Physics 44

Chapter 2: Kinematics in One Dimension

GENERAL PRINCIPLES

Kinematics describes motion in terms of position, velocity, and acceleration. Solving Kinematics Problems
General kinematic relationships are given mathematically by: MODEL Uniform motion or constant acceleration.
Instantaneous velocity v, = ds/dt = slope of position graph VISUALIZE Draw a pictorial representation.
Instantaneous acceleration a, = dv,/dt = slope of velocity graph SOLVE

) » & area under the velocity * Uniform motion s; = s; + v, At
Final position sp=8+ I vdt =5 + {C‘urvﬂ from f, to #; » Constant acceleration vy, = v, + a,At

! ;=5 + v, At + 1a,(Ar)?
Einal velosity o= [ drm, + {2 e e seccleatn e
s il ASSESS Is the result reasonable?

i
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Position, velocity, and acceleration are
related graphically.

* The slope of the position-versus-time
graph is the value on the velocity graph.

= The slope of the velocity graph is the
value on the acceleration graph.

* 5 is a maximum or minimum at a turning
point, and v, = 0.
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The sign of v, indicates the direction of motion.

* vy, > 0 is motion to the right or up.

* v, < 0 is motion to the left or down.

The sign of a, indicates which way @ points, not whether the

object is speeding up or slowing down.
* a, > 0if d points to the right or up.

* g, < 0if @ points to the left or down.

IMPORTANT CONCEPTS

¢ Displacement is the area under the
velocity curve.

v:

Turning
s /] point

APPLICATIONS

An object is speeding up if and only if v, and a, have the same sign.

An object is slowing down if and only if v, and a, have opposite signs.

Free fall is constant-acceleration motion with

a,=—g=—9.80 m/s’ \
[¢]

Motion on an inclined plane has a, = * gsin#.

* The direction of @ is found with a motion diagram. The sign depends on the direction of the tilt.
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Conceptual Questions and Example Problems from Chapter 2

Conceptual Question 2.4 ¥

The figure to the right shows a position-versus-time graph A
for the motion of objects A and B as they move along the

same axis. (a) At the instant t =1 s, is the speed of A B

greater than, less than, or equal to the speed of B? Explain.
(b) Do objects A and B ever have the same speed? If so, at
what time or times? Explain.

T T T T — I (S)
. : : . o1 2 3 4 5
2.4. (a) At '='5 the slope of the line for object A is

greater than that for object B. Therefore, object A’s speed is greater. (Both are positive slopes.)
(b) No, the speeds are never the same. Each has a constant speed (constant slope) and A’s speed
is always greater.

Conceptual Question 2.6
The figure below shows the position-versus-time graph

for a moving object. At which letter point or points: -
(a) Is the object moving the slowest? (b) Is the object B

moving the fastest? (c) Is the object at rest? (d) Is the
object moving to the left? D

2.6. (a) B. The object is still moving, but the
magnitude of the slope of the position-versus-time N C
curve is smaller than at D.

(b) D. The slope is greatest at D.

(c) At points A, C, and E the slope of the curve is zero, so the object is not moving.
(d) At point B the slope is negative, so the object is moving to the left.

Problem 2.1

Alan leaves Los Angeles at 8:00 AM to drive to San Francisco, 400 mi away. He travels at a
steady 50 mph. Beth leaves Los Angeles at 9:00 AM and drives a steady 60 mph.

(a) Who gets to San Francisco first? (b) How long does the first to arrive have to wait for the
second?

2.1. Model: Cars will be treated by the particle model.
Visualize:

Pictorial representation

Los Angeles San Francisco

QU
1l
(=]

Known

XAlan 0 = XBeth 0 = 0 Lo -

XAlan 1 = *Beth 1 = 400 miles

VAlan 0 = VAlan 1 = 50 mph );Alan 0 ‘:}A]a" 0 t[Alan 0 );Alan 1 :A]an 1 ;Alan 1
VBeth0 = VBeth 1 = 60 mph Beth 0> VBeth 0> “Beth 0 Beth 1> VBeth 1> “Beth 1
tAlan 0 = 3:00 AM
IReth 0 = 9:00 AM .

