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Executive Summary

The Albert Nerken School of Engineering intends to develop an interactive method of instruction
for Engineering Mechanics (ESC 100). This new approach to undergraduate education adapts and
furthers the "studio” concept of instruction. In this system of learning, student workstations,
tabletop experiments, computer software, videotapes and traditional textbooks will be combined to
create a dynamic teaching environment, which integrates the traditional separate activities of
instruction, lecture, recitation and laboratory. The current research effort focused on the
development of teaching modules for the dynamics portion of the course.

Introduction

This research effort was performed by Professors Grossman, Guido and L4, all of whom have
taught Engineering Mechanism (ESC 100) numerous times. There are currently three sections of
ESC 100, which is required to be taken by the Civil Engineering, Electrical Engineering and
Mechanical Engineering students in the fall semester of their sophomore year. All three
investigators concurred that the course is currently taught as two-thirds statics and one-third
dynamics. Teaching modules for statics were developed in the Summer of 2000 and this report
contains the teaching modules for dynamics that were developed in the Spring of 2001.

It was decided that five teaching modules would be developed for the dynamics portion of
Engineering Mechanics (ESC 100). These modules can be found in Table 1. In the development
of each module: Prof. Grossman researched the lecture material; Prof. Guido the table top
experiments; and Prof. Li the available CD Roms, software, videos, etc.

Table 1
ESC 100 - Engineering Mechanics
Teaching Modules for Dynamics

Topics Dynamics Modules Chapters*

Kinematics Rectilinear and Curvilinear Motion 11

(1 module)

Kinetics I Second Law and Space Dynamics 12

(1 module)

Kinetics 11 | Work-Energy 13.10-15
(2 modules) Impulse-Momentum

Vibrations Free, Forced, Damped 19

(1 module)

Note: Each module is 3 hours or | week and 1-2 hour exam is included in this frame, after the
module on vibrations.

* The textbook currently used for ESC 100 is "Vector Mechanics for Engineers: Statics and
Dynamics," by F. P. Beer and E.R. Johnston, Jr., Sixth Edition. McGraw-Hill, 1997.




Teaching Modules

Professor Grossman has suggested that the Review and summary sections at the end of each
chapter of the textbook be used as the lecture material for each of the five modules. See Table 2.

Table 2
Lecture Material
Topics Modules Lecture Material*
VI. Kinematics 11. Rectilinear and Curvilinear | pp. 659-662
Motion
VIL. Kinetics I 12. Second Law and Space pp. 720-723
Dynamics
VIII. Kinetics II 13. Work-Energy pp- 816-819
14. Impulse-Momentum pp. 819-821
IX. Vibrations 15. Free, Forced, Damped pp- 1234-1238

* Text: "Vector Mechanics for Engineers: Statics and Dynamics,” by F. P. Beer and E.R.
Johnston, Jr., Sixth Edition. McGraw-Hill, 1997. See Appendix 1 for actual pages.

Professor Guido contacted PASCO Scientific, the company that manufactures the table top
equipment needed for the table top experiments, and obtained a web site
(www2.PASCO.com/TECHSUPP) from which he obtained experiments for the dynamics
equipment needed. This equipment was specified in the summer 1999 report entitled "Engineering
Mechanics Studio Classroom." The main table top equipment needed for dynamics is “The
Dynamics Cart Accessory Track Set —2.2M Version” (ME 9490) and the “Projectile Launcher
Short/Long Version” (ME 6800, ME 6801). Professor Guido has specified which table top
experiments should be performed by the instructor as class demonstrations and which experiments
should be performed by the students as homework assignments. See Table 3.

Professor Li has searched the web and has obtained websites containing information pertaining to
each of the five modules. These websites can be gone to during regular class time or visited by the
students at their leisure. In addition, Professor Li has reviewed the 2 CD-roms now available with
the textbook. They are "Working Model @ 3D Simulations CD-Rom," and "Student Resources
CD-Rom." She has reviewed both sample problems and homework problems. See page 4.




Module 11

Module 12

Module 13

Module 14

Module 15

(Class demo)
(HW)

(Class demo)
(HW)

(Class demo)
(HW)

(Class Demo)

(Class demo)
(HW)

Table 3
Table Top Experiments

Rectilinear and Curvilinear Motion

Using "Projectile Launcher Short/Long Version" from PASCO:
Experiment No. | — Projectile Motion

Experiment No. 4 — Projectile Path

Second Law and Space Dynamics

Using "Dynamics Cart Accessory Track Set (2.2M Version)" from
PASCO:

Experiment No. 6 — Newton’s Second Law

Experiment No. 9 — Newton’s Second Law II

Work-Energy

Using "Dynamics Cart Accessory Track Set (2.2M Version)" from
PASCO:

Experiment No. 9 — Conservation of Energy

Using "Projectile Launcher Short/Long Version"” from PASCO:
Experiment No. 5 — Conservation of Energy

Impulse-Momentum
Using "Dynamics Cart Accessory Track Set (2.2M Version)" from
PASCO:

Experiment No. 2 — Conservation of Momentum in Collisions

Free, Forced, Damped Vibrations

Using "Dynamics Cart Accessory Track Set (2.2M Version)" from
PASCO:

Experiment No. 3 — Simple Harmonic Oscillator

Experiment No. 5 — Springs in Series and Parallel

*Note: See Appendix 2 for the cxperiments associated with the "Dynamics Cart Accessory Track
Set (2.2M Version)", and Appendix 3 for the experiments associated with the "Projectile Launcher
Short/Long Version".




CD-Rom Accompanying "Vector Mechanics for Engineers: Statics and Dynamics"

CD-ROMs:  all CD-ROMs are attached with the textbook
New Media Version — Vector Mechanics for Engineers:
CD1l  Working Model, 3D Simulations
CD2 Student Resources

Pertinent Websites

Module 11: Rectilinear & Curvilinear Motions
From CD1
Sample Problem 11.8 (p.629) - Interact with initial launch speed and
trajectory angle in a classic projectile motion problem

Homework Problem 11.36 (p.604) - See the effect of acceleration and
initial speed on a car's displacement

Homework Problem 11.41 (p.606) - Correlate acceleration with
displacement in a boat race

From CD2:
Dynamics Tutorial >Analysis Tools:

Rectilinear & Curvilinear Motions

Resource from Web:

From the textbook publisher
http://www.mhhe.com/engcs/engmech/beerjohnston/slide. mhtml

Chapter Reviews

http://www.mhhe.com/engcs/engmech/beerjohnston/ppreview/CHAP1 1 _files/v3_document.htm
Figures

htt%://www.mhhe.com/engcs/engmech/beerjohnston/ppfigures/CHAP1 1_files/v3_document.htm

Problems
http://www.mhhe.com/engcs/engmech/beerjohnston/chapterp.mhtml

Module 12: Newton 2™ Law, Linear Momentum (Chapter12)

From CD1:
Sample Problem 12.3 (p.677) - Notice that acceleration and pulley tension
are functions of block mass

Sample Problem 12.4 (p.678) - Experiment with the mass of a sliding-
block-on-sliding-wedge problem to learn about relative
acceleration

Homework Problem 12.45 (p.690) - See the effects of angle and wrecking
ball mass on cable tension




From CD2:
Dynamics Tutorial—Particle Kinetics:

Newton’s 2™ Law

Resource from Web:

From the textbook publisher
http://www.mhhe.com/engcs/engmech/beerjohnston/slide. mhtml

Chapter Reviews
http://www.mhhe.com/engcs/engmech/beerjohnston/ppreview/CHAP12_files/v3_document.htm
Figures

htt%)://www.mhhe.com/engcs/engmech/beerjohnston/ppfigures/CHAP1 2_files/v3_document.htm
Problems

http://www.mhhe.com/engcs/engmech/beerjohnston/chapterp.mhtml

Module 13: Work-Energy

From CD1:
Sample Problem 13.6 (p.761) - Form engineering insights into the role of
spring constant on amplitude and frequency of collar motions
Sample Problem 13.17 (p.805) - Learn about the effect of spring stiffness
on the maximum deflection of a dropped block
From CD2:

Dynamics Tutorial>Particle Kinetics:
Work-Energy (13.1-13.8)

Resource from Web:

From the textbook publisher
http://www.mhhe.com/engcs/engmech/beerjohnston/slide. mhtml

Chapter Reviews
http://www.mhhe.com/engcs/engmech/beerjohnston/ppreview/CHAPI13_files/v3_document.htm
Figures

htt%)://www.mhhe.com/engcs/engmech/beerjohnston/ppfigures/CHAP1 3_files/v3_document.htm

Problems
http://www.mhhe.com/engcs/engmech/beerjohnston/chapterp.mhtml

Module 14: Impulse-Momentum

From CD1:

Homework Problem 13.187 (p.815) - Observe post-impact velocity and
energy loss due to:
a. inclination angle
b. coefficient of restitution

Homework Problem 13.188 (p.815) - View the effect of coefficient of

restitution on post-impact speed and energy loss

From CD2:
Dynamics Tutorial—Particle Kinetics:
Impulse-Momentum (13.10-13.15)




Resource from Web:

From the textbook publisher

http://www.mhhe.com/engcs/engmech/beerjohnston/slide. mhtml

Chapter Reviews
http://www.mhhe.com/engcs/engmech/beerjohnston/ppreview/CHAP13_files/v3_document.htm
Figures

htt%)://www.mhhc.com/cngcs/cngmech/beerjohnston/ppfigures/CHAP 13_files/v3_document.htm
Problems

http://www.mhhe.com/engcs/engmech/beerjohnston/chapterp. mhtml

Module 15: Vibration

From CD1:

Sample Problem 19.1 (p.1178) - Compare and contrast the motion of a

system connected by springs in parallel with a system connected by
springs in series

Sample Problem 19.5 (p.1212) - Develop intuition about amplitude
amplification and resonance caused by a small revolving
particle

Resource from Web:

From the textbook publisher
http://www.mhhe.com/engcs/engmech/beerjohnston/slide.mhtml

Chapter Reviews
http://www.mhhe.com/engcs/engmech/beerjohnston/ppreview/CHAP19_files/v3_document.htm
Figures

httgi)://www.mhhe.com/enﬁcs/engmech/beeriohnston/pnﬁyzures/(lHAP]9 files/v3 document.htm
Problems ,
http://www.mhhe.com/engcs/engmech/beerjohnston/chapterp.mhtml




Conclusions and Recommendations

The integration of table top experiments for the demonstration of relevant ideas, and the use of the
internet and other available multimedia resources into the traditional lecture mode of teaching
Engineering Mechanics (ESC 100) will take a concerted effort on the part of the instructors. When
the Engineering Mechanics Studio/Classroom is made available and the necessary equipment
purchased (See Gateway Report Summer 1999), a familiarity and expertise with the equipment will
be essential by the instructors for the development of the new Engineering Mechanics course.
Professors Grossman, Guido and Li should be the development team. Additional funding should
be made available for this very important phase of the project.
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' MODULE No. 1)
B REVIEW AND SUMMARY

FOR CHAPTER 11

In‘the first half of the chapter, we analyzed the rectilinear motion of ~ Position coordinate of a particle in
a particle, i.e., the motion of a particle along a straight line. To define rectilinear motion.
" the position P of the particle on that line, we chose a fixed origin O

_and a positive direction (Fig, 11.27). The distance x from O to P, with o) 4
 the appropriate sign, completely defines the position of the particle - l——: L S
on the line and is called the position coordinate of the particle [Sec. ) T
11.2]. Fig. 11.27
The velocity v of the particle was shown to be equal to the time Velocity and acceleration in rectiinear
derivative of the position coordinate x, motion
dx
o= | (11.1)
and the acceleratzon a was obtamed by differentiating v with respect
to ¢,
do _
a= F (11.2)
or
_d= (11.3)
a=—3 .
We also noted that a could be expressed as
‘a= v%-:- (11.4)

We observed that the velocity v and the acceleration a were rep-
resented by algebraic numbers which can be positive or negative. A
positive value for v indicates that the parhcle moves in the positive
direction, and a negative value that it moves in the negative direction.
A positive value for a, however, may mean that the particle is truly
accelerated (i.e., moves faster) in the positive direction, or that it is
decelerated (i.e., moves more slowly) in the negative direction. A
negative value for a is subject to a similar interpretation [Sample

Prob. 11.1].
In most problems, the conditions of motion of a particle are de- Determination of the velocity and
fined by the type of acceleration that the particle possesses and by the acceleration by integration

initial conditions [Sec. 11.3]. The velocity and position of the particle
can then be obtained by integrating two of the equations (11.1) to
(11.4). Which of these equations should be selected depends upon
the type of acceleration involved [Sample Probs. 11.2 and 11.3].
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660 Kinematics of Particles

Uniform rectilinear motion

Uniformly accelerated rectilinear motion

Relative motion of two particles

Blocks connected by inextensible cords

Graphical solutions

Position vector and velocity in curvilinear
motion

Two types of motion are frequently encountered: the uniform
rectilinear motion [Sec. 11.4), in which the velocity v of the particle is
constant and

X =Xp + ot ) (11.5)

and the uniformly accelerated rectilinear motion {Sec. 11.5}, in which
the acceleration @ of the particle is constant and we have

V=9 + at : (116)
x = xo + vot + }at® (11.7)
v? = v} + 2(x — xp) (11.8)

When two particles A and B move along the same straight line,
we may wish to consider the relative motion of B with respect to A

o A B

x
XA —4‘— AT

s

Fig. 11.28

[Sec. 11.6]. Denoting by xp,4 the relative position coordinate of B
with respect to A (Fig. 11.28), we had

Xg = X4 + Xp/a (119)

Differentiating Eq. (11.9) twice with respect to ¢, we obtained succes-
sively
Vg = Uy + Upg/a (11.10)

g = Ay + aga (1111) %

where vp,4 and ap, represent, respectively, the relative velocity and
the relative acceleration of B with respect to A.

