                        
                            
                        

                        Alternatively, you can solve this problem using the slope of line AB on the graph. The slope of a line is defined as the change in y over the change in x. In this graph, y is speed and x is time; thus, the slope on a speed versus time graph is equal to the change in speed over the change in time, which is equal to the acceleration.

                        
                            
                        

                        Note: One point is awarded for writing the equation and for the substitution of values with units. If the equation and/or units are not shown, you do not receive this point. One point is awarded for the correct answer (number and units). If there are no units, you do not receive this point. Note also that significant figures and scientific notation are not required to obtain credit.

                    

                

	
                    
                    
                    
                        
                            
                            Write out the problem.

                        
                            
                                
                                    
                                        	Given:
                                        	
                                            
                                        
                                        	 
                                        	Find:  
                                            
                                        
                                    

                                
                            

                        

                        Refer to the Mechanics section in the Reference Tables to find an equation(s) that relates displacement with velocity and time.

                        
                            
                        

                        Alternatively, you can solve this problem directly from the graph. The area of a square or rectangle is calculated by multiplying the base times the height. In this case the base is the time, and the height is the speed; therefore, the area under the curve is equal to the displacement.

                        
                            
                        

                        Note: One point is awarded for writing the equation and for the substitution of values with units. If the equation and/or units are not shown, you do not receive this point. One point is awarded for the correct answer (number and units). If there are no units, you do not receive this point. Note also that significant figures and scientific notation are not required to obtain credit.

                    

                

	
                    
                    
                    
                        
                            
                            Write out the problem.

                        
                            
                                
                                    
                                        	Given:
                                        	
                                            
                                        
                                        	 
                                        	Find:  
                                            
                                        
                                    

                                
                            

                        

                        Refer to the Mechanics section in the Reference Tables to find an equation(s) that relates average velocity to the variables we are given.

                        
                            
                        

                        Note that time is not required for this calculation.

                        Note: One point is awarded for the correct answer. To receive this point, you must include units. Note also that significant figures and scientific notation are not required to obtain credit.

                    

                

	
                    
                    
                    
                        
                            [image: ]
                        

                        
                            
                            One credit is granted if all points are plotted accurately within ±0.3 grid space.

                    

                

	
                    
                    
                    
                        
                            [image: ]
                        

                        
                            
                            Credit is granted if the best-fit line is straight. Credit will also be granted if one or more points are plotted incorrectly in question 4, but the best-fit line is straight.

                    

                

	
                    
                    
                    
                        
                            
                            The slope of a velocity versus time graph is equal to the acceleration: 

                        
                            
                        

                        For this problem, y = velocity and x = time, so

                        
                            
                        

                            or                            = a (acceleration)

                        Examples of Acceptable Responses

                        
                            
                                
                            

                        

                        
                        Note that −5.0 m/s2 south or 5.0 m/s2 is unacceptable.

                        Note: One point is awarded for writing the equation and for the substitution of values with units. If the equation and/or units are not shown, you do not receive this point. One point is awarded for the correct answer (number and units). If there are no units, you do not receive this point. Note also that significant figures and scientific notation are not required to obtain this credit. Credit is granted as long as the answer is consistent with your graph (i.e., if the best-fit line passes through the data values used in the calculation). If no credit is granted for questions 4 and 5, then credit may be granted for this question if acceleration is calculated using values from the data table.

                    

                

	
                    
                    
                    
                        Example of an appropriate graph:

                        
                            [image: ]
                        

                    

                

	
                    
                    
                    
                        Example of an appropriate graph:

                        
                            [image: ]
                        

                    

                

	
                    
                    
                    
                        Example of an appropriate graph:

                        
                            [image: ]
                        

                    

                

	
                    
                    
                    
                        
                            
                            The acceleration of the object is 1.2 m/s2.

                    

                

	
                    
                    
                    
                        
                            
                            Allow 1 credit for marking an appropriate scale.

                    

                

	
                    
                    
                    
                        
                            
                            Allow 1 credit for correctly plotting all points ± 0.3 grid space.

                    

                

	
                    
                    
                    
                        
                            
                            Allow 1 credit for drawing the line or curve of best fit.