8:00 a=0
Find Alan @ ® ® * ® ®
IAlan1  IBeth 1 v

9:00 a=0

Beth ® & @ & L)
v



Solve: Beth and Alan are moving at a constant speed, so we can calculate the time of arrival as

follows:
Ax x| —X, X — X,
V=—-= 1 O:tl:t0+ 1 0

Using the known values identified in the pictorial representation, we find:

- 400 mil
IAlan 1 = fAlan 0 +xAlanl—valanO:8:00 AM +WT/I}::OUI‘:8:OO AM+8 hr=4:00 PM
- 400 mil
[Beth 1 = [Beth 0 +xBet“—va°th°=9:00 AM+6OT£/I};M:9:OO AM +6.67 hr = 3:40 PM

(a) Beth arrives first.
(b) Beth has to wait ‘Al 1 ~Betn 1 =20 minutes gy Ajay

Assess: Times of the order of 7 or 8 hours are reasonable in the present problem.

x (m)
50+
Problem 2.4
The figure to the right is the position-versus-time graph of a jogger. i
What is the jogger’s velocity att =10 s, at t =25 s, and at t = 35 s? 25 1
2.4. Model: The jogger is a particle.
Solve: The slope of the position-versus-time graph at every point gives 0 0 10 20 30 40
the velocity at that point. The slope at £=10s js
JAS_S0m=23m s s
At 20's
The slope at =255 is
V:—SO m=50m =0.0 m/s
10s
The slope at =355 is b (mls)
v=—0m_50m=—5.0m/s 124
10s
8
Problem 2.6
A particle starts from xo = 10 m at to = 0 s and moves with the 41
velocity graph shown to the right. (a) Does this particle have a turning ¢ |
point? If so, at what time? (b) What is the object’s position at /1 3 4
t=2sand 4 s? AT

2.6. Visualize: Please refer to Figure EX2.6 in the text. The particle starts at

Its velocity is initially in the —x direction. The speed decreases as time increases during the first

second, is zero at /=15 and then increases after the particle reverses direction.

Solve: (a) The particle reverses direction at /=15: when "x changes sign.

.Xf:xO+

(b) Using the equation area of the velocity graph between /1 and 't

X5 =10 m —(area of triangle between 0 s and 1 s) + (area of triangle between 1 s and 2 s)

=10 m—%(4 m/s)(1 s)+%(4 m/s)(1 s)=10 m
X4 = Xos +area between 2 s and 4 s

=10 m+%(4 m/s+12 m/s)(2 s)=26 m

.X(]:lom at t0=0.

t(s)

t(s)



v, (m/s)
Problem 2.7 and 2.10 1.0-
The figure to the right is a somewhat idealized graph of the 0.8
velocity of blood in the ascending aorta during one beat of :
the heart. Approximately how far, in cm, does the blood 0.6
move during one beat? (a) Approximately how far, in cm, did

the blood travel during this time interval? (b) What is the 041
blood’s acceleration during each phase of the motion, 0.2
speeding up and slowing down? 0.0

) T T — 1 (S)
00 01 02 03 04

2.7. Model: The graph shows the assumption that the blood isn’t moving for the first 0.1 s nor
at the end of the beat.

Visualize: The graph is a graph of velocity vs. time, so the displacement is the area under the
graph—that is, the area of the triangle. The velocity of the blood increases quickly and decreases
a bit more slowly.

1
Solve: Call the distance traveled " The area of a triangle is 2 BH.

Ay :%BH = %(0.20 $)(0.80 m/s)=8.0cm

Assess: This distance seems reasonable for one beat.