When several blocks are connected by inextensible cords, it is
possible to write a linear relation between their position coordinates.
Similar relations can then be written between their velocities and
between their accelerations and can be used to analyze their motion
[Sample Prob. 11.5].

It is sometimes convenient to- use a graphical solution for prob-
lems involving the rectilinear motion of a particle [Secs. 11.7 and
11.8]. The graphical solution most commonly used involves the x—,
v-t, and a—t curves [Sec. 11.7; Sample Prob. 11.6]. It was shown that,
at any given time ¢,

v = slope of x—t curve
= slope of vt curve

while, over any given time interval from ¢, to t,,
vg — v; = area under a—t curve
xg — x; = area under vt curve

In the second half of the chapter, we analyzed the curvilinear
motion of a particle, i.e., the motion of a particle along a curved path.
The pt}slition P of the particle at a given time [Sec. 11.9] was defined




{.

S
4

H

by the position vector r joining the origin O of the coordinates and
point P (Fig. 11.29). The velocity v of the particle was defined by the
relation

V= (11.15)

and was found to be a vector tangent to the path of the particle and of

‘magnitude v (called the speed of the particle) equal to the time deriv-

ative of the length s of the arc described by the particle:

= & (11.16)
0= .
The acceleration a of the particle was defined by the relation
dv
a=— (11.18)

and we noted that, in general, the acceleration is not tangent to the
path of the particle.

Before proceeding to the consideration of the components of
velocity and acceleration, we reviewed the formal definition of the
derivative of a vector function and established a few rules governing
the differentiation of sums and products of vector functions. We then
showed that the rate of change of a vector is the same with respect to
a fixed frame and with respect to a frame in translation [Sec. 11.10].

Denoting by x, y, and z the rectangular coordinates of a particle
P, we found that the rectangular components of the velocity and ac-
celeration of P equal, respectively, the first and second derivatives
with respect to ¢ of the corresponding coordinates:
v, =% v, =1 v, =% - (11.29)
a, =X a, = i a, =% (11.30)
When.the component a, of the acceleration depends only upon ¢,
x, and/or v,, and when similarly 2, depends only upon ¢, y, and/or v,,
and a, upon t, z, and/or v,, Egs. (11.30) can be integrated indepen-
dently. The analysis of the given curvilinear motion can thus be re-
duced to the analysis of three independent rectilinear component
motions [Sec. 11.11]. This approach is particularly effective in the
study of the motion of projectiles [Sample Probs. 11.7 and 11.8}.

For two particles A and B moving in space (Fig. 11.30), we con-
sidered the relative motion of B with respect to A, or more precisely,
with respect to a moving frame attached to A and in translation with A
[Sec. 11.12]. Denoting by rp,, the relative position vector of B with
respect to A (Fig. 11.30), we had

g = Ky + rgm (1131) '

Denoting by vg, and ag,, respectively, the relative velocity and the
relative acceleration of B with respect to A, we also showed that
Vg = Va + VYg/A (1133)
and
ag = 8,4 + ap/A (1134)

Review and Summary for Chapter 11 661

Fig. 11.29

Acceleration in curvilinear motion

Derivative of a vector function

Rectangular components of velocity and
acceleration

Component motions

Relative motion of two particles

Fig. 11.30
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Kinematics of Particles

Tangential and normal components

o —
Fig. 11.31

Motion along a space curve

Radial and transverse components

It is sometimes convenient to resolve the velocity and accelera-
tion of a particle P into components other than the rectangular x, y,
and z components. For a particle P moving along a path contained in
a plane, we attached to P unit vectors e, tangent to the path and e,
normal to the path and directed toward the center of curvature of the
path [Sec. 11.13]. We then expressed the velocity and acceleration of
the particle in terms of tangential and normal components. We wrote

vV = ve; (11.36)
and
do v?
a ;7 e, p e, (11.39)

where v is the speed of the particle and p the radius of curvature of its
path [Sample Probs. 11.10 and 11.11]. We observed that while the
velocity v is directed along the tangent to the path, the acceleration a
consists of a component a, directed along the tangent to the path and
a component a,, directed toward the center of curvature of the path
(Fig. 11.31).

For a particle P moving along a space curve, we defined the plane
which most closely fits the curve in the neighborhood of P as the
osculating plane. This plane contains the unit vectors e, and e, which
define, respectively, the tangent and principal normal to the curve.
The unit vector e, which is perpendicular to the osculating plane
defines the binormal.

When the position of a particle P moving in a plane is defined by
its polar coordinates r and 6, it is convenient to use radial and trans-
verse components directed, respectively, along the position vector r
of the particle and in the direction obtained by rotating r through 90°
counterclockwise [Sec. 11.14]. We attached to P unit vectors e, and e,
directed, respectively, in the radial and transverse directions (Fig.
11.32). We then expressed the velocity and acceleration of the parti-
cle in terms of radial and transverse components

v = re, + rbe, (11.43)
a=(+—re, + (rf + 270)e, (11.44)
where dots are used to indicate differentiation with respect to time.
The scalar componcnts of the velocity and acceleration in the radial
and transverse directions are therefore
= vg = rl (11.45)
a,=F—1r6* ap=rb+ 270 (11.46)
It is important to note that a, is not equal to the time derivative of v,,

and that ag is not equal to the time derivative of vy [Sample Prob,
11.12]. '

The chapter ended with a discussion of the use of cylindrical
coordinates to define the position and motion of a particle in space.




Newton's second law

Linear momentum

Consistent systems of units

Equations of motion for a particle

Dynamic equilibrium
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MOoDuUuLE NO.I’Z»
REVIEW AND SUMMARY
FOR CHAPTER 12

This chapter was devoted to Newton’s second law and its application
to the analysis of the motion of particles.

Denoting by m the mass of a particle, by ZF the sum, or resul-
tant, of the forces acting on the particle, and by a the acceleration of
the particle relative to a newtonian frame of reference [Sec. 12.2], we
wrote

SF = ma ' (12.2)

Introducing the linear momentum of a particle, L = mv [Sec.
12.3], we saw that Newton’s second law can also be written in the
form

SF=L (12.5)

which expresses that the resultant of the forces acting on a particle is
equal to the rate of change of the linear momentum of the particle.

Equation (12.2) holds only if a consistent system of units is used.
With SI units, the forces should be expressed in newtons, the masses
in kilograms, and the accelerations in m/s% with U.S. customary units,
the forces should be expressed in pounds, the masses in Ib - s%ft (also
referred to as slugs), and the accelerations in ft/s? [Sec. 12.4].

To solve a problem involving the motion of a particle, Eq. (12.2)
should be replaced by equations containing scalar quantities [Sec.
12.5]. Using rectangular components of F and a, we wrote

2F, = ma, 2F, = ma 2F, = ma, (12.8)

y
Using tangential and normal components, we had

2
SF, = m 3F, = m— (12.9')
dt P

We also noted [Sec. 12.6] that the equations of motion of a parti-
cle can be replaced by equations similar to the equilibrium equations
used in statics if a vector —ma of magnitude ma but of sense opposite
to that of the acceleration is added to the forces applied to the parti-
cle; the particle is then said to be in dynamic equilibrium. For the
sake of uniformity, however, all the Sample Problems were solved by
using the equations of motion, first with rectangular components
[Sample Probs. 12.1 through 12.4], then with tangential and normal
components [Sample Probs. 12.5 and 12.6].




In the second part of the chapter, we defined the angular mo-
mentum Hy of a particle about a point O as the moment about O of
the linear momentum mv of that particle [Sec. 12.7]. We wrote

H,=r Xmv (12.12)

and noted that H,, is a vector perpendicular to the plane containing r
and mv (Fig. 12.24) and of magpitude

Ho = rmv sin ¢ (12.13)

Resolving the vectors r and mv into rectangular components, we
expressed the angular momentum Hp in the determinant form

T T
Ho=|x y z (12.14)
mo, mo, my,

In the case of a particle moving in the xy plane, we have z = v, = 0.
The angular momentum is perpendicular to the xy plane and is com-
pletely defined by its magnitude. We wrote

Ho = H, = m(xvy, — yo,) (12.16)

Computing the rate of change Ho, of the angular momentum Hy,
and applying Newton’s second law, we wrote the equation

Mo = Hp (12.19)

which states that the sum of the moments about O of the forces acting
on a particle is equal to the rate of change of the angular momentum
of the particle about O.

In many problems involving the plane motion of a particle, it is
found convenient to use radial and transverse components [Sec. 12.8,
Sample Prob. 12.7] and to write the equations

SF, = m(# — r6% (12.21)
SFp = m(rf + 2i0) (12.22)

When the only force acting on a particle P is a force F directed
toward or away from a fixed point O, the particle is said to be moving
under a central force [Sec. 12.9]. Since ZMo = 0 at any given instant,
it follows from Eq. (12.19) that Hp = 0 for all values of ¢ and, thus,
that

H, = constant (12.23)

We concluded that the angular momentum of a particle moving under
a central force is constant, both in magnitude and direction, and that
the particle moves in a plane perpendicular to the vector Ho,.

Review and Summary for Chapter 12 7‘21

Angular momentum

H,

Fig. 12.24

Rate of change of angular momentum

Radial and transverse components

Motion under a central force




722 Kinetics of Particles: Newton's Second Law

Fig. 12.25

Newton’s law of universal gravitation

Fig. 12.27

Orbital motion

Recalling Eq. (12.13), we wrote the relation
rmo sin @ = rgmug sin gy (12.25)

for the motion of any particle under a central force (Fig, 12.25). Using
polar coordinates and recalling Eq. (12.18), we also had

r*0=nh (12.27)

where h is a constant representing the angular momentum per unit
mass, Ho/m, of the particle. We observed (F: ig. 12.26) that the infini-
tesimal area dA swept by the radius vector OP as it rotates through d6
is equal to 3r% d6 and, thus, that the left-hand member of Eg. (12.27)
represents twice the areal velocity dA/dt of the particle. Therefore,
the areal velocity of a particle moving under a central force is con-
stant.

O o
Fig. 12.26

An important application of the motion under a central force is
provided by the orbital motion of bodies under gravitational attrac-
tion [Sec. 12.10]. Acording to Newton’s law of universal gravitation,
two particles at a distance r from each other and of masses M and m,
respectively, attract each other with equal and opposite forces F and
~F directed along the line joining the particles (Fig. 12.27). The
common magnitude F of the two forces is

F=cim (1228)
r

where G is the constant of gravitation. In the case of a body of mass m
subjected to the gravitational attraction of the earth, the product GM,
where M is the mass of the earth, can be expressed as

GM = gR? (12.30)
where g = 9.81 m/s® = 32.2 ft/s* and R is the radius of the earth.
It was shown in Sec. 12.11 that a particle moving under a central

force describes a trajectory defined by the differential equation

d® F
douﬁ tu=— (12.37)




. where F > 0 corresponds to an attractive force and u = I/r. In the
case of a particle moving under a force of gravitational attraction [Sec.

" 12.12], we substituted for F the expression given in Eq. (12.28). Mea-
suring @ from the axis OA joining the focus O to the point A of the
trajectory closest to O (Fig. 12.28), we found that the solution to Eq.
(12.37) was

1 G
—=u =5 4+ C cos 0 (12.39)
r h

This is the equation of a conic of eccentricity & = Ch%GM. The conic
is an ellipse if £ < 1, a parabola if £ = 1, and a hyperbola if &> 1.
The constants C and h can be determined from the initial conditions;
if the particle is projected from point A (8 = 0, r = ro) with an initial
velocity v, perpendicular to OA, we have h = rovy [Sample Prob.
12.9).

It was also shown that the values of the initial velocity corre-
sponding, respectively, to a parabolic and a circular trajectory were

2GM
Vose = \/ = (12.43)
To
,GM
Vgire = [ (12.44)
To

and that the first of these values, called the escape velocity, is the
smallest value of v, for which the particle will not return to its starting
point.

The pen‘odi'c time 7 of a planet or satellite was defined as the time
required by that body to describe its orbit. It was shown that

_ 2mab
h

T (12.45)

where h = ryvy and where g and b represent the semimajor and semi-
minor axes of the orbit. It was further shown that these semiaxes are
respectively equal to the arithmetic and geometric means of the maxi-
mum and minimum values of the radius vector r.

The last section of the chapter [Sec. 12.13] presented Kepler’s
laws of planetary motion and showed that these empirical laws, ob-
tained from early astronomical observations, confirm Newton’s laws
of motion as well as his law of gravitation.

Review and Summary for Chapter 12

Fig. 12.28

Escape velocity

Periodic time

Kepler's laws
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Fig. 13.29

816

Work of a force

Work of a weight

MovuLe S no. 1IZAaND 14
REVIEW AND SUMMARY
FOR CHAPTER 13

This chapter was devoted to the method of work and energy and to
the method of impulse and momentum. In the first half of the chap-
ter we studied the method of work and energy and its application to
the analysis of the motion of particles.

‘We first considered a force F acting on a particle A and defined
the work of F corresponding to the small displacement dr [Sec. 13.2]
as the quantity

. dU=F -dr (13.1)
or, recalling the definition of the scalar product of two vectors,
dU =Fdscos a (13.1")

where a is the angle between F and dr (Fig. 13.29). The work of F
during a finite displacement from A; to Ay, denoted by U,_,,, was
obtained by integrating Eq. (13.1) along the path described by the
particle:

A!

