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Lab 5 Projectile Motion L5-1
 Name Date Partners
 Lab 5 - Projectile Motion
 L05-1
 Name__________________________Date______________Partners_______________________________
 University of Virginia Physics Department PHYS 1429, Spring 2011
 LAB 5 - PROJECTILE MOTION
 A famous illustration from Newton’s Principia showing the relationship between projectile motion and orbital motion
 OVERVIEW
 We learned in our study of kinematics that two-dimensional motion is a straightforward extension of one-dimensional motion. Projectile motion under the influence of gravity is a subject with which we are all familiar. We learn to shoot basketballs in an arc to swish through the basket or to bounce off the backboard. We learn how to lob in volleyball and tennis. These are examples of projectile motion. The force of gravity acts in the vertical direction, and air resistance acts in both the horizontal and vertical directions, but we often neglect air resistance for small objects.
 In this experiment we will explore how the motion depends upon the body’s initial velocity and elevation
 angle. Consider a body with an initial speed 0v at angle
 ! with respect to the horizontal axis. We analyze the body’s motion in two independent coordinates x (horizontal) and y (vertical). [As we are free to choose
 this origin of our coordinate system, we choose 0x = and 0y = when 0t = so as to simplify our calculations.]
 Figure 1 then shows that the components of the velocity vector along the x " and y " axes are respectively:
 !cos00 vv x = and !sin00 vv y = (1)
 If we neglect air resistance, the only force affecting the motion of the object is gravity,
 which near the Earth’s surface acts purely in the vertical direction ( ˆg m mg= = "F g y ).
 There is no force at all in the horizontal direction.
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 Figure 1.
 A famous illustration from Newton’s Principia showing the relationship between projectilemotion and orbital motion
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 Figure 1. Figure 5.1:
 In this experiment we will explore how the motion dependsupon the body’s initial velocity and elevation angle. Considera body with an initial speed v0 at angle α with respect to thehorizontal axis. We analyze the body’s motion in two inde-pendent coordinates x (horizontal) and y (vertical). [As weare free to choose this origin of our coordinate system, wechoose x = 0 and y = 0 when t = 0 so as to simplify our cal-culations.] Figure 5.1 then shows that the components of thevelocity vector along the x− and y−axes are respectively:
 v0x = v0 cosα and v0y = v0 sinα (5.1)
 If we neglect air resistance, the only force affecting the mo-tion of the object is gravity, which near the Earth’s surface acts purely in the vertical direction(Fg = mg = −mgy). There is no force at all in the horizontal direction.
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-2 Lab 5 Projectile Motion
 Since there is no horizontally applied force, there is no acceleration in the horizontal direc-tion; hence the x−component of the velocity will remain unchanged “forever”. The horizontalposition of the body is then described by the expression for constant velocity:
 x(t) = v0xt = (v0 cosα) t (5.2)
 The force in the y (vertical) direction is gravitation (Fy = −mg). Since F = ma, ay = −g. Inte-grating this with respect to time yields the vertical component of the velocity:
 vy(t) = v0y−gt = v0 sinα−gt (5.3)
 The vertical component of the position can be obtained by integrating Equation (5.3) with respectto time t, yielding the result:
 y(t) = v0yt−12
 gt2 = (v0 sinα) t−12
 gt2 (5.4)
 We can use these equations to determine the actual trajectory of the body in terms of the x and yvariables, with no explicit reference to the time t. The equation has a simple parabolic form
 y = 4h( xR
 ) (1−
 xR
 )(5.5)
 where
 R =v2
 0 sin(2α)g
 (5.6)
 and
 h =v2
 0 sin2 (α)2g
 (5.7)
 R is called the range and is the horizontal distance that the projectile travels on level ground.h is the maximum height that the projectile can reach. A plot of y/h versus x/R is shown inFigure 5.2 (below).
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 R is called the range and is the horizontal distance that the projectile travels on level ground. h is the maximum height that the projectile can reach. A plot of /y h versus
 /x R is shown in Figure 2 (below).