2.10. Visualize: The graph is a graph of velocity vs. time, so the acceleration is the slope of the

graph.
Solve: When the blood is speeding up the acceleration is
A
a, = Yy _0.80 m/s —16 m/s2
At 0.05s
When the blood is slowing down the acceleration is
Av, -080m/s 5
ay:_Aty :—O‘ISS =-53m/s v, (m/s)
16m/s® . : : : 6
Assess: is an impressive but reasonable acceleration.
4 .
Problem 2.11
The figure below shows the velocity graph of a particle moving
along the x-axis. Its initial position is xo = 2.0 m at 21
to=0s. Att= 2.0 s, what are the particle’s (a) position,
(b) velocity, and (¢) acceleration? 0 | T — 1 ()
0 1 3

2.11. Solve: (a) At 1=2.0s. the position of the particle is
Xy ¢ =2.0 m+area under velocity graph fromt=0sto¢=20s

=20 m+%(4.0 m/s)(2.0 s)+2.0m=8.0 m

(b) From the graph itself at 1=2:05, v=2mis.
(c) The acceleration is

Av, ve-v, 0.0m/s—6.0m/s

N =-2.0 m/s?
At At 3s

Problem 2.18

A Porsche challenges a Honda to a 400 m race. Because the Porsche’s acceleration is 3.50 m/s?
is larger than the Honda’s 3.00 m/s?, the Honda gets a 1.00 s head start. Who wins? By how
many seconds?

2.18. Model: We are assuming both cars are particles.



Visualize:

Pictorial representation

Porsche ap Porsche
—_—
*po=0 vpg=0 x
ho=0 ap=3.5m/s2 Xp0s Vpos Ipo Xp1s Vp1s Ip)
xp =400 m Honda i
Vio=0 tgo=—1s —_—
xgpp =400 m
HI XH0> VHO» THO Xu1 VHL THI
Find
Ip1 I
ap
—
Vr @ { L @ L ]
—
ay
VH & > > >0 >0

Solve: The Porsche’s time to finish the race is determined from the position equation

1 2
Xp1 = Xpo + Vpo(?p1 —Zpo) +Eap(fpl —1po)
1
=400m=0m+0m+—(3.5 m/s?)(tp; —0 s)> = 1p,=15.12's

The Honda’s time to finish the race is obtained from Honda’s position equation as

1 2
Xg1 = Xgo + Vo (Fr1 — tHo) +5“H0(¢H1 — o)
1
400 m=0m+0m+—(3.0 m/s%)(tyy, +15)* =1, =15.33 s

So, the Porsche wins by 0.21 s.
Assess: The numbers are contrived for the Porsche to win, but the time to go 400 m seems

reasonable.

Problem 2.21
A student standing on the ground throws a ball straight up. The ball leaves the student’s hand

with a speed of 15 m/s when the hand is 2.0 m above the ground. How long is the ball in the air
before it hits the ground. (The student moves out of the way.)

2.21. Model: We model the ball as a particle.
Visualize:

Pictorial representation
y

Stops @ P

Known

vo=15m/s  1,=0 !
¥9=0 y;=—20m g1
a=—9.8m/s2 al i

Find
gt
1 Yo Voo o

—YpVih Ground



Solve: Once the ball leaves the student’s hand, the ball is in free fall and its acceleration is equal
to the free-fall acceleration g that always acts vertically downward toward the center of the earth.
According to the constant-acceleration kinematic equations of motion

1
Y1 =Yo + VoAt +EaAt2

Substituting the known values
—2m=0m+(15 m/s)t +(1/2)(=9.8 m/s*)s

One solution of this quadratic equation is /1 = 3:25- The other root of this equation yields a

negative value for > which is not valid for this problem.

Assess: A time of 3.2 s is reasonable.

Problem 2.30

A small child gives a plastic frog a big push at the bottom of a slippery 2.0-m-long, 1.0-m-high
ramp, starting it with a speed of 5.0 m/s. What is the frog’s speed as it flies off the top of the
ramp?