Upp = F-dr (13.2)
Al
For a force defined by its rectangular components, we wrote
Ay
Use=| (F.dx+F,dy +F,dz) (13.2")
4

The work of the weight W of a body as its center of gravity moves
from the elevation y; to y, (F ig. 13.30) was obtained by substituting
F,=F,=0andF, = ~Winto Eq. (13.2") and integrating. We found

Y2
Ul—’24= - Wdy = W!h - Wy2 (134)
Y
w '\’;‘;’}2

Flg. 13.30
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Spring undeformed

Fig. 13.31

The work of a force F exerted by a spring on a body A during Work of the force exerted by a spring
a finite displacement of the body (Fig. 13.31) from A;(x = 1,) to
Aq(x = xy) was obtained by writing
dU = —Fdx = —kxdx

Upoy = — j " e e = b — Fhol (13.6)

The work of F is therefore positive when the spring is returning to its
undeformed position.

M
Fig. 1332 0O

The work of the gravitational force F exerted by a particle of Work of the gravitational force
mass M located at O on a particle of mass m as the latter moves from
A, to A, (Fig. 13.32) was obtained by recalling from Sec. 12.10 the
expression for the magnitude of F and writing
"= GMm GMm  GMm
(13.7)

U1—>2 = - 3 dT = -
r Ty Ty

"
The kinetic energy of a particle of mass m moving with a velocity ~ Kinetic energy of a particle
v [Sec. 13.3] was defined as the scalar quantity

T = }mo? (13.9)
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Principle of work and energy

Method of work and energy

Power and mechanical efficiency

Conservative force. Potential energy

From Newton's second law we derived the principle of work and
energy, which states that the kinetic energy of a particle at A, can be
obtained by adding to its kinetic energy at A, the work done during
the displacement from A, to A, by the force F exerted on the particle.

Tl + Ul_.g = Tg (1311)

The method of work and energy simplifies the solution of many
problems dealing with forces, displacements, and velocities, since it
does not require the determination of accelerations [Sec. 13.4]. We
also note that it involves only scalar quantities and that forces which
do no work need not be considered [Sample Probs. 13.1 and 13.3].
However, this method should be supplemented by the direct applica-
tion of Newton’s second law to determine a force normal to the path

of the particle [Sample Prob. 13.4].

The power developed by a machine and its mechanical efficiency
were discussed in Sec. 13.5. Power was defined as the time rate at
which work is done:

Power = ‘_tiitg =F v (13.12, 13.13)

where F is the force exerted on the particle and v the velocity of the
particle [Sample Prob. 13.5]. The mechanical efficiency, denoted by
7, was expressed as

5= power oumut (13.15)

power input

When the work of a force F is independent of the path followed
[Secs. 13.6 and 13.7], the force F is said to be a conservative force,
and its work is equal to minus the change in the potential energy V
associated with F:

Ul—’2 = Vl - V2 4 (13.19')

The following expressions were obtained for the potential energy as-
sociated with each of the forces considered earlier:

Force of gravity (weight): Ve=Wy (13.16)
Gravitational force: Ve=— Gl:lm (13.17)
Elastic force exerted by a spring: V, = $kx? (13.18)




;

Substituting for U)o from Eq. (13.19") into Eq. (13.11) and rear-
ranging the terms [Sec. 13.8], we obtained

Tl + Vl = T2 + V2 (13.24)

This is the principle of conservation of energy, which states that when
a particle moves under the action of conservative forces, the sum of its
kinetic and potential energies remains constant. The application of
this principle facilitates the solution of problems involving only con-
servative forces [Sample Probs. 13.6 and 13.7].

Recalling from Sec. 12.9 that, when a particle moves under a
central force F, its angular momentum about the center of force O
remains constant, we observed [Sec. 13.9] that, if the central force F
is also conservative, the principles of conservation of angular momen-
tum and of conservation of energy can be used jointly to analyze the
motion of the particle [Sample Prob. 13.8]. Since the gravitational
force exerted by the earth on a space vehicle is both central and
conservative, this approach was used to study the motion of such
vehicles [Sample Prob. 13.9] and was found particularly effective in
the case of an oblique launching. Considering the initial position Py
and an arbitrary position P of the vehicle (Fig. 13.33), we wrote

(Hp)o = Hop: rgmvg sin ¢y = rmo sin ¢ (13.25)
GM GM
To+Vo=T+V: mof—— M o dmo? — % (13.26)
0

where m was the mass of the v-ehicle and M the mass of the earth.

The second half of the chapter was devoted to the method of
impulse and momentum and to its application to the solution of vari-
ous types of problems involving the motion of particles.

The linear momentum of a particle w(:as defined [Sec. 13.10] as
the product mv of the mass m of the particle and its velocity v. From
Newton’s second law, F = ma, we derived the relation

te
Fdt = mvy
tl

mvy + (13.28)
where mv; and mv, represent the momentum of the particle at a time
t, and a time t,, respectively, and where the integral defines the linear
impulse of the force F during the corresponding time interval. We
wrote therefore

(13.30)

which expresses the principle of impulse and momentum for a parti-
cle.

mv; + Imp,;_., = mv,

Review and Summary for Chapter 13
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Principle of conservation of energy

Motion under a gravitational force
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Fig. 13.33

Principte of impulse and momentum for
a particle
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820 Homods . When the particle considered is subjected to several forces, the

sum of the impulses of these forces should be used; we had
mvy + Z Imp,_.; = mv, (13.32)

Since Egs. (13.30) and (13.32) involve vector quantities, it is nec-
essary to consider their x and y components separately when applying
them to the solution of a given problem [Sample Probs. 13.10 and
13.11].

Impulsive motion The method of impulse and momentum is particularly effective
' in the study of the impulsive motion of a particle, when very large
forces, called impulsive forces, are applied for a very short interval of
time At, since this method involves the impulses F At of the forces,
rather than the forces themselves [Sec. 13.11]. Neglecting the im-
pulse of any nonimpulsive force, we wrote

mv; + ZF At = mv, (13.35)
In the case of the impulsive'motion of several particles, we had
Smv, + SF At = Zmv, (13.36)

where the second term involves only impulsive, external forces [Sam-
ple Prob. 13.12].

In the particular case when the sum of the impulses of the external
Jorces is zero, Eq. (13.36) reduces to Zmv, = Zmv,; that is, the total
momentum of the particles is conserved.

. >
Direct central impact In Secs. 13.12 through 13.14, we considered the central impact of
two colliding bodies. In the case of a direct central impact [Sec.
13.13], the two colliding bodies A and B were moving along the line of
impact with velocities v, and vp, respectively (Fig. 13.34). Two equa-
tions could be used to ‘'determine their velocities v}, and v after the

Fig. 13.34




impact. The first expressed conservation of the total momentum of

the two bodies,
mav, + mpvp = Mavy + Mpvp (13.37)

where a positive sign indicates that the corresponding velocity is di-
rected to the right, while the second related the relative velocities of
the two bodies before and after the impact,

vp — v4 = e(vy — vp) (13.43)

The constant e is known as the coefficient of restitution; its value lies
between 0 and 1 and depends in a large measure on the materials
involved. When e = 0, the impact is said to be perfectly plastic; when
e = 1, it is said to be perfectly elastic [Sample Prob. 13.13]. :

In the case of an oblique central impact [Sec. 13.14], the veloci-
ties of the two colliding bodies before and after the impact were
resolved into n components along the line of impact and ¢ compo-
nents along the common tangent to the surfaces in contact (Fig.
13.35). We observed that the t component of the velocity of each

va

Fig. 13.35

body remained unchanged, while the n components satisfied equa-
tions similar to Egs. (13.37) and (13.43) [Sample Probs. 13.14 and
13.15]. It was shown that although this method was developed for
bodies moving freely before and after the impact, it could be ex-
tended to the case when one or both of the colliding bodies is con-
strained in its motion [Sample Prob. 13.16].

In Sec. 13.15, we discussed the relative advantages of the three
fundamental methods presented in this chapter and the preceding
one, namely, Newton's second law, work and energy, and impulse and
momentum. We noted that the method of work and energy and the
method of impulse and momentum can be combined to solve prob-
lems involving a short impact phase during which impulsive forces
must be taken, into consideration [Sample Prob. 13.17}.

Review and Summary for Chapter 13 821

Oblique central impact

Using the three fundamental methods of
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the two bodies,
muv, + mgug = muvy + mpop (13.37)

where a positive sign indicates that the corresponding velocity is di-
' rected to the right, while the second related the relative velocities of
t the two bodies before and after the impact,

vg — v4 = e(vy — vp) (13.43)

The constant e is known as the coefficient of restitution; its value lies
between 0 and 1 and depends in a large measure on the materials
involved. When e = 0, the impact is said to be perfectly plastic; when
e =1, it is said to be perfectly elastic [Shmple Prob. 13.13]. ‘

In the case of an oblique central impact [Sec. 13.14], the veloci- Oblique central impact
ties of the two colliding bodies before and after the impact were
resolved into n components along the line of impact and ¢ compo-
nents along the common tangent to the surfaces in contact (Fig.
13.35). We observed that the ¢ component of the velocity of each

Vi

Fig. 13.35

body remained unchanged, while the n components satisfied equa-
tions similar to Eqs. (13.37) and (13.43) [Sample Probs. 13.14 and
13.15]. It was shown that although this method was developed for
bodies moving freely before and after the impact, it could be ex-
tended to the case when one or both of the colliding bodies is con-
strained in its motion [Sample Prob. 13.16].

In Sec. 13.15, we discussed the relative advantages of the three Using the three fundamental methods of
fundamental methods presented in this chapter and the preceding kinetic analysis
one, namely, Newton’s second law, work and energy, and impulse and
momentum. We noted that the method of work and energy and the
method of impulse and momentum can be combined to solve prob-
lems involving a short impact phase during which impulsive forces
must be taken into consideration {Sample Prob. 13.17].
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Free vibrations of a particle

MODU LE NO IS
REVIEW AND SUMMARY

FOR CHAPTER 19

This chapter was devoted to the study of mechanical vibrations, i.e.,
to the analysis of the motion of particles and rigid bodies oscillating
about a position of equilibrium. In the first part of the chapter [Secs.
19.2 through 19.7], we considered vibrations without damping, while
the second part was devoted to demped vibrations [Secs. 19.8
through 19.10}.

In Sec. 19.2, we considered the free vibrations of a particle, i.e.,
the motion of a particle P subjected to a restoring force proportional
to the displacement of the particle—such as the force exerted by a
spring, If the displacement x of the particle P is measured from its
equilibrium position O (Fig. 19.17), the resultant F of the forces
acting on P (including its weight) has a magnitude kx and is directed
toward O. Applying Newton’s second law F = ma and recalling that
a =%, we wrote the differential equation

mi+ke=0 (19.2)

o, setting w? = k/m,

it awlx=0 (19.6)

- X e

%
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The motion defined by this equation is called a simple harmonic mo-
tion.

The solution of Eq. (19.6), which represents the displacement of
the particle P, was expressed as

x = x,, sin (Wt + ¢) (19.10)
where z,, = amplitude of the vibration
Vk/m

w, = = natural circular frequency

¢ = phase angle

The period of the vibration (i.e., the time required for a full cycle)
and its natural frequency (i.e., the number of cycles per second) were
expressed as

Period = 1, = 2 (19.13)
’ 1 w,
Natural frequency = f, = Pl (19.14)

The velocity and acceleration of the particle were obtained by differ-
entiating Eq. (19.10), and their maximum values were found to be

v, = Xy, A = X (19.15)

Since all the above parameters depend directly upon the natural cir-
cular frequency w, and thus upon the ratio k/m, it is essential in any
given problem to calculate the value of the constant k; this can be
done by determining the relation between the restoring force and the
corresponding displacement of the particle [Sample Prob. 19.1].

It was also shown that the oscillatory motion of the particle P can
be represented by the projection on the x axis of the motion of a point
Q describing an auxiliary circle of radius x,, with the constant angular
velocity w, (Fig. 19.18). The instantaneous values of the velocity and
acceleration of P can then be obtained by projecting on the x axis the
vectors v, and a,, representing, respectively, the velocity and acceler-
ation of Q.

Vin = X @y

Fig. 19.18 =
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Simple pendulum

Free vibrations of a rigid body

Using the principle of conservation of

energy

Forced vibrations

- While the motion of a simple pendulum is not truly a simple
harmonic motion, the formulas given above can be used with o = g/l
to calculate the period and natural frequency of the small oscillations
of a simple pendulum [Sec. 19.3]. Large-amplitude oscillations of a
simple pendulum were discussed in Sec. 19.4.

The free vibrations of a rigid hody can be analyzed by choosing
an appropriate variable, such as a distance x or an angle 6, to define
the position of the body, drawing a free-body-diagram equation to
express the equivalence of the external and effective forces, and writ-
ing an equation relating the selected variable and its second derivative
{Sec. 19.5]. If the equation obtained is of the form

i+alx=0 or O+w20=0 (19.21)

the vibration considered is a simple harmonic motion and its period
and natural frequency can be obtained by identifying w, and substi-
tuting its value into Egs. (19.13) and (19.14) [Sample Probs. 19.2 and
19.3].