                        Example of a 3-credit response for questions 11 through 13:

                        
                            [image: ]
                        

                    

                

	
                    
                    
                    
                        
                            
                            Allow 1 credit for 15.7 m/s ± 0.3 m/s or an answer that is consistent with the student’s graph.

                    

                

	
                            
                            
                            
                                
                                    
                                    Allow 1 credit for 2.7 cm ± 0.2 cm.

                            

                        

	
                            
                            
                            
                                Allow a maximum of 2 credits. Refer to Scoring Criteria for Calculations.

                                Example of a 2-credit response:

                                
                                    
                                

                                Note: Allow credit for an answer that is consistent with the student’s response to question 15.

                            

                        

	
                            
                            
                            
                                
                                    
                                    Allow a maximum of 2 credits. Refer to Scoring Criteria for Calculations.

                                Example of a 2-credit response:

                                
                                    
                                

                                Note: Allow credit for an answer that is consistent with the response to question 15 or 16.

                            

                        

	
                            
                            
                            
                                
                                    
                                    Allow 1 credit for at least four dots that are equally spaced ± 0.2 cm.

                                Example of a 1-credit response:

                                
                                    [image: Image]
                                

                            

                        





        
            Chapter

                Three

        

        Forces and Newton’s Laws

        
            Key Ideas

            A force is a push or a pull in a given direction. If the force is unbalanced, an acceleration will result. The relationship between force and motion is given by Newton’s first two laws of motion.

            Special categories of forces include weight and friction. Weight is the force on an object as a result of gravitational attraction by a massive body such as a planet. Its direction is always toward the center of the body. Friction is a force resulting from the contact between two surfaces. Frictional forces are always directed so that they oppose any relative motion.

            Forces always occur in pairs; if an object exerts a force on another object, the second object exerts an equal and opposite force on the first object. This relationship is known as Newton’s third law of motion.

        

        KEY OBJECTIVES

        At the conclusion of this chapter you will be able to:

        
            	
                
                Define the term force and state its SI unit.

            	
                
                State Hooke’s law, and use relevant data to measure a force.

            	
                
                State Newton’s first law of motion.

            	
                
                State Newton’s second law of motion, and use it to solve problems.

            	
                
                Define the term weight, and relate it to Newton’s second law of motion.

            	
                
                Define the term normal force.

            	
                
                Define the term frictional force, and solve simple problems involving kinetic friction.

            	
                
                Define the term coefficient of friction, and use it in the solution of problems.

            	
                
                State Newton’s third law of motion, and apply it to common situations.

        

    
  3.1 INTRODUCTION

In Chapter 2 we examined the one-dimensional motion of an object in great detail, a study known as kinematics. Now we focus our attention on the relationship between forces and motion. This is the study of dynamics.
  


   3.2 WHAT IS A FORCE?

A force is a push or a pull in a given direction. Since a force has both magnitude (the “strength” of the force) and direction, it is a vector quantity. We will use the letter F to represent force.
 


        3.3 MEASURING FORCES USING HOOKE’S LAW

        We can measure the magnitude of a force very simply by recognizing that an applied force will stretch or compress a spring. The English scientist Robert Hooke was able to show that the magnitude of a force (F) is directly proportional to the elongation (stretch) or compression of a spring (x) within certain limits. The relationship, known as Hooke’s law, is given by the equation

        
            Physics Concepts

            
                
            

        

        In the SI system of measurement, if x is measured in meters, Fs is measured in units called newtons (N). One newton is equivalent to approximately
            
            pound of force. The constant of proportionality, k, is known as the spring constant. Its unit is the newton per meter (N/m), and it is related to the stiffness of the spring; the greater the constant, the stiffer the spring. The following problem illustrates how Hooke’s law can be used.

        Problem

        The following set of data was obtained by a student while investigating Hooke’s law in the laboratory:

        
            
                
                    	Force (N)
                    	Elongation of Spring (m)
                

            
            
                
                    	0.0
                    	0.0
                

                
                    	3.0
                    	0.9
                

                
                    	6.0
                    	2.2
                

                
                    	9.0
                    	2.8
                

                
                    	12      
                    	4.1
                

            
        

        
            	
                
                Graph this set of data.

            	
                
                Using the graph, determine the force applied to the spring if an elongation of 2.3 meters is measured.

            	
                
                Calculate the spring constant from the graph.