2.30. Model: The frog is a particle moving under constant-acceleration kinematic equations.
The ramp is frictionless.

Visualize: Note that our x-axis is positioned along the incline.
Pictorial representation

i)
(o
s Known
x=0 =0
a Leave Vo =5.0m/s
Lom s amp 17 2.0m
20 ' sing = 1.0m/2.0m =%
> a= —gsinf
Ny
X0, Vo, Lo Start

Solve: Using the following kinematic equation,

Vi =g +2a(x - x,) = (5.0 m/s)? +2(-9.8 m/sz)[%j(Z.O m—-0m)=v, =2.3 m/s
Assess: We knew the speed at the top of the ramp would be smaller than the beginning speed at
the bottom.

Problem 2.32
The figure below shows the acceleration graph for a particle that starts from rest at t =0 s. What
is the particle’s velocity at t = 6 s?

a, (m/s?)
10

0 T T T |—t(S)
6 8



2.32. Visualize:
a, (m/s2)

v(2 s) = area

0 T T l T 1(s)
8

Solve: We will determine the object’s velocity using graphical methods first and then using
v(t)=vy +

calculus. Graphically, area under the acceleration curve from 0 to ¢. In this case,

Yo =0 m/s: The area at the time requested is a triangle.
t=6s v(t=6 s):%(6 s)(10 m/s) =30 m/s

Let us now use calculus. The acceleration function a(¢) consists of three pieces and can be
written:
25t 0s<t<4s
a(t)=1-5t+30 4s<t<6s
0 6s<t<8s

These were determined by the slope and the y-intercept of each of the segments of the graph. The

velocity function is found by integration as follows: For 0</<4s.

‘ 2|

V(t)=v(t=0s)+ joa(t)dt =0+25— =1.25¢2
0
This gives
t=4s v(t=4s)=20m/s
For 45<t<L6s,
t —5t2 l 2
v(t)=v(t=4s)+ La(t)dt =20m/s + T+ 30t | =-2.5t"+30r-60
4

This gives:

t=6s v(it=6s)=30m/s
Assess: The same velocities are found using calculus and graphs, but the graphical method is
easier for simple graphs.

Problem 2.45 and 2.46

The figures below show a set of kinematics graphs for a ball rolling on a track. All segments of
the track are straight lines. Draw a picture of the track and also indicate the ball’s initial
condition.




2.45. Visualize: Please refer to Figure P2.45.
Solve:

Steeper than
first part
2.46. Visualize: Please refer to Figure P2.46.
Solve:
\ Vo< 0
O~
s=0

Ball rolls off left edge

Problem 2.51

You are playing miniature golf at the golf course

shown in the figure below. Due to the fake plastic P

grass, the ball decelerates at 1.0 m/s*> when rolling

horizontally and at 6.0 m/s? on the slope. What is 1.0m \ Q
the slowest speed with which the ball can leave 2.0m ¢ ‘

3.0m

your golf club if you wish to make a hole in one?

2.51. Model: We will use the particle model and the constant-acceleration kinematic equations.
Visualize: The ball can have zero velocity right as it gets to the hole.

Known

X3—x=10m
X,—x;=20m
X1—xp=3.0m

ag=a,=—1.0 m/s?
a,=—6.0 m/s2
v3=0
@ Find
0
r T T VO
X0 Vo Io 3.0m X1, Vs by

Solve: Use the kinematic equations at each stage.

vi= v% +2a,(x3 —x,)
v% = v12 +2a;(xy —x)
Vi =g+ 2a(x — xp)

2
Solve the last equation for "0 and substitute in from the other equations.

vg =v12 —2ay(x —xp) z[vg —2a1(x, —xl)}—Zao(xl —X)

= H"zz. —2ay(x3 = xz)} —2ay(x; - xl):| —2ay(x; = xp)

=0-2(-1.0 m/s*)(1.0 m)—2(—6.0 m/s?)(2.0 m)—2(~1.0 m/s?)(3.0 m)
=5.7m/s
Assess: This seems like a swift putt, but in the reasonable range.