The principle of conservation of energy can be used as an alterna-
tive method for the determination of the period and natural fre-
quency of the simple harmonic motion of a particle or rigid body
[Sec. 19.6]. Choosing again an appropriate variable, such as 6, to
define the position of the system, we express that the total energy of
the system is conserved, T; + V; = Ty + V,, between the position of
maximum displacement (6, = 6,,) and the position of maximum ve-
locity (6, = 8,,). If the motion considered is simple harmonic, the two
members of the equation obtained consist of homogeneous quadratic
expressions in 8,, and 68, respectively.t Substituting 8,, = 6w, in
this equation, we can factor out 82 and solve for the circular fre-
quency w, [Sample Prob, 19.4].

In Sec. 19.7, we considered the forced vibrations of a mechanical
system. These vibrations occur when the system is subjected to a
perodic force (Fig. 19.19) or when it is elastically connected to a
support which has an alternating motion (Fig. 19.20). Denoting by wr
the forced circular frequency, we found that in the first case, the
motion of the system was defined by the differential equation

mi + kx = Py, sin wy (19.30)
and that in the second case it was defined by the differential equation
mi + kx = k&, sin ayt (19.31)

The general solution of these equations is obtained by adding a par-
ticular solution of the form

Xpat = Xy SIN @Wft (19.32)
tIf the motion considered can only be approximated by a simple harmonic motion,

such as for the small oscillations of a body under gravity, the potential energy must be
approximated by a quadratic expression in 6,,.

o e X
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P=P, sin oyt
Fig. 19.19

to the general solution of the corresponding homogeneous equation.
The particular solution (19.32) represents a steady-state vibration of
the system, while the solution of the homogeneous equation repre-
sents a transient free vibration which can generally be neglected.

Dividing the amplitude x,, of the steady-state vibration by P, /k in
the case of a periodic force, or by 3, in the case of an oscillating
support, we defined the magnification factor of the vibration and
found that

Magnification factor = —— = — = (19.36)
According to Eq. (19.36), the amplitude x,, of the forced vibration
becomes infinite when wr= w,, ie., when the forced frequency is
equal to the natural frequency of the system. The impressed force or
impressed support movement is then said to be in resonance with the

system [Sample Prob. 19.5]. Actually the amplitude of the vibration
remains finite, due to damping forces.

In the last part of the chapter, we considered the demped vibra-
tions of a mechanical system. First, we analyzed the damped free
vibrations of a system with viscous damping [Sec. 19.8]. We found
that the motion of such a system was defined by the differential equa-
tion

mi+ecx+kx=0 (19.38)

Damped free vibrations

Problems
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Damped forced vibrations

Electrical analogues

where ¢ is a constant called the coefficient of viscous damping. Defin-
/ing the critical damping coefficient c, as

ﬁ ' ‘ CC = 2m.‘ ‘—IS— = 2mwn (19.41)
- . m

where w, is the natural circular frequency of the system in the ab-
sence of damping, we distinguished three different cases of damping,
namely, (1) heavy damping, when ¢ > ¢,; (2) critical damping, when
¢ = ¢,; and (3) light damping, when ¢ < ¢,. In the first two cases, the
system when disturbed tends to regain its equilibrium position with-
out any oscillation. In the third case, the motion is vibratory with
diminishing amplitude. :

In Sec. 19.9, we considered the damped forced vibrations of a
mechanical system. These vibrations vecur when a system with vis-
cous damping is subjected to a periodic force P of magnitude P =
P, sin ayt or when it is elastically connected to a support with an
alternating motion 8 = §,, sin wyt. In the first case, the motion of the
system was defined by the diﬂ{:rential equation

mi + ¢t + kx = P, sin wyt (19.47)

and in the second case by a similar equation obtained by replacing P,,
by k&, in (19.47).

The steady-state vibration of the system is represented by a par-
ticular solution of Eq. (19.47) of the form

Tpart = X Sin (@t — @) (19.48)

\ J bmdmg the amplitude x,, of the steady-state vibration by P, /k in the
case of a periodic force, or by §,, in the case of an oscillating support,
we obtained the following expression for the magnification factor:

Xm x 1

Pk 8, V(e P ey 195

where w, = Vk/m = natural circular frequency
of undamped system _
¢ = 2mw, = critical damping coefficient
clc, = damping factor

We also found that the phase difference ¢ between the impressed
force or support movement and the resulting steady-state vibration of
the damped system was defined by the relation

_ 2Acle)wpfwy)

T (/e (19.54)

tan @

The chapter ended with a discussion of electrical analogues [Sec.
19.10}, in which it was shown that the vibrations of mechnical systems
and the oscillations of electrical circuits are defined by the same dif-
ferential equations. Electrical analogues of mechanical systems can
therefore be used to study or predict the behavior of these systems.
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Copyright, Warranty and Equipment Return

Please—Feel free to duplicate this manual
subject to the copyright restrictions below.

Copyright Notice

The PASCO scientific Model ME-9458 Dynamics Cart
Accessory Track Set (2.2m version) manual is copy-
righted and all rights reserved. However, permission is
granted to non-profit educational institutions for repro-
duction of any part of this manual providing the reproduc-
tions are used only for their laboratories and are not sold
for profit. Reproduction under any other circumstances,
without the written consent of PASCO scientific, is
prohibited.

Limited Warranty

PASCO scientific warrants this product to be free from
defects in materials and workmanship for a period of one
year from the date of shipment to the customer. PASCO
will repair or replace, at its option, any part of the product
which is deemed to be defective in material or workman-
ship. This warranty does not cover damage to the product
caused by abuse or improper use. Determination of
whether a product failure is the result of a manufacturing
defect or improper use by the customer shall be made
solely by PASCO scientific. Responsibility for the return
of equipment for warranty repair belongs to the customer.
Equipment must be properly packed to prevent damage
and shipped postage or freight prepaid. (Damage caused
by improper packing of the equipment for return ship-
ment will not be covered by the warranty.) Shipping
costs for returning the equipment, after repair, will be
paid by PASCO scientific.

Credits
This manual authored by: Ann & John Hanks
Teacher’s guide written by: Eric Ayars

Equipment Return

Should this product have to be retumed to PASCO
scientific, for whatever reason, notify PASCO scientific
by letter or phone BEFORE returning the product. Upon
notification, the return authorization and shipping instruc-
tions will be promptly issued.

> NOTE: NO EQUIPMENT WILL BE AC-
CEPTED FOR RETURN WITHOUT AN AU-
THORIZATION.

When retuming equipment for repair, the units must be
packed properly. Carriers will not accept responsibility
for damage caused by improper packing. To be certain
the unit will not be damaged in shipment, observe the
following rules:

® The carton must be strong enough for the item
shipped.
@ Make certain there is at least two inches of packing

material between any point on the apparatus and the
inside walls of the carton,

® Make certain that the packing material can not shift in
the box, or become compressed, thus letting the instru-
ment come in contact with the edge of the box.

Address:  PASCO scientific
10101 Foothills Blvd.
P.O. Box 619011
Roseville, CA 95678-9011

Phone: (916) 786-3800

FAX: (916) 786-8905
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Dynamics Cart Accessory Track Set (2.2m version)

Introduction

The PASCO Model ME-9458 Dynamics Cart Acces-
sory Track Set enables the user to perform a wide vari-
ety of experiments when used with the Dynamics Cart
(ME-9430) and the Collision Cart (ME-9454). The
Track ensures easy setup and accurate alignment with
the lowest possible friction, and it accomodates most
linear motion experiments.

Features include:
* Adjustable leveling feet.

* Low friction wheel slots keep the carts aligned
even after a collision.

* Mounted to a standard lab rod, the track adjusts to
any angle for inclined plane experiments.

* Durable construction with Adjustable End Stops
protects the cart.

Equipment

The ME-9458 Dynamics Cart Accessory Track Set
includes the following:

* Dynamics Cart Track:

2.2m (7.5") extruded aluminum track with align-
ment grooves in top surface, two leveling feet and
two adjustable End Stops.

» NOTE: The End Stop has a round head screw

on the top to allow easy attachment of springs,
string, etc.

* Force Table Clamp with Super Pulley.

* (3) Springs for simple harmonic motion with stor-
age tubes.

» NOTE: A small piece of double sided tape is
attached to the ends of each storage tube so the
tubes may be permanently attached to the under-
side of the Dynamics Cart Track.

* Friction Block

* Magnet Bumper Kit (includes 2 magnets) with
storage tube.

* Pivot Clamp [for use with the Base and Support
Rod (ME-9355)].

' PASC (]
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* (2) Labels: "CAUTION! MAGNET".

The ME-9452 Introductory Dynamics System

(2.2m version) includes all the components of the
ME-9458 plus the following:

* Dynamics Cart with Mass (ME-9340)
* Collision Cart (ME-9454)

The ME-9459 Introductory Dynamics Demonstration
System includes all the components of the ME-9458
plus the following:

* Dynamics Cart with Mass (ME-9340)
* (2) Collision Carts (ME-9454)
* Additional Spring

The ME-9453 Dynamics Track Set (2.2m) includes the
following:

* 2.2m Track
* (2) Leveling Feet (ME-9470)
* (2) Adjustable End Stops (ME-9469)
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Additional Equipment Required for ME-9458
* Dynamics Cart with Mass (ME-9430)

Specific experiment requirements:
~ Thread

— Mass Set

~ Super Pulley with Clamp
~ Base and Support Rod

— Metric Ruler

— Stopwatch

— Mass balance

- Wooden or metal block
~ Graph paper

Adjustable
End Stops

Super Puliey

Magnet Bumper Kit
with storage tube

Pivot Clamp

Additional Equipment Recommended

* Photogate Accessory Kit with Software, (Apple)
(ME-9436) or (IBM PC) (ME-9437)

or

* Software Accessory Kit, (Apple) (ME-9438) or
(IBM PC) (ME-9439).

Springs with
Storage tubes

Friction Block

Adjustable
Leveling Feet

) IPASC
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Assembly

Magnet Bumper
Assemblies

Dynamics Cart
(not included)

Pads

Installing the Magnet Bumpers

> NOTE: The ME-9454 Collision Cart comes
with 2 sets of magnetic bumpers already in-
stalled. The ME-9430 Dynamics Cart comes
Wwithout any magnetic bumpers.

.

'® Detach the end cap at the rear of the cart by remov-
ing the two screws from the rear end cap as shown.

» NOTE: The screws that secure the end caps
to either end of the Dynamics Cart are thread
forming screws and may require substantial force
to remove and reinstall. A #1 Phillips point

L screw driver is required.

@ Insert the two magnet bumper assemblies, magnet
end first, into the cavities on the inside of the end
cap as shown.

» CAUTION!

Each magnet assembly consists of a foam pad
attached to a neodymium magnet. The neody-
mium magnets are extremely strong. Though
only the south end of the magnet is exposed they
can still be a hazard. When opposite poles are
brought close to each other they will accelerate
rapidly and can pinch fingers or be easily
chipped. They can also erase computer disks and
distort computer monitors and television sets.

4

Jo) Replace the rear end cap with the two screws.
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Thread forming
screws

Rear End Cap

> Note: This end cap does
not have the hook and pile
pads

Installing the Pivot Clamp

® Remove Pivot Clamp Assembly from underneath
the Dynamics Cart Track.

@ Insert long thumb screw through the hole in the
Pivot Clamp Block and thread % to % turn into the
hex nut.

>» NOTE: Obscrve the orientation of the Pivot
Clamp Block. Also note that the flat side of the

square nut must face the outside of the Dynamics
Cart Track as shown.

Dynamics Cart Track

Square Nut Screw

Bracket Washe)

Long Thumb
Screw

® Align the square nut within the groove on the de-
sired side of the Dynamics Cart Track. Locate and
adjust Pivot Clamp to desired position and tighten
thumb screw to secure,
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Installing the Leveling Feet

The leveling feet serve 3 purposes: to level the track,
to reduce any twist in the track, and to reduce any bow
in the track. Assembly is as follows:

® Thread a locking

nut onto each of
the four long
screws as shown in
Figure 1.

@ Thread two of the
long screws in top
the two holes in the
bottom of each alu-
minum leveling
foot. The heads of
these screws form
the feet which will
rest on the table

<
|
when the track is in é @

® To level the track, Place a cart on the track to see
which way it rolls. Then loosen the lock nuts and
screw the leveling screws up or down to change the
height of one end of the track unti] the cart when
placed at rest will stay at rest. When the track is

level, tighten the lock nuts against the aluminum
foot.

® It is also possible to take some twist out of the track

by adjusting the leveling screws on one side of the
track.

use.
@ Place the washer &
on the short screw

and insert the short — g _ Attaching Feet
screw through the

hole in the side of the aluminum leveling foot as

shown in Figure 2. Screw the square nut onto the
end of the short screw just far enough to keep the
short screw from falling out.

@ Align the square nut within the groove on the de-
sired side of the Dynamics Cart Track. Slide the
leveling foot down the track to the desired position.
To minimize the bow in the track, it is best to place
a leveling foot about 1/4 of the track length from
each end of the track (see F igure 3).

Fig. 2 - Attaching Leveling Bracket to Track

‘ -

i
]

14 L

!
l-— 14 L ——f

Fig. 3 - Optimum Position of Leveling Feet

'FPASC (J
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Installing the Adjustable End Stop

The Adjustable End Stop can be used at any point on
the track as a bumper. Either the plunger bar on the
cart or the cart's magnetic bumper can be used to
rebound off the End Stop because the End Stop
contains magnets. The cart can also be stopped against
the End Stop when the velcro end of the cart hits the
velcro side of the End Stop. This is useful when it is
desired to keep the cart from rebounding. There is also
a post on top of the End Stop to allow a string or
spring to be attached. Assembly is as follows:

® The Adjustable End Stop Assembly consists of the

end stop with two magnets installed, a black plastic
thumb screw, and a square nut.