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 Figure 5.2:
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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Lab 5 Projectile Motion L5-3
 In real life, air resistance modifies the shape of a projectile trajectory. Exact mathematicaltreatment of air resistance on projectile motion lies beyond the scope of this course. However,since we will see the effect of the air resistance in our experiment, it is important to give somequantitative description of the problem. In the simplest case air resistance can be described asan additional force acting on our projectile which is proportional in magnitude and acts oppositeto the projectile velocity:
 Fair = −kv (5.8)
 where coefficient k depends on the air quality as well as the geometry of the projectile. An im-portant observation is that Eq. 5.8 is a vector equation which has both x and y components. Thus,unlike the case without the air resistance, the motion along the x-axis is no longer observed tohave constant velocity. Analogously the force of gravity is not the only force acting along they-axis. The result of the air resistance is then, quantitatively, can be predicted to result in atrajectory with a shorter range (Rair) and lower maximal height than that of an ideal projectilemotion described earlier. For given external conditions and the same projectile, air resistancecoefficient k can be assumed to be constant, and the exact effect of the air resistance will thendepend both on the initial velocity of the projectile and the launching angle. Figure 5.3 summa-rizes these findings. Projectile’s initial speed is along the x-axis and the launch angle is alongthe y-axis. The bins with different color coding correspond to different ratios of Rair/R. That isfor the low initial speed and small angles the ratio is nearly 1, thus simple theory describes thereal life projectile motion quite well. In the extreme case of large initial speed and large initialangle the Rair/R ≈ 0.90, thus the deviation of the measured range from theoretical value can beas large as 10%.
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 Figure 5.3: Ratio of the projectile’s range with air resistance to theoretical prediction without airresistance as a function of projectile velocity and initial angle
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-4 Lab 5 Projectile Motion
 INVESTIGATION 1: MEASUREMENT OF RANGEYou will need the following materials:
 • projectile motion launcher
 • 16mm stainless steel ball
 • bracket mounted digital photogates
 • 30 cm plastic ruler
 • masking tape
 • pushrod
 • 3 m tape measure
 • pressure-sensitive paper
 • plastic or Styrofoam cup
 • 3” C-clamp
 Figure 5.4:
 1. Before doing anything, listen while the TA goes through a description of the apparatusand how to set it up correctly. It is crucial for the apparatus to be level or you will notobtain good results.
 2. After the brief TA discussion, familiarize yourself with the apparatus. The central featureof the setup is a spring loaded launcher, as shown in Figure 5.4. The launcher can berotated around a horizontal axis to set the initial direction of motion: a desired angle canbe set by loosening the screw(s) attached to the plate, aligning the required angle markwith the vertical string of the plumb bob and then tightening the screw(s). Sometimesthe angle may change slightly after a launch, so keep an eye on the plumb bob readingthroughout the experiment and adjust accordingly.
 3. The initial speed of the projectile (a steel ball) can be set to three different values bypushing back the spring-loaded mechanism until it is locked in one of the three presetpositions (”clicks”). Use the provided pushrod and not your fingers to do so. Notice
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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Lab 5 Projectile Motion L5-5
 the string-release trigger and make sure the trigger fully snaps level with the launchertop before releasing it. Listen to the three distinct “clicks” corresponding to the threepositions. Gently but firmly pull the trigger string and the spring will “fire”. Do not lookinto the barrel of the launcher.
 Activity 1-1: Determining the Initial Speed
 1. Before we begin the measurements, we want to measure the initial speed of the projectile.
 2. Attach two photogates on the bracket (if not done so already) to the launcher similar toFigure 5.5. Note that Figure 5.5 depicts a different mount configuration of the launcher onthe plate (compare with Figure 5.4)). You do not have to change it but rather only attachthe photogates as shown.
 Figure 5.5:
 3. Depending on the particulars of your setup you may want to clamp the entire setup on thecorner of the table closer to the PASCO interface. Now as the projectile leaves the gun, itcrosses the light beam of two photogates which are connected to the PASCO interface.
 4. Set the launch angle to 0◦ (not shown in Figure 5.5 ) and push the projectile to one ofthe three positions. You will measure the velocity for all three ”clicks” but the order doesnot matter. Open Data Studio L05.A-1- Determining the Initial Speed file. Data Studiowill record the time it takes for the projectile to travel between the photogates for severaltrials. Press the DataStudio Start button when you are ready to collect the data. Launchthe ball and use the plastic cup to catch the ball. Press the Keep button to save the currentdata point and move on to the next measurement. Pressing the Stop and then Start buttonagain will create another table with the new set of data. Measure the time (t) for at leastfour trials for each “click” setting in Data Studio. After you finished collecting the datayou will transfer it to the Excel for further analysis.
 5. The timer will record the time in seconds it took the projectile to go from the first tothe second photogate. If you know the distance d between the two photogates (it shouldbe 100 mm), you can determine the average speed of the ball as it travels between thelights. Without more knowledge, we assume the uncertainty σd in d is one half of theleast significant digit in d or 0.5 mm.
 d: 100 ± 0.5 mm
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-6 Lab 5 Projectile Motion
 Question 1-1: Can you think of a different way to measure the initial speed? Describe atleast one other method. Discuss among your group why we use the procedure suggested 0◦
 angle to determine the initial speed. Write your conclusions here.