        

        Solution

        
            	
                
                
                    [image: Image]
                

                Note that the graph does not need to pass through the data points; it is a “best-fit” straight line.

            

            	
                
                Reading directly from the graph, we see that an applied force of 7.0 N corresponds to an elongation of 2.3 m.

            	
                
                The spring constant k can be found by calculating the slope of the best-fit straight line
                . A careful calculation of the slope yields a value of 3.0 N/m for the spring constant.

        

    
    3.4 NEWTON’S FIRST LAW OF MOTION

Originally, it was believed that forces were necessary to keep all objects in motion. The Italian astronomer Galileo Galilei, however, reasoned that a force changed the motion of an object as long as the force was not “balanced” by other forces. For example, if you push (lightly!) on a wall, the wall will not move appreciably because your force is balanced by a number of other forces present. However, if you apply an unbalanced force to a chair on a smooth floor, you may see a number of possible effects:


    	
        
        If the chair is at rest, it will begin to move.

    	
        
        If the chair is in motion, it may speed up, slow down, come to rest, or change its direction of motion.



If an object is at rest and no unbalanced force acts on it, its motion will not change; it will simply remain at rest. Also, if an object is traveling at constant velocity (constant speed in a straight line) and no unbalanced force acts on it, its motion will not change; it will continue to move with constant velocity. The English physicist Isaac Newton summarized these findings in a statement we now call Newton’s first law of motion:


    Physics Concepts

    Objects at rest tend to stay at rest and objects in constant straight-line motion stay in constant straight-line motion unless acted upon by an unbalanced force.



Newton’s first law means that all material objects resist changes in motion. The quality of matter that is responsible for this property is known as inertia. The more inertia an object has, the more it resists such changes. The (inertial) mass of an object is a measure of the quantity of inertia it contains.

Problem

In which of the following situations do unbalanced forces act?


    	
        
        A car is traveling at 20 meters per second, and the driver steps on the brake.

    	
        
        A chair is dragged across a floor at constant velocity.

    	
        
        A plane makes a turn at constant speed.

    	
        
        An object is dropped vertically toward the ground.



Solution


    	
        
        An unbalanced force acts since the speed of the car is lowered.

    	
        
        No unbalanced force acts on the chair since its velocity is constant.

    	
        
        An unbalanced force acts since the plane’s direction is changing.

    	
        
        An unbalanced force acts since the object’s speed is increasing.



In every case, an unbalanced force gives rise to an acceleration (i.e., a change in velocity over time).



        3.5 NEWTON’S SECOND LAW OF MOTION

        Although an unbalanced force will give an object an acceleration, the magnitude of the acceleration is determined by two quantities: the magnitude of the force and the mass of the object. It has been verified countless times that the acceleration is directly proportional to the magnitude of the force and inversely proportional to the mass of the object. If we choose our units carefully, we can write this relationship, which we call Newton’s second law of motion, as follows:

        
            Physics Concepts

            
                
            

        

        We measure the mass (m) in kilograms, and the acceleration (a) in meters per second2. The unbalanced force (Fnet) is measured in newtons.

        Problem

        What are the equivalent basic SI units for the newton?

        Solution

        We can answer this question by using the second equation for Newton’s second law with units instead of numbers:

        
            
        

        Problem

        Complete the following table (fill in the blank spaces) by applying Newton’s second law of motion:

        
            
                
                    
                        	Fnet

                            (N)
                        	m

                            (kg)
                        	a

                            (m/s2)
                    

                
                
                    
                        	3.0
                        	6.0
                        	?
                    

                    
                        	?
                        	4.5
                        	2.0
                    

                    
                        	12
                        	?
                        	1.2
                    

                
            

        

        Solution

        We substitute the values for each row into the equation Fnet = m · a.

        
            
                
                    	   Row 1:     3.0 N = 6.0 kg · a;
                    	
a = 0.50 m/s2

                

                
                    	   Row 2:      Fnet = 4.5 kg · 2.0 m/s2;
                    	
Fnet = 9.0 N
                

                
                    	    Row 3:       12 N = m · 1.2 m/s2;
                    	
m = 10. kg
                

            
        

    
        3.6 WEIGHT

        When we hold an object, we feel its heaviness as it pushes into our hand. As we learned in Chapter 2, when the object drops to the ground, it falls with an acceleration of 9.8 meters per second2 (if we ignore air resistance). These two observations lead us to conclude that a force is present on the object. We call this force weight, and its origin is the gravitational attraction between the object and the Earth.