@ It is best to install the End Stops in the groove op-
posite to the side being used for the leveling feet so
the End Stops can slide past the leveling feet with-
out interference.

@ Align the square nut within the groove on the de-
sired side of the Dynamics Cart Track as shown.
Locate and adjust the End Stop to the desired posi-
tion and tighten the thumb screw to secure.

@ When storing the End Stop when it is not on the
track, remember that it has two strong magnets in
it. Keep the End Stop away from computers.

Attaching Adjustable End Stop to Track

Using the Friction Block

The Friction Block is a wood rect-
angle that fits neatly on top of the
Dynamics Cart (ME-9430).

In experiments that use the Friction Block you will
investigate some of the properties of sliding friction -
the force that resists the sliding motion of two objects
when they are already in motion.

The top and bottom surfaces of the Friction
Block have a slot which allows a “picket
fence” to be inserted. (See the

PASCO catalog.) An eye
screw is provided so A
that you may easily ~

attach a string to
the block.

The exposed wood on the top and one side of the block
produce minimal friction. Felt pads attached to the
bottom surface and the other side provide more
friction. Mass can be placed on the top surface of the
Friction Block as shown.

2 AN
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Replacement Parts (ME-9458)
Description Part No.
Magnet Bumper Kit Assembly (4per) 003-05027
Super Pulley with Clamp (lea) ME-9448A
Friction Block ( lea) 003-04708
Label, Magnet Caution (lea) 646-04445
Spring (3ea) 632-04978
Pivot Clamp Assembly: 003-05019
Pivot clamp (1ea) 648-04654
Long thumb screw (lea) 610-183 & 620-047
Short thumb screw (lea) 610-181 & 620-067
Washer 615-184
Square nut (1ea) 614-054
Adjustable End Stop (2ea) ME-9469
Leveling Feet (2¢a) ME-9470
5 | PAS(C
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Experiment 2: Conservation of Momentum in Collisions

EQUIPMENT NEEDED:

~ Dynamics Cart with Mass (ME-9430)
- Collision Cart (ME-9454)

= (2) Bumper magnet set (installed)

— Dynamics Cart Track

— Paper

Purpose

The purpose of this experiment is to qualitatively explore conservation of momentum for elastic and
inelastic collisions.

Theory

When two carts collide with each other, the total momentum ,; = my of both carts is conserved

regardless of the type of collision. An elastic collision is one in which the two carts bounce off each
other with no loss of kinetic energy. In this experiment, magnetic bumpers are used to minimize the
energy losses due to friction during the collision. In reality, this “elastic” collision is slightly inelastic.
A completely inelastic collision is one in which the two carts hit and stick to each other. In this

experiment, this is accomplished with the hook-and-pile tabs on the end caps of the carts,

Procedure

® Level the track by setting a cart on the track to see which way it rolls. Adjust the leveling feet at the
end of the track to raise or lower that end until a cart placed at rest on the track will not move.

@ Draw two diagrams (one for before the collision and one for after the collision) for each of the

following cases. In each diagram, show a velocity vector for each cart with a length that approxi-
mately represents the relative speed of the cart.

PartI: Elastic Collisions

A. Carts with Equal Mass
Orient the two carts so their magnetic bumpers are toward each other.

Case 1: Place one cart at rest in the middle of the track. Give the other cart an initial velocity toward the
cart at rest.

Case 2: Start the carts with one at each end of the track. Give each cart approximately the same velocity
toward each other.

Case 3: Start both carts at one end of the track. Give the first cart a slow velocity and the second cart a
faster velocity so that the second cart catches the first cart.

&[‘ﬂf']gﬂ 4——%[” ‘F@%

I PASC( H __— Leveling foot
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B. Carts with Unequal Mass

Put two mass bars in one of the carts so

that the mass of one cart s approximately three times
the mass (3M) of the other cart (IM).

Case 1: Place the 3M cart at rest in the middle of the track. Give the other cart an initial
velocity toward the cart at rest.

Case 2: Place the 1M cart at rest in the middle of

the track. Give the 3M cart an initial velocity
toward the cart at rest.

Case 3: Start the carts with one at each end of the track. Give each cart approximately the
same velocity toward each other.

Case 4: Start both carts at one end of the track.
second cart a faster velocity so that the

Give the first cart a slow velocity and the
both cases: with the 1M cart first and

second cart catches the first cart, Do this for
then for the 3M cart first.

L Part II: Completely Inelastic Collisions:

Q Orient the two carts so their hook-and-

pile ends are toward each other. Make sure the
plunger bar is pushed in completely so

it won't interfere with the collision.

@ Repeat the same procedures listed in Part I for carts with equal mass and carts with un-
equal mass.

Questions

® When two carts having the same mass and the sam.

e speed collide and stick together, they
stop. What happened to each cart’s momentum? I

S momentum conserved?
@ When two carts having the same mass and the same

speed collide and bounce off of each
other elastically,

what is the final total momentum of the carts?

10
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Experiment 3: Simple Harmonic Oscillator

EQUIPMENT NEEDED:

— Dynamics Cart with Mass (ME-9430) — Dynamics Cart Track
- (2) Springs ‘ — Super Pulley with clamp
— Mass hanger and mass set (ME-9348) — Stopwatch
— String — Mass balance (SE-8723)
~ Graph paper
Purpose
The purpose is to measure the period of oscillation of a spring and mass system and compare it
to the theoretical value.
Theory

For a mass attached to a spring, the theoretical period of oscillation is given by

m
i= —
2"\/:

where T is the time for one complete back-and-forth motion, m is the mass that is oscillating,
and k is the spring constant.

According to Hooke’s Law, the force exerted by the spring is proportional to the distance the
spring is compressed or stretched, F = kx, where k is the proportionality constant. Thus the
spring constant can be experimentally determined by applying different forces to stretch the
spring different distances. Then the force is plotted versus distance and the slope of the result-
ing straight line is equal to k. _

Procedure

Measurements to Find the Theoretical Period

® Use the balance to find the mass of the cart. Record this value at the top of Table 3.1.

@ Level the track by setting the cart on the track to see which way it rolls. Adjust the leveling
feet at the ends of the track to raise or lower the ends until the cart placed at rest on the track
will not move. Put the pulley with the table clamp at one end of the track.

@ Set the cart on the track and attach a spring to each end of the cart by inserting the end of the
spring in the hole provided in the cart. Then attach the other ends of the springs to the endstops
(See Figure 3.1).

@ Attach a string to the end of the cart and hang a mass hanger over the pulley as shown.

® Record the equilibrium position in Table 3.1.

® Add mass to the mass hanger and record the new position. Repeat this for a total of 5 different
masses, being careful not to over-stretch the springs. Because both springs are acting on the
mass, this method will give the effective spring constant for both springs.
'PASC( .
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AN l | : o
Adjustable End Stop - Leveling foot

Figure 3.1 Equipment Setup Super Pulley with Clamp/ &k&
Data and Analysis
Table 3.1
Mass of cart = Equilibrium position =
Added Mass Position Displacement from

Equilibrium Force (mg)

Measuring the Experimental Period

@ Displace the cart from equilibrium a specific distance and let it go. Time 5 oscillations and
record the time in Table 3.2.

Repeat this measurement at least 5 times, using the same initial displacement (amplitude).

® Add a 500 g mass to the cart. Measure the time for § oscillations 5 times and record this data
in Table 3.2.

Calculations

Theoretical Period

@ Using the data in Table 3.1, plot force versus displacement. Draw the best-fit straight line
through the data points and determine the slope of the line. The slope is equal to the effec-

tive spring constant, k.
k =

@ Using the mass of the cart and the spring constant, calculate the period using the theoretical
formula. Also calculate the theoretical period for the cart with the 500 g mass in it.

(cart alone) T =

(cart with mass) T =

2 'PASCG
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Experimental Period

® Using the data in Table 3.2, calculate the average time for 5 oscillations with and without the
500 g mass in the cart.

@ Calculate the period by dividing these times by 5 and record the periods in Table 3.2,

Table 3.2
Trial Time for 5 Oscillations Period
1 Without
2 additional
mass=
3
4
5
Average
1 With
additional
2 mass=
3
4
5
Average

Comparison

Calculate the percent difference between the measured and theoretical values:

(cart alone) % diff =

(cart with mass) % diff =

Questions

® Does the period of oscillation increase or decrease as the mass is increased? Does a more
massive cart oscillate faster or slower?

@ If the initial displacement from equilibrium (amplitude) is changed, does the period of oscilla-
tion change? Try it.

' PASC () 13
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Experiment 5: Springs in Series and Parallel

EQUIPMENT NEEDED:
— Dynamics Cart with Mass (ME-9430) — Base and Support rod (ME-9355)
— Dynamics Cart Track with End stop — Mass balance
- (2) Springs — Stopwatch
Purpose

The purpose is to measure the period of oscillation of springs in series and parallel and
compare it to the period of oscillation of one spring.

Theory

For a mass attached to a spring, the theoretical period of oscillation is given by

m
ram/}

where T is the time for one complete back-and-forth motion, m is the mass that is oscillat-
ing, and k is the spring constant. If the period of oscillation is measured, the spring constant
can be determined:

_imm
T2

When two springs are combined in series or in parallel, the spring constants add in different
ways. One possible way to add two spring constants is kg, = k+ k= 2k. Another way is

which means that
b=
Procedure

Measuring k For a Single Spring

® Use the balance to find the mass of the cart. Record this value at the top of Table 5.1.

@ Set the cart on the track and attach a spring to one end of the cart by inserting the end of the
spring in the hole provided in the cart. Then attach the other end of the spring to the end of
the track (See Figure 5.1).

» NOTE: Remove the leveling feet for this experiment.

@ Incline the track by raising the end of the track that has the spring attached. As the end of
the track is raised the spring will stretch. Keep the angle of inclination of the track small
enough so the spring is not stretched more than half the length of the track.

| PAS( (] 19
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@ Displace the cart from equilibrium a specific distance and let it go. Time 2 oscilla-
tions and record the time in Table 5.1. Repeat this measurement at least 5 times,
using the same initial displacement (amplitude).

Figure 5.1 Equipment Setup

Measuring the Effective k For Pairs of Springs

® Add a second spring in series as shown in Figure 5.2 and repeat Step ®.
® Put the two springs in parallel as shown in Figure 5.3 and repeat Step @.
@ Arrange the springs as shown in Figure 5.4 and repeat Step ®.

Figure 5.2 Springs in Series

Figure 5.3 Springs in Parallel

Figure 5.4 Final Spring Arrangement

20 [ PASC (]
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Calculations
® Using the data in Table 5.1, calculate the average time for 2 oscillations.

@ Calculate the period by dividing these times by 2 and record the periods in Table 5.1.

® Using the periods and the mass of the cart, calculate the effective spring constants.

Table 5.1 Mass of Cart =

Time for 2 oscillations

Springs Trial 1 2 3 4 5 Avg Period

One

Series

Parallel

At Ends

Questions

® Isk__,. . =2k for springs in series or parallel?
@ Isk .. = kforsprings in series or parallel?

@ Is the last sp%ing arrangement series or parallel?

[PASC( ’1
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Experiment 6: Newton’s Second Law

EQUIPMENT NEEDED:

— Dynamics Cart with Mass (ME-9430)
— Dynamics Cart Track
— Stopwatch

Purpose

The purpose is to show how the acceleration of an object is dependent on force and mass.

Procedure

@ Level the track by setting the cart on the track to see which way it rolls. Adjust the leveling
feet to raise or lower the ends until the cart placed at rest on the track will not move.

@ To perform each of the following trials, cock the spring plunger on the cart and place the cart
at rest at the end of the track with the plunger against the end stop. Then release the plunger
by pressing the button on the cart with a ruler. Observe the resulting acceleration. This will be
a qualitative measurement.

VARY THE FORCE: Perform the first trial with the spring plunger cocked to the first
possible position (the least compression) and then do two more trials increasing the force
applied to the cart by increasing the compression of the spring plunger.

VARY THE MASS: For these trials, always cock the spring plunger to the maximum.
Observe the relative accelerations of the cart alone and the cart with one mass bar in it. If
additional masses are available, use them to increase the mass for additional trials.

Data Analysis
® Does the acceleration increase or decrease as the force is increased?
@ Does the acceleration increase or decrease as the mass is increased?
Question

From the results of this experiment, can you deduce the equation that relates acceleration to
mass and force?

22 I PASC U
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Experiment 7: Newton’s Second Law Il

EQUIPMENT NEEDED:

— Dynamics Cart (ME-9430) — Dynamics Cart Track

— Super Pulley with Clamp . — Base and Support rod (ME-9355)

— String — Mass hanger and mass set

— Stopwatch — Wooden or metal stopping block

— Mass balance (See Procedure Step @)
Purpose

The purpose is to verify Newton’s Second Law, F = ma.

Theory

According to Newton’s Second Law, F = ma. F is the net force acting on the object of mass
m and a is the resulting acceleration of the object.

For a cart of mass m, on a horizontal track with a string attached over a pulley to a mass m,
(see Figure 7.1), the net force F on the entire system (cart and hanging mass) is the weight
of hanging mass, F = m_g, assuming that friction is negligible.

According to Newton’s Second Law, this net force should be equal to ma, where m is the
total mass that is being accelerated, which in this case is m +m,. This experiment will
check to see if m g is equal to (m, + m,)a when friction is ignored.