 6. You should also have the Excel file L05.Projectile Motion open and make sure you arelooking at Table 1-1 (if not there, click on the proper sheet near the bottom of the screen).Copy the results from DataStudio over to Excel Table 1-1. While copying the data to Excelyou might find the following Excel feature useful. A highlighted and copied column ofdata is easily converted into a raw by right-clicking on an empty cell and choosing PasteSpecial → Transpose. Do not calculate the quantities in Table 1-1 by hand – Exceldoes this for you.
 7. The Excel file will perform the calculations for you, but it is absolutely necessary that youunderstand what is being calculated. You can click on a given cell in Excel and look abovethe column headings to see the function being calculated. For example in cell F6, you willsee the following: =AVERAGE(B6:E6)*1000 This means that we are finding the averagetime in seconds between cells B6 and E6 and then converting the time to milliseconds(ms) by multiplying by 1000. You should click on each cell in a row to understand whatis being calculated.
 For each setting the Excel file calculates the average time (tavg = t, Column F), the standarddeviation σt(sigt, Column G), the “standard error in the mean” (σt) (stan error mean,Column H), and one-half of the least significant digit in the timer (0.05 ms, Column I).Let your uncertainty in t (σt), be the larger of the “standard error in the mean” or one-half of the least significant digit (0.05 ms). The larger of the two is in the next ColumnJ headed by “largest sigtbar”. In Column M we calculate the initial speed, v0 = d/ t. Inorder to calculate the uncertainty in the velocity we need to use the propagation of errors,because we have uncertainties in both distance d and time t. Therefore in Columns K andL we find the fractional errors in the time and distance, respectively. These values areused to determine the uncertainty in velocity given in Column N. Finally in Column Owe find the fractional uncertainty in the velocity, which we will use later to determine theuncertainty in a calculation of the range..
 8. Print out one copy of Table 1-1 from Excel for your group report.Question 1-2: Look at the function being calculated in cell N6 of the Excel file. What isbeing calculated? Explain the equation being used.
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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Lab 5 Projectile Motion L5-7
 Activity 1-2: Range as a Function of Initial Speed
 1. Now we are ready to take the range measurements. Remove the photogates (together withthe bracket holding them) so that you can more easily measure the distances. Replace thephotogates with a metal plate and digital protractor. Mount the launcher at the end of thetable so that you have enough room for the longest range (about 2 m) to land on the table.
 2. Verify that the apparatus is level and that the landing table is at the same height as thebottom of the projectile ball. The back plate of the launcher mount has two screws. One(closer to the launcher’s front) is in a fixed position around which the launcher pivots. Theother screw (closer to the back of the launcher) is inserted in the arc-shaped groove whichallows to set different launching angles. Pull the launcher so that the pivot screw is slidto the front of the launcher. For the purpose of checking the proper leveling, the launcherhas a contour drawing of the ball on its side. Place the plastic ruler on the table near thelauncher. Make sure that the bottom of the contour is level with the table and lock thepivot screw.
 3. Loosening the back screw will allow you to change and lock in different angle positions.Sometimes you will need to loosen the pivot screw as well to change the angle.
 4. Place the tape measure on the table such that one end of the tape matches with the centerof the ball’s contour drawn on the launcher. Stretch the tape through the entire length ofthe table and attach it to the table’s surface with the masking tape.
 5. Ask your TA for assistance if this procedure is not clear. IT IS CRUCIAL THAT YOUHAVE DONE EVERYTHING CORRECTLY!
 6. You can practice launching the projectile: try different angles and different velocities toget a feeling of where on the table different angular settings will land the projectile. Whendoing your actual measurements, you will record the landing spot of the ball on the tableby means of a pressure sensitive paper taped to the table. Do not tape the paper inposition until you are ready to start your measurements, because it is expensive, andwe can not afford to waste any.
 7. Now we want to choose one suitable angle and measure the range R for each of the threeinitial speeds that you determined earlier. We believe that the following angle will workthe best:
 Launch angle: 45◦
 Question 1-3: What criteria do you think we used for choosing your launch angle?Would it better to use a shallow or high angle? Does it matter for any reason?