        How can we calculate the weight of an object? When an object falls freely, the force on it (its weight!) is unbalanced. We can apply Newton’s second law to calculate this force:

        
            Physics Concepts

            
                
            

        

        We use Fg to represent the force due to gravity (the weight of the object) and g to represent the gravitational acceleration the object experiences in free fall.

        Problem

        What is the weight of an object with a mass of 15 kilograms?

        Solution

        
            
        

        Helpful hint: 9.8 is very close to 10. In many cases, for most multiple-choice problems involving calculations of weight from mass or mass from weight, it is much easier to multiply and/or divide by 10 instead of 9.8 to estimate an answer quickly.

    
        3.7 NORMAL FORCES

        When an object is at rest on a horizontal surface, such as a table, it has weight but is not accelerating. In this situation, the weight of the object is not an unbalanced force. In fact, the net force on the object is zero! Therefore, another force, which serves to balance the effects of gravity, must be present on the object. The origin of this supporting force is the surface itself, and this force is responsible for the contact between the object and the surface.

        Since this second force is perpendicular to both the object and the surface, it is called a normal force. (In mathematics, the word normal is used to describe lines that are perpendicular.) We represent the normal force by the symbol FN. The diagram below represents the relationship between the weight of an object and the normal force on it.

        
            [image: Image]
        

        Problem

        How does the magnitude of the normal force compare with the weight of the object in the diagram shown above?

        Solution

        Since the object is at rest, the net force on it is zero. Therefore, the magnitude of the normal force must be equal to the weight of the object.

        (Note: This is not always the case, as we will see in Chapter 4.)

    
        3.8 FRICTIONAL FORCES

        Consider the following situation: A 5.0-kilogram object is pulled across a floor with an applied force of 20. newtons. The acceleration of the object is measured to be 3.0 meters per second2. This situation is illustrated in the diagram below:

        
            [image: Image]
        

        Something seems to be wrong here:
            
            But we know from Newton’s second law that ma must equal the unbalanced force (Fnet). In this situation, Fnet is equal to 15 newtons (5.0 kg · 3.0 m/s2), not to the applied force of 20. newtons. Where have 5.0 newtons gone?

        There is another force present that we have not considered: friction. Frictional forces are always present when two surfaces are in contact. The direction of a frictional force on an object is always opposite to the direction of the object’s motion. We will represent a frictional force by the symbol Ff. We now complete the diagram above by adding in the 5.0-newton frictional force:

        
            [image: Image]
        

        Problem

        A force of 50. newtons is used to drag a 10.-kilogram object across a horizontal table. If a frictional force of 15. newtons is present on the object, calculate (a) the unbalanced force on the object and (b) the acceleration of the object.

        Solution

        We begin the solution by drawing a diagram of the situation presented in the problem:

        
            [image: Image]
        

        
            	
                
                We find the unbalanced force (Fnet) by subtracting the frictional force (Ff) from the applied force (Fapplied). We subtract because the forces are in opposite directions:
                
                    
                

            

            	
                
                We calculate the acceleration of the object by applying Newton’s second law:
                
                    
                

            

        

        Problem

        A student drags an object across a laboratory table at constant velocity using an applied force of 12 newtons. Calculate the frictional force present on the object.

        Solution

        Since the object is moving with constant velocity, its acceleration is zero, as is the unbalanced force on it (why?). We can now apply this relationship:

        
            
        

        There are two ways in which we can view frictional forces. First, when an object is at rest on a surface, a certain minimum force is needed to get the object started. This frictional force is known as static friction. Second, there is the frictional force present on an object already in motion; this is known as kinetic friction. The force of static friction is usually larger than the force of kinetic friction because surfaces at rest tend to form stronger intermolecular attractions than surfaces in relative motion.

        Friction is a contact force whose magnitude depends on two factors: the nature of the surfaces in contact and the magnitude of the contact force (i.e., the normal force) present on the object. To reduce friction, we generally try to reduce the amount of contact between the surfaces by using lubricants, such as oil or Teflon, or by employing rolling rather than sliding. Very smooth surfaces, such as glass on glass, may have extremely large frictional forces because of the higher degree of contact.