To obtain the acceleration, the cart will be started from rest and the time (t) it takes for it to

travel a certain distance (d) will be measured. Then since d = (}4)at?, the acceleration can
be calculated using

-4
1'2

a (assuming a = constant)

Procedure

@ Level the track by setting the cart on the track to see which way it rolls. Adjust the leveling
feet to raise or lower the ends until the cart placed at rest on the track will not move.

@ Use the balance to find the mass of the cart and record in Table 7.1.

@ Attach the pulley to the end of the track as shown in Figure 7.1. Place the dynamics cart on
the track and attach a string to the hole in the end of the cart and tie a mass hanger on the
other end of the string. The string must
be just long enough so the cart hits the
stopping block before the mass hanger
reaches the floor.

L1l

@ Pull the cart back until the mass hanger
reaches the pulley. Record this position
at the top of Table 7.1. This will be the
release position for all the trials. Make
a test run to determine how much mass
is required on the mass hanger so that

127:X{of0
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the cart takes about 2 seconds to complete the run. Because of reaction time, too short of a
total time will cause too much error. However, if the cart moves too slowly, friction causes
too much error. Record the hanging mass in Table 7.1.

® Place the cart against the adjustable end stop on the pulley end of the track and record the
final position of the cart in Table 7.1.

® Measure the time at least 5 times and record these values in Table 7.1.

Table 7.1
Time

Cart Hanging . . . . . Average
Mass Mass Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Time

Initial release Position =

@ Increase the mass of the cart and repeat the procedure.
' Final Position =

Total distance (d) =

Data Analysis

@ Calculate the average times and record in Table 7.1.

@ Calculate the total distance traveled by taking the difference between the initial and final
positions of the cart as given in Table 7.1.

® Calculate the accelerations and record in Table 7.2.

@ For each case, calculate the total mass multiplied by the acceleration and record in Table 7.2.
® For each case, calculate the net force acting on the system and record in Table 7.2.

® Calculate the percent difference between Fm:'r and (m,+m, )a and record in Table 7.2.

Table 7.2

Cart Mass Acceleration (ml+m2)a F % Diff

Questions

@ Did the results of this experiment verify that F = ma?

@ Considering frictional forces, which force would you expect to be greater: the hanging
weight or the resulting total mass times acceleration? Did the results of this experiment
consistently show that one was larger than the other?

@ Why is the mass in F = ma not just equal to the mass of the cart?

@ When calculating the force on the cart using mass times gravity, why isn’t the mass of cart
included?

24 | PAS(C ()
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Experiment 9: Conservation of Energy

EQUIPMENT NEEDED:
— Dynamics Cart with Mass (ME-9430) — Dynamics Cart Track
— Super Pulley with Clamp | — Meter stick
~ Base and Support rod (ME-9355) —~ Mass hanger and mass set
— String (several kilograms)
— Mass balance —~ Graph paper
Purpose

The purpose is to examine spring potential energy and gravitational potential energy and to
show how energy is conserved.

Theory

The potential energy of a spring compressed a distance x from equilibrium is given by

PE = (%2)kx?, where Kk is the spring constant. According to Hooke’s Law, the force exerted
by the spring is proportional to the distance the spring is compressed or stretched, F = kx,
where K is the proportionality constant. Thus the spring constant can be experimentally
determined by applying different forces to stretch or compress the spring different dis-
tances. When the force is plotted versus distance, the slope of the resulting straight line is
equal to k.

The gravitational potential energy gained by a cart as it climbs an incline is given by
potential energy = mgh, where m is the mass of the cart, g is the acceleration due to
gravity, and h is the vertical height the cart is raised. In terms of the distance, d, along the
incline, the height is given by h = d sin6.

If energy is conserved, the potential energy in the compressed spring will be completely
converted into gravitational potential energy.

Procedure

@ Level the track by setting the cart on the track to see which way it rolls. Adjust the leveling
feet to raise or lower the ends until the cart placed at rest on the track will not move.

@ Use the balance to find the mass of the cart. Record this value in Table 9.2.

Determining the Spring Constant

@ Set the cart on the track with the spring plunger against the stopping block as shown in
Figure 9.1. Attach a string to the cart and attach the other end to a mass hanger, passing the
string over the pulley.

@ Record the cart’s position in Table 9.1.

® Add mass to the mass hanger and record the new position. Repeat this for a total of 5
different masses.

IPASCU
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/

m_

adjustable end stop

Figure 9.1 Experiment Setup

Table 9.1

Displacement from

Added Mass Paosition Equilibrium

Force (mg)

Potential Energy

® Remove the leveling feet.

@ Remove the string from the cart and cock the spring plunger to its
maximum compression position. Place the cart against the end stop.
Measure the distance the spring plunger is compressed and record this
value in Table 9.2.

Incline the track and measure its height and hypotenuse (see

Figure 9.2) to determine the angle of the track.
) height /
angle = arc sin ( Fypotenuse )

WSE
Record the angle in Table 9.2. \.\\(90‘?‘“

Figure 9.2 /_/[\J

HEIGHT OF
TRACK

|
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® Record the initial position of the cart in Table 9.2.

® Release the plunger by tappin'g it with a stick and record the dj

stance the cart goes up the track.
Repeat this five times. Record the maximum distance the cart

went in Table 9.2.
@ Change the angle of inclination and repeat the measurements.
@ Add mass to the cart and repeat the measurements.
Table 9.2
Distance traveled by the cart (d)
Angle Mass Trial 1 2 3 4 5 Max h=dsing

Distance spring is compressed x)=

Initial position of cart =

Data Analysis

® Using the data in Table 9.1, plot force versus displacement. Draw the best-fit strai ght line

through the data points and determine the slope of the line. The slope is equal to the effective
spring constant, k.

k=

@ Calculate the spring potential energy and record in Table 9.3,
@ Calculate the gravitational potential energy for each case and record in Table 9.3.

@ Calculate the percent difference between the spring potential energy and the gravitational

potential energy.
Table 9.3
Angle/Mass Spring PE (3 kx?)  |Gravitational PE (mgh)| % Difference
Questions

@ Which of the potential energies was larger? Where did this “lost” energy go?

@ When the mass of the cart was doubled, why did the gravitational potential energy remain
about the same?

IPASCC
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Teacher’s Guide

[~

Experiment 1: Conservation of Energy in Explosions

Notes on Data Analy

M1 M2 Positon X1 X1/X2 M2M1
4975 500.7 1810 420 415 : 1.01
4975 9964 1950 560 275 204 00
4975 14949 2015 625 210 298 3.0
9957 14949 1890 500 335 149 1.50

Answers to Questions
® Momentum is conserved in each case.

®@ As shown in this lab, the momentum of each cart is
the same.

KE, =2 kg
©)] 2‘;‘2' 1

The lighter cart will have a higher kinetic energy.

@ The starting position does not depend on which cart
has the plunger cocked. During the “explosion”, the
momentum of the carts will be affected by the fact
that the plunger is moving at a different velocity
than either cart. However, since each plunger even-

ally ends up moving at the same speed as the cart

Experiment 2: Conservation of Momentum in Collisions

» NOTE: Without some method of actually
measuring the velocities of the carts, this lab
should be used for qualitative analysis only.

Part|

a. Since the carts have the same mass, they will ex-
change velocity in each case.

b. The momentum transfer will be proportional to
the ratio of the cart masses.

17:K1efe
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Questions

® Each cart loses its momentum. The fotal momen-
tum is unchanged, because the total momentum is
zero both before and after the collision.

@ The total momentum in this case is still zero both
before and after the collision.
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Experiment 3: Simple Harmonic Oscillator

Notes on Procedure

® For best results, make sure that the springs are nei-
ther over-stretched nor hanging loose. For these
tests, we used 10-50g masses only.

0.5

0.453 f1x) = 3.089054E+0°x + 1.994434E-3
3 R"2 = 9.996646E-1

0.4
0.35
0.3
0.253
0.2
0.15
0.1
0.05
0

Force (N)

0 002 004 006 008 01 012 one

Distance (m)

0.18

Notes on Calculations

® The spring constant k = 3.089 N/m for the springs
used here. This value will vary from spring to
spring.

@ Theoretical values will vary, depending on the
value for k and for m. For best results, measure the

carts rather than assume their weight to be the
stated 500g.

Notes on Comparison

The percent difference between experimental and
theoretical values should be less than 2%, and it is
not unusual to obtain errors of less than 0.5%.

Notes on Questions

® The period of oscillation increases with mass. The
more massive cart oscillates slower.

@ The period is not changed, as long as the initial dis-
placement does not exceed the linear region of the
spring. You will notice a slight difference if the dis-
placement is enough to permanently deform the

spring,

'PASC(
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Experiment 5: Springs in Series and Paralli]

Notes

Keep the angle of the track low, especially if you
are using a short (1.2m) track. Otherwise, the carts
will go off the end of the track when the springs are
in series.

Notes on Calculations

The two springs used for this ex
constants of 1.53 and 1.60.

* Inseries, the spring constant was 0.76, (k2)
In parallel, the spring constant was 3.12 ( 2k)

The spring constant was 3.06 ( 2k) when the
springs were attached to the ends of the cart.

periment had spring

Notes on Questions

® The effective spring constant is 2k fo

I Springs in
parallel,

@ The effective spring constant is k/2 for springs in
series.

® The springs are effectively in parallel when they are
attached to opposite ends of the cart.

Experiment 6: Newton’s Second Law

This lab is intended to be a qualitative lab only. For a
quantitative analysis of Newton’s second law, see
experiment 7.

Notes on Data Analysis
® Acceleration increases with force

@ Acceleration decreases with mass.

Notes on Questions

F=ma

' PASC(
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Dynamics Cart Accessory Track Set (2.2m version)

Experiment 7: Newton’s Second Law J]

If the mass used to accelerate the cart'is too low,
friction will be a very significant source of error. If it
is too high, then the time will be short and accurate
measurement will be difficult. It would be best for this

lab to use a photogate timing system, such as the
PASCO ME-9215.

Notes on Questions

® The results of this experiment generally show

that F = ma. Errors can be high, due to friction and
timing inaccuracy.

@ The force of the hanging weight is larger than the
total mass times acceleration. The difference be-
tween the two is the force of friction.

® The hanging mass is accelerating at the same rate

as the cart, so its mass must be considered as wel]
as that of the cart.

@ The cart is on a level trac

K, so it is not accelerated
by gravity.

|| \ Experiment 8: Acceleration Down an Incline
——

fx) = 9.476749E+0%x + 6.134624E-2
124 RA2=9.983687E-1

Acceleration (m/s/s)
o
=3
1

T T T T
© 002 004 008 008 01 012 014
Sin(angle)

The value of the slope will be slightly lower than
9.8, due to friction. (Our value 3.3% low.)

I PAS ()
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Notes on Questions

® Assuming that reaction time relatively constant, the
percent error due to reaction time would be greater
for shorter times and higher angles.

nging the mass of the cart will affect the results
slight to changing frictional characteristics.
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Experiment 9: Conservation of Energy

Anal
@

ysis

Notes on Questions

® The initial spring potential energy is larger. (Gener-
ally. There are experimental errors, which can

make the gravitational energy appear larger than
7] zz: ;;12 ':)7852;i+]2‘1 + 1.981589E-1 fhc ini‘tia! spring potential.) The “lost” energy goes
6] into friction.
s % @ Why not? The increased mass will mean that the
F3 ) cart does not travel as high, but the final gravita-
g ] tional potential energy will be the same.
3]
2]
1: [)
0 v 1 T Ll . T T
0 0002 0004 0006 0008 001 0012 0014
Displacement (m)
-®
= 572 Spring PE = 0.193336
Angle Mass dmax (cm) h (m) mgh S%odiff
14.57 0.49717 15.1 0.0380 0.1857 -4.28%
11.07 0.4971 19.5 0.0374 0.1824 -5.66%
11.07 0.9926 10.1 0.0194 0.1886 -2.43%
3.026 0.9926 39.0 0.0206 0.2003 3.58%
3.026 0.4971 75.1 0.0396 0.1931 -0.11%
40 TPASC(
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| L Technical Support

‘Feed-Back

If you have any comments about this product or this
manual please let us know. If you have any sugges-
tions on alternate experiments or find a problem in the
manual please tell us. PASCO appreciates any cus-
tomer feed-back. Your input helps us evaluate and
improve our product.

To Reach PASCO

For Technical Support call us at 1-800-772-8700 (toll-
free within the U.S.) or (916) 786-3800.

YPASC(
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‘Contacting Technical Support

Before you call the PASCO Technical Support staff it
would be helpful to prepare the following information:

* If your problem is computer/software related, note:
Title and Revision Date of software.
Type of Computer (Make, Model, Speed).
Type of external Cables/Peripherals,

* If your problem is with the PASCO apparatus, note:
Title and Model number (usually listed on the label).
Approximate age of apparatus,

A detailed description of the problem/sequence of
events. (In case you can't call PASCO right away,
you won't lose valuable data.)

If possible, have the apparatus within reach when

calling. This makes descriptions of individual parts
much easier.

* If your problem relates to the instruction manual,
note:

Part number and Revision (listed by month and year
on the front cover).

Have the manual at hand to discuss your questions.
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Copyright, Warranty and Equipment Return

-

Please—Feel free to duplicate this manual
subject to the copyright restrictions below.