 8. Place the pressure sensitive paper roughly at the expected landing spot and tape it. Takefive readings for each of the three initial speeds. You will notice that even if you keepthe initial speed and inclination fixed, the landing positions will be spread over several
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-8 Lab 5 Projectile Motion
 millimeters. The actual range you will use for plotting your data will be the average ofthe measured points. To avoid confusions due to spurious marks on the paper caused bybounces of the projectile, it is advisable, first, to label each mark as the ball makes itand, second, to perform the measurements with the longest ranges first. You might, forexample, circle each mark to distinguish it from the newer ones. Using the stretchedtape measure and the clear ruler record the value of the range for every launch. Your TAmay have some additional suggestions as to how to most easily measure the individualranges. Insert your results into Table 1-3 of the Excel file. Enter the data in centimeters,and we will convert it to meters in Excel. The Excel file will calculate the average rangedata and uncertainties.
 9. Excel has plotted your range data versus v2. The plot also indicates the theoretical rangecalculated using the velocities you determined in Activity 1-1 and shown in Table 1-3 ofthe Excel file. Because there are uncertainties in the velocity measurements (see ColumnsN and O of Table 1-1), there are also uncertainties in the calculation of our theoreticalranges. The error bars on the theory calculations in Table 1-3 are reflective of the veloc-ity uncertainties. We do the range theoretical calculations in Row 13 and determine theuncertainty in Row 14.Question 1-4: Examine Cell D14 in Table 1-3 of the Excel file. Write down the equationin the cell below. What is being calculated? Explain each term in the equation.
 10. Print out Table 1-3 from Excel and your graph.Question 1-5: Do your experimental data agree reasonably well with your theoreticalpredictions? How many of your data points overlap your theoretical calculation? Is thiswhat you expect? Do you believe your errors are statistical or systematic? Explain.
 11. Investigate Figure 5.3 and convince yourself that we are observing the effect of air resis-tance in our measurements. Fortunately we can account for the effect of the friction witha single correction which we can apply to all subsequent measurements.Question 1-6: For the fixed angle that you used in this experiment what is the theoreticalslope of the v2 vs. R line (note the order of variables in the question)?
 12. We have pre-programed Excel’s LINEST function in Table 1-3 (please find the cells la-belled as such). The result of this calculation is the experimental value of the slope of v2
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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Lab 5 Projectile Motion L5-9
 vs. R line. Write down this value in the space below. You will also enter this value inTable 1-2 of your Excel file in the next activity.
 geff: m/s2
 13. Compare the value of geff with the answer to Question 1-6. We can say that the effectof the friction in our experiment is as if the local gravity is ”stronger”. Instead of usingthe conventional value of g = 9.801 m/s2 we could account for air friction by using geffinstead. This is a simple way of accounting for the air friction where instead of apply-ing complicated theoretical calculations to each measurement we extracted a correctiondirectly from the experimental data and will apply this correction uniformly in all of thesubsequent measurements.
 Activity 1-3: Range as a Function of Initial Angle
 For this activity you will choose one of the three values of the launch speed and execute a set oflaunches for at least five different values of the launch angle: 15◦, 30◦, 45◦, 60◦, and 75◦. Wesuggest that you take range data with the highest initial speed.
 Question 1-7: Write down two reasons why it might be best to use the highest speed totake these data.
 Question 1-8: Write down a reason why it might NOT be best to use the highest speed totake these data.
 Prediction 1-1: Consider a coordinate system where the x and y coordinates are bothzero when the ball passes through the pivot and lands on the top of the landing board at thatsame level (y = 0). The ball then starts at y = 0 and reaches y = 0 again when landing onthe board. The range will simply be the x coordinate where it hits. Draw your qualitativepredictions for the trajectory on the following graph for 15◦, 30◦, 45◦, 60◦, 75◦ . (Thesewill be lines of motion.) Assume there is no air resistance. Do this before coming to lab.[Qualitative means do not use actual numbers, but make the trajectories correct relative toeach other: show which goes highest, which goes further, which have the same trajectory,etc.]
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-10 Lab 5 Projectile Motion
 L05-6 Lab 5 – Projectile Motion
 University of Virginia Physics Department PHYS 1429, Spring 2011
 Question 1-3: Write down two reasons why it might be best to use the highest speed to take these data.
 Prediction 1-1: Consider a coordinate system where the x and y coordinates are
 both zero when the ball passes through the pivot and lands on the top of the landing board at that same level ( 0y = ). The ball then starts at 0y = and reaches 0y =
 again when landing on the board. The range will simply be the x coordinate where it hits. Draw your quantitative prediction for the trajectory on the following graph for an initial angle of 45°.
 Horizontal displacement (x )
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 0
 Prediction 1-2: Draw your theoretical qualitative predictions for the range R as a func-tion of the initial angle α of 15◦, 30◦, 45◦, 60◦, 75◦ on the following graph. Make sure thepoints are correct relative to each other. Assume there is no air resistance. Do this beforecoming to lab.