        Friction is always with us. When we solve physics problems, however, we usually try to ignore frictional forces in order to make the problems simpler. For example, we assume that an object falling near the Earth’s surface will have a constant acceleration of 9.8 meters per second per second, but this is not so. The friction between the air and the falling object will cause the object to reach a constant terminal speed.

    
        3.9 THE COEFFICIENT OF FRICTION

        The coefficient of kinetic friction, represented by the symbol µk, is one way of ­predicting how much friction will be produced on an object because of its contact with another surface while in motion relative to each other. Experimentally, it is found that the frictional force of an object in motion is directly proportional to the normal force present on the object. We can write this relationship as follows:

        
            Physics Concepts

            
                
            

        

        We can calcuate µ by measuring the frictional force on an object (see the preceding problem) and then dividing this value by the normal force present on the object. The next problem demonstrates this procedure.

        The coefficient of static friction, represented by the symbol µs, is one way of predicting how much friction will be produced on an object because of its contact with another surface while at rest.

        Problem

        As illustrated in the diagram below, a 5.0-kilogram object slides across a horizontal surface. If a 5.0-newton frictional force is present, calculate the coefficient of kinetic friction between the two surfaces.

        
            [image: ]
        

        Solution

        The first step is to calculate the weight of the object, as shown above, which is 49 N. Since this surface is horizontal and the object is not falling downward, the weight is balanced by the normal force, which is also 49 N.

        We calculate µk from the relationship
            
        

        Note that µk does not have units.

        The larger the value of µk, the greater the frictional force on the object. A table of possible values of µk is given below for reference:

        
            
                
                    
                        	Surface – Surface
                        	
μk

                    

                
                
                    
                        	Steel – steel (nonlubricated)
                        	0.57
                    

                    
                        	Steel – steel (lubricated)       
                        	0.06
                    

                    
                        	Rubber – concrete (dry)                 
                        	0.68
                    

                    
                        	Wood – wood                              
                        	0.30
                    

                    
                        	Waxed wood – dry snow                                    
                        	0.05
                    

                
            

        

        

        

    
        3.10 NEWTON’S THIRD LAW OF MOTION—ACTION AND REACTION

        Consider the diagram below: An angry woman kicks a wall with her foot and is taken to the hospital to have her fractured toe set in a cast.

        
            [image: Image]
        

        Why was the woman’s toe broken? After all, it was she who exerted a force on the wall! As a consequence of her kick, however, the wall returned the favor and exerted a force back on her toe. Unfortunately, her toe was not as strong as the wall, and it broke under the stress.

        This situation describes a very general principle in physics, one that has been verified countless times and is known as Newton’s third law of motion:

        
            Physics Concepts

            If object A exerts a force on object B, then object B exerts an equal and opposite force back on object A.

        

        The third law has also been stated equivalently in two other ways: (1) “Forces occur in pairs” and (2) “To every action, there is an equal and opposite reaction” (where the terms action and reaction refer to the two forces).

        According to Newton’s third law, two objects must always be present and only one force of the pair is present on each object. The two forces are always equal in magnitude and opposite in direction.

        We can apply the third law to many situations:

        
            	
                
                The recoil of all objects when they collide (e.g., a ball bouncing off a wall) is a consequence of this law.

            	
                
                When we step on a scale, we place a downward force on the scale. The scale, in turn, exerts an upward force which supports us (the normal force). It is this force that registers our weight.

            	
                
                We can walk because of Newton’s third law! When we take a step, we push backward on the Earth. The Earth, in turn, pushes forward on us. (If you don’t believe this, think of yourself stepping out of a boat onto the shore: Which way does the boat move as you move forward?)

        

    
        
            
                Review Questions

                                 
                
                
                
                
                
                
                
                


                

                

            

            ✪ indicates material that is not part of the core curriculum.

            Part A and B–1 Questions

            
                
                	
                    
                    
                        The diagram below represents a block suspended from a spring. The spring is stretched 0.200 meter. If the spring constant is 200 newtons per meter, what is the weight of the block?

                        
                            [image: Image]
                        

                    

                    
                        	
                            
                            40.0 N
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