Copyright Notice

The PASCO scientific Model ME-6800 / ME-6801
Projectile Launcher manual is copyrighted and all rights
reserved. However, permission is granted to non-profit
educational institutions for reproduction of any part of
this manual providing the reproductions are used only for
their laboratorics and are not sold for profit. Reproduc-
tion under any other circumstances, without the written
consent of PASCO scientific, is prohibited,

Limited Warranty

PASCO scientific warrants this product to be free from
defects in materials and workmanship for a period of one
year from the date of shipment to the customer. PASCO
will repair or replace, at its option, any part of the product
which is deemed to be defective in material or workman-
ship. This warranty does not cover damage to the product
caused by abuse or improper use. Determination of
whether a product failure is the result of a manufacturing
defect or improper use by the customer shall be made
solely by PASCO scientific. Responsibility for the return
of equipment for warranty repair belongs to the customer.
Equipment must be properly packed to prevent damage
and shipped postage or freight prepaid. (Damage caused
by improper packing of the equipment for return ship-
ment will not be covered by the warranty.) Shipping
costs for returning the equipment, after repair, will be
paid by PASCO scientific.

Credits

This manual authored by: Ann Hanks
This manual edited by: Jon Hanks
Teacher’s guide written by: Eric Ayars -

Equipment Return

Should the product have to be returned to PASCO
scientific for any reason, notify PASCO scientific by
letter, phone, or fax BEFORE returning the product,
Upon notification, the return authorization and
shipping instructions will be promptly issued.

> NOTE: NO EQUIPMENT WILL BE
ACCEPTED FOR RETURN WITHOUT AN
AUTHORIZATION FROM PASCO.

When returning equipment for repair, the units
must be packed properly. Carriers will not accept
responsibility for damage caused by improper
packing. To be certain the unit will not be
damaged in shipment, observe the following rules:

® The packing carton must be strong enough for the
item shipped.

@ Make certain there are at least two inches of
packing material between any point on the
apparatus and the inside walls of the carton.

@ Make certain that the packing material cannot shift
in the box or become compressed, allowing the
instrument come in contact with the packing

carton.
Address:  PASCO scientific
10101 Foothills Blvd.
Roseville, CA 95747-7100
Phone: (916) 786-3800
FAX: (916) 786-3292
email: techsupp@pasco.com
web: WWW.pasco.com




012-05043E

Projectile Launcher

Introduction

The PASCO Projectile Launcher has been designed for
projectile experiments and demonstrations. The only ad-
ditional equipment required is a C-clamp for clamping the
Launcher to a table. The features of the Projectile
Launcher include:

« LAUNCH AT ANY ANGLE:

Balls can be launched at any angle from zero to 90
degrees measured from the horizontal. The angle is
easily adjusted using thumb screws. The built-in
protractor and plumb-bob on the side of the launcher
give a convenient and accurate way of determining
the angle of inclination.

THREE RANGE SETTINGS:

There are three ranges from which to choose. For
the Short Range Projectile Launcher these three
ranges are approximately 1.2 meters, 3 meters, and 5
meters, when the angle is 45 degrees. For the Long
Range Demonstration Projectile Launcher, the three
ranges are approximately 2.5 meters, 5 meters, and 9
meters. The difference between these two versions
of the Projectile Launcher is the strength of the
spring. The Long Range version is intended for
large classroom demonstrations.

FIXED ELEVATION INDEPENDENT OF
ANGLE:

The Projectile Launcher pivots at the muzzle end so
the elevation of the ball as it leaves the barrel does
not change as the angle is varied. The base has two
sets of slots: The top curved slot is used when it is
desired to change the angle and the bottom two slots
are used when it is desired to shoot horizontally
only, such as into a pendulum or a Dynamics Cart.

L4
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* REPEATABLE RESULTS:

There is no spin on the ball since the piston keeps
the ball from rubbing on the walls as it travels up the
barrel. The sturdy base can be secured to a table
with a C- clamp (not included) so there is very little
recoil. The trigger is pulled with a string to mini-
mize the jerking.

* BARREL SIGHTS AND SAFETY PRECAU-
TIONS:

There are sights for aiming the Projectile Launcher.
These sights can be viewed from the back of the
Projectile Launcher by looking through the back end
of the barrel.

» WARNING: Never look down the front of the
barrel because it may be loaded. To check to see if
the ball is in the barrel and whether the Projectile
Launcher is cocked, look at the slots in the side of
the barrel. Safety goggles are provided. The yel-
low indicator seen through the side slot indicates
the position of the piston and the ball can also be
seen through these slots when it is in the piston.

« COMPUTER COMPATIBLE: Photogates may be
attached with the accessory bracket (ME-6821) to
connect the Projectile Launcher to a computer to
measure the muzzle speed. Also a photogate at the
muzzle and the Time of Flight accessory (ME-6810)
can be used to time the flight of the ball.

» COMPACT STORAGE: The Projectile Launcher
stores away in a small space. The ramrod attaches to
the Projectile Launcher with Velcro® and the Pro-
jectile Launcher can be aligned with the base so it
takes up the minimum amount of space on the shelf.
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Equipment W

The following is a description of the equipment that is
included with various models of the Projectile Launcher.

The ME-6800 (Short Range) Projectile Launcher Stu-
dent/Demo Version includes the following:

* Launcher and Base (Assembled)

* (3) Plastic Balls

* Ramrod (Attached with Velero® to stand)
*  (2) Safety Goggles

* Collision Attachment

Trigger

Scale Indicator

Accessory Groove

Safety Goggles d

The ME-6801 (Long Range) Projectile Launcher Studeny/
Demo Version includes the same items as the ME-6800
but is capable of significantly greater projectile range.

Collision Attachment

Projectile Balls

Thumb Screws

Ramrod

'PASC O
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General Operation of the Projectile Launcher

® Ready

- Always wear safety goggles when you are in a
room where the Projectile Launcher is being used.

- The base of the Projectile Launcher must be
clamped to a sturdy table using the clamp of your
choice. When clamping to the table, it is desirable
to have the label side of the Launcher even with
one edge of the table so a plumb bob can be used

to locate the position of the muzzle with respect to
the floor.

- The Projectile Launcher can be mounted to the
bracket using the curved slot when it is desired to
change the launch angle. It can also be mounted to
the lower two slots in the base if you are only go-
ing to shoot horizontally, such as into a pendulum
or a Dynamics Cart.

@ Aim

- The angle of inclination above the horizontal is
adjusted by loosening both thumb screws and ro-
tating the Launcher to the desired angle as indi-
cated by the plumb bob and protractor on the side
of the Launcher. When the angle has been se-
lected, both thumb screws are tightened.

- You can bore-sight at a target (such as in the Mon-
key-Hunter demonstration) by looking through the
Launcher from the back end when the Launcher is
not loaded. There arc two sights inside the barrel.
Align the centers of both sights with the target by
adjusting the angle and position of the Launcher.

@ Load

- Always cock the piston with the ball in the piston.
Damage to the piston may occur if the ramrod is
used without the ball.

- Place the ball in the piston. Remove the ramrod
from its Velcro® storage place on the base. While
viewing the range-setting slots in the side of the
Launcher, push the ball down the barrel with the
ramrod until the trigger catches the piston at the
desired range setting.

(FASC (]
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- Remove the ramrod and place it back in its storage
place on the base.

- When the Projectile Launcher is loaded, the yellow
indicator is visible in one of the range slots in the
side of the barrel and the ball is visible in another
one of the slots in the side of the barrel. To check
to see if the Launcher is loaded, always check the
side of the barrel. Never look down the barrel!

@ Shoot

- Before shooting the ball, make certain that no per-
son is in the way.

- To shoot the ball, pull straight up on the lanyard
(string) that is attached to the trigger. Itis only
necessary to pull it about a centimeter.

- The spring on the trigger will automatically retum
the trigger to its initial position when you release it.

® Maintenance and Storage

- No special maintenance of the Projectile Launcher
is required.

- Do not oil the Launcher!!

- To store the Launcher in the least amount of space,
align the barrel with the base by adjusting the
angle to 90 degrees. If the photogate bracket and
photogates are attached to the Launcher, the
bracket can be slid back along the barrel with the
photogates still attached.
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Installing the Optional Photogate Bracket (ME-6821 ) l

The Photogate Bracket is an optional accessory for
mounting one or two photogates on the Projectile
Launcher to measure the muzzle velocity of the ball.

Installation is as follows:

@ Prepare the bracket by inserting the thumb screw
through the hole in the bracket near the end that has
the post (see diagram for orientation) and start the
Square nut onto the end of the thumb screw. Attach
the photogates to the bracket using the remaining

holes in the bracket and the screws provided with the
photogates.

Projectile
Launcher
Barrel

Photogate

@ To mount the bracket to the Launcher, align the square

nut in the slot on the bottom of the barrel and slide the
nut and the post into the slot. Slide the bracket back
until the photogate nearest to the barrel is as close to
the barrel as possible without blocking the beam.,
Tighten the thumb screw to secure the bracket in
place.

When storing the Projectile Launcher, the photogate
bracket need not be removed. It can be slid back
along the barrel with or without the photogates in
place, making as compact a package as possible.

Photogate Mounting
Bracket

Photogate

~ -~
S \ .
l ~.
é )
(L
Nylon Thumb
Screw

(PASC (J
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Installing the 2-Dimensional Collision Attachment

Introduction

The two dimensional Collision Attachment consists of 2
screws, 2 nuts, and a flat plastic bar. It is used with the
Projectile Launcher to hold a second ball in front of the
muzzle so the launched ball will collide with the second
ball, creating a 2-dimensional collision.

Assembly

To assemble the collision attachment , insert the screws

through the holes and secure with the nuts as shown be-
low.

To mount the collision attachment to the Launcher the
square nut slides into the T-shaped channel on the bottorn
of the barrel. (See Figure 6.2 on page 28)

Square
Nut

Thumb
Nut

;

Expectations for the Projectile Launcher

The following are helpful hints and approximate values
you may find useful:

® The muzzle speed will vary slightly with angle. The
difference between muzzle speed when shot horizon-
tally versus vertically can be anywhere from zero to
8%, depending on the range setting and the particular
launcher.

@ Although the muzzle end of the Projectile Launcher
doesn’t change height with angle, it is about 30 cm
(12 inches) above table level, so if it is desired to use
the simple range formula, it is necessary to shoot to a
table that is at the same height as the muzzle.

'PASC (]
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® The scatter pattern is minimized when the Projectile
Launcher base is securely clamped to a sturdy table.
Any wobble in the table will show up in the data,

@ The angle of inclination can be determined to within
one- half of a degree.
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Experiment 1: Projectile Motion j

EQUIPMENT NEEDED:
-Projectile Launcher and plastic ball
-Plumb bob
-Meter stick
-Carbon paper
-White paper
Purpose
The purpose of this experiment is to predict and

angle. The initial velocity of the ball is determ;
the range and the height of the Launcher.

Theory

verify the range of a ball launched at an
ned by shooting it horizontally and measuring

To predict where a ball will land on the floor when it is shot off a table at some angle above
the horizontal, it is necessary to first determine the initial speed (muzzle velocity) of the ball.
This can be determined by shooting the ball horizontally off the table and measuring the

vertical and horizontal distances through which the ball travels. Then the initial velocity can
be used to calculate where the ball will land when the bal] is shot at an angle.

HORIZONTAL INITIAL VELOCITY:
For a ball shot horizontally off a table with an initial speed, v,, the horizontal distance

travelled by the ball is given by x = v,¢, where t is the time the ball is in the air. Air friction is
assumed to be negligible.

The vertical distance the ball drops in time t is given by y= —%— gt’.

The initial velocity of the ball can be determined by measuring x and y. The time of flight of
the ball can be found using:

/¥
=V 2

and then the initial velocity can be found using vy =

~|¥

INITIAL VELOCITY AT AN ANGLE:

To predict the range, x, of a ball shot off with an initial velocity at an angle, 0, above the
horizontal, first predict the time of flight using the equation for the vertical motion:

y=yo+(v Sino)‘—%gfz

where y, is the initial height of the ball and y is the position of the ball when it hits the floor.
Then use x = (v, cos8) ¢ to find the range.

Setup
® Clamp the Projectile Launcher to a sturdy table near one end of the table.

@ Adjust the angle of the Projectile Launcher to zero degrees so the ball will be shot off hori-
zontally.

L FASC
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Procedure

L

Part A: Determining the Initial Velocity of the Ball ]

® Put the plastic ball into the Projectile Launcher and cock it to the long range position.
Fire one shot to locate where the ball hits the floor. At this position, tape a piece of white
paper to the floor. Place a piece of carbon paper (carbon-side down) on top of this paper
and tape it down. When the ball hits the floor, it will leave a mark on the white paper.

@ Fire about ten shots,

@ Measure the vertical distance from the bottom of the ball as it leaves the barre] (this

position is marked on the side of the barrel) to the floor. Record this distance in Table
1.1

@ Use a plumb bob to find the point on the floor that is directly beneath the release point on
the barrel. Measure the horizontal distance along the floor from the release point to the
leading edge of the paper. Record in Table 1.1.

® Measure from the leading edge of the paper to each of the ten dots and record these
distances in Table 1.1.

® Find the average of the ten distances and record in Table 1.1.

@ Using the vertical distance and the average horizontal distance, calculate the time of flight
and the initial velocity of the ball. Record in Table 1.1.

Part B: Predicting the Range of the Ball Shot at an Angle ]

® Adjust the angle of the Projectile Launcher to an angle between 30 and 60 degrees and
record this angle in Table 1.2.

@ Using the initial velocity and vertical distance found in the first part of this experiment,
assume the ball is shot off at the new angle you have just selected and calculate the new
time of flight and the new horizontal distance. Record in Table 1.2.