 Lab 5 – Projectile Motion L05-7
 University of Virginia Physics Department PHYS 1429, Spring 2011
 Prediction 1-2: Mark your quantitative predictions for the range R (see Equation 6) for each of the launch angles on the following graph. [Note: These will be points.]
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 1. Remove the photogate so that you can more easily measure the distances. Turn off
 the photogate’s power.
 2. For each launch, the range of the projectile will be recorded by a dot on the pressure-sensitive paper. You will notice that even if you keep the initial speed and inclination fixed, the landing positions will be spread over several millimeters. The actual range you will use for plotting your data will be the average of the measured points.
 3. To avoid confusions due to spurious marks on the paper caused by bounces of the projectile, it is advisable, first, to label each mark as the ball makes it and, second, to perform the measurements with the longest ranges first. You might, for example, circle each mark to distinguish it from the newer ones. Do not take data until instructed to do so! Ask your TA for permission to proceed.
 Question 1-4: Which angle corresponds to the longest range? Explain. That should be your first angle.
 4. Click on the tab for the Table 1-2 sheet in Excel. Record your initial speed (also enter it into cell I15):
 0v : ________________
 5. Now take your data for this 0v and insert your values into Table 1-2 of the Excel file.
 Your TA may have some suggestions as to how to most easily measure the individual ranges. Make your measurements in centimeters (we will have Excel make the
 1. Again, for each launch, the range of the projectile will be recorded by a dot on thepressure-sensitive paper.Question 1-9: Can you determine from the formula given earlier (Eq. (5.6)) which anglecorresponds to the longest range? Explain. That should be your first angle.
 2. Record your initial speed:
 v0: ± m/s
 Enter this speed in Table 1-2 of your Excel file. You may have to click on the correct sheetin Excel at the bottom of the screen.
 Enter the value of geff in Table 1-2 of your Excel file. You may, again, have to click on thecorrect sheet in Excel at the bottom of the screen to find it.
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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Lab 5 Projectile Motion L5-11
 3. Now take your data for this same v0 and insert your values into Table 1-2 of the Excelfile. It is easiest to measure in centimeters, and we will convert to meters in the Excel file.Remember to work together. One student can input the data into Excel, while the otherstudents perform the measurements. Move quickly along to take these data.
 4. You do not need to do the calculations of R, σR, and σR shown in Table 1-2. Excel will dothis for you.Question 1-10: Think about your measurement of the range. How accurate do you thinkthat measurement is? At the very most it can be no better than you can read the measurementdevice (meter stick, tape measure, whatever...) Write below what you think this limitingmeasurement value is and enter it into Table 1-2 row 14 of the Excel file.
 Measurement limit: mm
 Explain how you determined this value:
 5. For each angle, Excel calculates the average range, R, the standard deviation,σR, and the“standard error in the mean” σR. Let your uncertainty in R be the larger of the “standarderror in the mean” or the value of your measurement limit from Question 1-10. Theuncertainty in R is finally given in Row 15.Question 1-11: Does it appear from your data that the ranges for any of the angles areabout the same? If so, for which sets of data is this true? Discuss. Do you expect anyangles to have the same range? Explain.
 6. Look carefully at Table 1-2 in your Excel file to see what is being calculated. For example,the theoretical range is calculated in Column J depending on the angles shown in ColumnH, velocity given in Cell I15, and air resistance correction given in Cell I17. The averageexperimental range is determined in Column K. The graph shows the theoretical range Rplotted versus sin(2α) and is compared with your experimental measurements. The theorycalculation depends on the velocity measurement you made in the previous activity.Question 1-12: Rtheory is being calculated in column J. Write down the equation used interms of parameters (not cell numbers) and explain where the equation comes from. Notewhere the air resistance correction from previous activity comes in.
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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L5-12 Lab 5 Projectile Motion
 Question 1-13: Explain what is being calculated in cell D13 of Table 1-2 in Excel. Writedown the equation used in this cell below. What equation from the summary of AppendixC are we determining?
 7. Print out Table 1-2 in Excel and include the graph with your report.
 Question 1-14: How well do your measurements agree with your predictions? Considerboth the agreement between the ”similar” pairs of the angles as well as the agreement withthe theoretical line. Remember that the theoretical line has an experimental input for initialvelocity and the air resistance correction. Are the deviations consistent with the accuracyyou expect of your measurements? Explain why or why not. Discuss possible sources ofsystematic errors that may be present.
 Please clean up your lab area
 University of Virginia Physics DepartmentPHYS 1429, Spring 2015
 Modified from P. Laws, D. Sokoloff, R. Thornton
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