Q Draw a line across the middle of a white piece of paper and tape the paper on the floor so
the line is at the predicted horizontal distance from the Projectile Launcher. Cover the
paper with carbon paper.

@ Shoot the ball ten times.

® Measure the ten distances and take the average. Record in Table 1.2.

Analysis

@ Calculate the percent difference between the predicted value and the resulting average
distance when shot at an angle.

@ Estimate the precision of the predicted range. How many of the final 10 shots landed
within this range?

g 'PASCG
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Table 1.1 Determining the Initial Velocity
Vertical distance = Horizontal distance to paper edge =
Calculated time of flight = Initial velocity =
- Trial Number Distance
1
2
3
4
5
6
7
8
9
10
Average
Total Distance
Table 1.2 Confirming the Predicted Range
Angle above horizontal = Horizontal distance to paperedge=___ ==
Calculated time of flight = Predicted Range = -
Trial Number Distance
1
2
3
4
5
6
7
8
9
10
Average
Total Distance
'PASC(
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Experiment 4: Projectile Path

EQUIPMENT NEEDED

-Projectile Launcher and plastic ball -measuring tape or meter stick
-carbon paper

-white paper
-movable vertical target board (Must reach from floor to muzzle)
- graph paper

Purpose

The purpose of this ex
the horizontal distanc

Theory

periment is to find how the vertical distance the ball drops is related to
¢ the ball travels when the ball js launched horizontally from a table.

The range is the horizontal distance, x, betwee
where the ball hits, given by x = vt, where vo
muzzle and t is the time of flight.

If the ball is shot horizontally, the time of flight of the ball will be
=X

YV
0
The vertical distance, y, that the ball falls in time t is given by
.y
=5 gt?
where g is the acceleration due to gravity.
Substituting for t into the equation for y gives

(£ \,2
Y (zvoz)x

A plot of y versus x? will give a straight line with a slope equal to g

2V0

n the muzzle of the Launcher and the place
is the initial speed of the ball as it leaves the

Setup

® Clamp the Projectile Launcher to a sturdy table near one end of the table with the Launcher
aimed away from

the table. [t Vi W

@ Adjust the angle of RN ~ _
the Projectile ll ﬂ =
Launcher to zero —— AN y
degrees so the ball \\
will be shot off

horizontally.

@ Fire a test shot on
medium range to
determine the initial
position of the
vertical target. Figure 4.1 Set Up
Place the target so
the ball hits it near the bottom. See Figure 4.1.

@ Cover the target board with white paper. Tape carbon paper over the white paper.

A

X —

[ PASC
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Procedure

® Measure the vertical hej

@ Measure the horizontal distance from th

ght from the floor to the muzzle and record in Table 4.1. Mark
this height on the target.

€ muzzle of the Projectile Launcher to th
and record in Table 4.1. ] I to the target

® Shoot the ball.

@ Move the target about 10 to 20 cm closer to the Launcher.

®

Repeat Steps 2 through 4 until the hej
to

20 cm below the height of the muzzle.
Table 4.1 Data

ght of the ball when it strikes the target is about 10

Height of Muzzle =

H Horizontal () Height (y) X

Analysis

®

®©@ ® ® ©

®

On the target, measure the vertical distances from the muzzle level mark down to the ball
marks and record in Table 4.1.

Calculate x? for all the data points and record in Table 4.1.
Plot y vs. x and draw the best-fit straight line.
Calculate the slope of the graph and record in Table 4.2.

From the slope of the graph, calculate the initial speed of the ball as it leaves the muzzle
and record in Table 4.2.

Using any data point for x and y, calculate the time using y and then calculate the initial
speed using this time and x. Record the results in Table 4.2.

Calculate the percent difference between the initial speeds found using these two meth-
ods. Record in Table 4.2.

20 PASC (]
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Table 4.2 Initial Speed

Slope of graph

Initial speed from slope

Time of flight

Initial speed from x, y

Percent Difference ‘l

Questions

® Was the line straight? What does this tell you about the relationship between y and x?
@ If you plotted y vs. x, how would the graph differ from the y vs. x? graph?
® What shape is the path of a projectile?

| PAS( (] 21
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Experiment 5: Conservation of Energy

EQUIPMENT NEEDED

-Projectile Launcher and plastic ball -plumb bob

-measuring tape or meter stick -white paper

-(optional) 2 Photogates and Photogate Bracket -carbon paper
Purpose

The purpose of this experiment is to show that the kinetic energy
of a ball shot straight up is transformed into potential energy.

Theory

final position ——

The total mechanical energy of a ball is the sum of its potential h
energy (PE) and its kinetic energy (KE). In the absence of

friction, total energy is conserved. When a ball is shot straight
up, the initial PE is defined to be zero and the KE = (l/2)mv°2,
where m is the mass of the ball and vo is the muzzle speed of the
ball. See Figure 5.1. When the ball reaches its maximum height,
h, the final KE is zero and the PE = mgh, where g is the accelera-

tion due to gravity. Conservation of energy gives that the initial
KE is equal to the final PE.

initial position —%—

To calculate the kinetic energy, the initial velocity must be
determined. To calculate the initial velocity, vo, for a ball shot
horizontally off a table, the horizontal distance travelled by the
ball is given by x = v,t, where t is the time the ball is in the air.
Alr friction is assumed to be negligible. See Figure 5.2.

The vertical distance the ball drops in time t is given by y = (172)gt%.

The initial velocity of the ball can be determined by measuring x
and y. The time of flight of the ball can be found using

Figure 5.1 Conservation of Energy

-/
Vi ‘ -~
and then the initial velocity can be found ' ~ o -
using v, = x/t. y SO
N
\
Set up S
® Clamp the Projectile Launcher to a sturdy J
table near one end of the table with the < X >
i the table. See Figure _
Is,aluncher aimed away from the ta oo e Figure 5.2 Finding the Initial Velocity

@ Point the Launcher straight up and fire a test shot on medium range to make sure the ball
doesn’t hit the ceiling. If it does, use the short range throughout this experiment or put the
Launcher closer to the floor.

@ Adjust the angle of the Projectile Launcher to zero degrees so the ball will be shot off horizontal ly.

' PASC (
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Procedure

PART I: Determining the Initial Velocity of the Ball (without photogates) |

® Put the plastic ball into the Projectile Launcher and cock it to th
Fire one shot to locate where the ball hits the fl
paper to the floor. Place a piece of carbon pap
and tape it down. When the ball hits the floor,

@ Fire about ten shots.

e medium range position.

oor. At this position, tape a piece of white
er (carbon-side down) on top of this paper

it will leave a mark on the white paper.

@ Measure the vertical distance from the bottom of the ball as it leaves the barrel (this
position is marked on the side of th

e barrel) to the floor. Record this distance in Table
5.1

® Use a plumb bob to find the point on the floor that is direct]
the barrel. Measure the horizontal distance along the floor
leading edge of the paper. Record in Table 5.1,

® Measure from the leadin
distances in Table 5.1.

Y beneath the release point on
from the release point to the

g edge of the paper to each of the ten dots and record these

® Find the average of the ten distances and record in Table 5.1.

@ Using the vertical distance and the average horizontal distance, calculate the time of flight
and the initial velocity of the ball. Record in Table 5.1.

Table 5.1 Determining the Initial Velocity without Photogates

Vertical distance = Calculated time of flight=
Horizontal distance to paper edge =

Initial velocity =

Trial Number Distance
1

Wlo|lwla|lwu|lasa|wlie

(=]

L Average
L Total Distance

24 [PASCC
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ALTERNATE METHOD FOR DETERMINING THE INITIAL VELOCITY OF THE BALL

(USING PHOTOGATES)

® Attach the photogate bracket to the Launcher and attach two photogates to the bracket.

Plug the photogates into a computer or other timer.

@ Adjust the angle of the Projectile Launcher to 90 degrees (straight up).

@ Put the plastic ball into the Projectile Launcher and cock it to the long range position.

@ Run the timing program and set it to measure the time between the ball blocking the two

photogates. :

® Shoot the ball three times and take the average of these times. Record in Table 5.2.

Table 5.2 Initial Speed Using Photogates

TRIAL NUMBER

TIME

1

2

3

AVERAGE TIME

INITIAL SPEED

® Using that the distance between the photogates is 10 cm, calculate the initial speed and

record it in Table 5.2.
MEASURING THE HEIGHT

@ Adjust the angle of the Launcher to 90 degrees (straight up).

@ Shoot the ball on the medium range setting several times and measure the maximum

height attained by the ball. Record in Table 5.3.
@ Determine the mass of the ball and record in Table 5.3.
Analysis

@ Calculate the initial kinetic energy and record in Table 5.3.
@ Calculate the final potential energy and record in Table 5.3.

@ Calculate the percent difference between the initial and final energies and record in Table 5.3.

'PASL
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Table 5.3 Results
Maximuim Height of Ball
Mass of Ball
Initial Kinetic Energy
Final Potential Energy
Percent Difference
‘Questions
® How docs friction affect the result for the kinetic energy?
@ How does friction affect the result for the potential energy?
26 IPASC (J
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Teacher's Guide

Experiment 1: Projectile Motion

» NOTE: For best results, make sure that the projectile launcher is clamped securely to a firm table. Any
movement of the gun will result in inconsistent data.

A) The muzzle velocity of the gun tested for this manual was 6.5 m/s (Short range launcher at maximum
setting, nylon ball)

B) To find the range at the chosen angle, it is necessary to solve the quadratic equation given in the theory
section. You may wish for the students to do this, or you may provide them with the solution:

sind +y/ (xsind)” + 2g(r5-)
g

@ The difference depended on the angle at which the gun was fired. The following table gives typical

results:
Angle Predicted Range Actual Range Percent Error
30 5.22 5.19 0.57%
45 5.30 5.16 2.64%
60 4.35 4.23 2.87%
39 5.39 5.31 1.48%

» NOTE: The maximum angle is not 45° in this case, nor is the range at 60° equal to that at 30°. This is
because the initial height of the ball is not the same as that of the impact point. The maximum range for
this setup (with the launcher 1.15 m above ground level) was calculated to be 39°, and this was
experimentally verified as well.

@ Answers will vary depending on the method of estimating the precision. The primary source of error is in
ignoring the effect of air resistance.

\rwperiment 2: Projectile Motion Using Photogates

B

> NOTE: Other than the method of determining initial velocity;-this gxperiment and experiment 1 are
equivalent.

—~
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Experiment 4: Projectile Path

@ Alternately, measure your distances from the ground up.

® Vertical distances measured from the ground up for this graph. The intercept is the height of the launcher
above ground when done this way.

0.2

0.154

0.1

Vertical Distance (m)

0.05  f(x)=-1.181345E-1*x + 2.609457E-1
R”2 = 9.997926E-1

0-"'1"'|'"l"'l"'l"'l"'l"'l'"l"'
0 02 04 06 08 1 12 14 16 18 2
Horizontal Distance Squared (mA2)

@ The slope (measuring from the ground) is -0.118 for this test. (Measuring down from the initial height will
give the same value, only positive.) In either case, the slope is

g
2V0

® The slope calculated here gives us an initial velocity of 6.44 m/s. This compares favorably with the
velocity calculated in experiments 1 and 2.

® Yes. This tells us that y is a function of x2.
@ A plot of y versus x would be parabolic instead of linear.

@ The projectile moves in a parabolic curve. (neglecting air friction)
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Experiment 5: Conservation of Energy

® Using the photogate method, we found that the initial speed of the ball was 4.93 m/s.
(Nylon ball, short range launcher at medium setting) The ball mass was 9.6 g, so our total
kinetic energy was 0.117 J.

®@ The ball reached an average height of 1.14 m. Potential energy was then 0.107 J.
® Energy lost was 8.5% of original energy.

Experiment 6: Conservation of Momentum in Two Dimensions

@ If possible use mediumange rather than short. The medium-range setting gives more

®®@ Momentum is conserved on both axes.

@ Kinetic energy is nearly conserved in the elastic collision. There is some loss due
that the collision is not completely elastic.

@ Energy is conserved for the inelastic collision; but kinetic energy is not.
® The angle should be nearly 90°. (Our tests had angles of about 84°)

® In the inelastic case, the angle will be less than in the elastic case. The exact angle will
depend on the degree of inelasticity, which will depend on the type and amount of tape
used.

Ment 7: Varying Angle to Maximize Height on a Wall

@ You should be able to measure the angle of max
@ Measure the distance to the front edge of the ball.
® Measure the initial height to the center of the ball.

height to within £2%.




Technical Support

If you have any comments about this product or this
manual please let us know. If you have any sugges-
tions on alternate experiments or find a problem in the
manual please tell us. PASCO appreciates any cus-
tomer feed-back. Your input helps us evaluate and
improve our product.

‘For Technical Support call us at 1-800-772-8700 (toll-
free within the U.S.) or (916) 786-3800.

email: techsupp@PASCO.com

‘Before you call the PASCO Technical Support staffit
would be helpful to prepare the following information:

» If your problem is computer/software related, note:
Title and Revision Date of software.
Type of Computer (Make, Model, Speed).
Type of external Cables/Peripherals.

» If your problem is with the PASCO apparatus, note:
Title and Model number (usually listed on the label).
Approximate age of apparatus.

A detailed description of the problem/sequence of

events. (In case you can't call PASCO right away,
you won't lose valuable data.)

If possible, have the apparatus within reach when

calling. This makes descriptions of individual parts
much easier.

* If your problem relates to the instruction manual,
note:

Part number and Revision (listed by month and year
on the front cover).

Have the manual at hand to discuss your questions.