Problem 2.57

A lead ball is dropped into a lake from a diving board 5.00 m above the water. After entering the
water, it sinks to the bottom with a constant velocity equal to the velocity with which it hit the
water. The ball reaches the bottom 3.00 s after it is released. How deep is the lake?

2.57. Model: We will model the lead ball as a particle and use the constant-acceleration
kinematic equations.
Visualize:

Lead ball
Diving board v
Yo Vo o ,,,,Jr,,, Ball released
ay Known N
%=0 v=0 %
Py YVl =0 ag=-9.8 m/s? !
yp=-50m ----¢---- Water surface
vy =V
tph=3.0s !
=0 =0
Find
Q Y2, V2, by 72 y
-e---- Lake bottom
0

Note that the particle undergoes free fall until it hits the water surface.

1
Y1 =Yooty —t) +5a0(1

_+\2
Solve: The kinematic equation )" becomes

1
~50m=0m+0 m+5(—9.8 m/s?)(4, 0> =1 =1.01s

Now, once again,

1 2
=yt _tl)+za1(tz -4)

=y, =y =13.0s5-101s)+0m/s=199y,
" is easy to determine since the time  has been found. Using "t =0 + (1 ~f);
v =0m/s—(9.8 m/sz)(l 01s-05)=-9.898 m/s

we get

With this value for "> we go back to:
vy =y =199, =(199)(-9.898 m/s)=—19.7 m

Y270 s the displacement of the lead ball in the lake and thus corresponds to the depth of the
lake, which is 19.7 m. The negative sign shows the direction of the displacement vector.
Assess: A depth of about 60 ft for a lake is not unusual.

Problem 2.68

Davis is driving at a steady 30 m/s when he passes Tina, who is sitting in her car at rest. Tina
begins to accelerate at a steady 2.0 m/s? at the instant when David passes. (a) How far does Tina
drive before passing David? (b) What is her speed as she passes him?

2.68. Model: Both cars are particles that move according to the constant-acceleration kinematic
equations.
Visualize:



Pictorial representation

e
)¢ x
Known Xpo> VDo- IDO XD1> VD1> D1
xpo=0 vpy=30m/s
Ipp=0 x79=0 dr
vip=0  19=0 T - Y am
ap=0 ap=2.0m/s? Y M~ te I g X
*p1 =T X105 VT0> 10 X115 V115 IT]
Ip =17
Find
A1 VT R
ap=0
D @ >@ > @ > >0
VD @=——b-@ >@ >@ >0
T’
ar

Solve: (a) David’s and Tina’s motions are given by the following equations:
1 2
Xp1 = Xpo +Vpo(!p1 —po) + EaD(tDl —1po)” = Vpolp1
1 2 1 2
Xy = X10 + vro(f11 —210) +E“T(tT1 —i19)" =0m+0m T art

When Tina passes David the distances are equal and D1 =/11> 50 we get
I 5 1 2vpo  2(30 m/s)

Xp| = X171 = Vpolp] = —a7i7] = Vpo = —arlp >ty =————=—"—--=30s
D1 Tl D0‘D1 P T'T1 DO 2 T'T1 Tl ar 20 m/52

Using Tina’s position equation,
X7 :%aTt%l =%(2.0 m/s*)(30 s)> =900 m

(b) Tina’s speed “T! can be obtained from

vr1 =Vro +at(tr; —tro) = (0 m/s)+(2.0 m/s?)(30 s -0 ) =60 m/s
Assess: This is a high speed for Tina (~134 mph) and so is David’s velocity (~67 mph). Thus
the large distance for Tina to catch up with David (~0.6 miles) is reasonable.

Problem 2.71

I was driving along at 20 m/s, trying to change a CD and not watching where I was going. When
I looked up, I found myself 45 m from a railroad crossing. And wouldn’t you know it, a train
moving at 30 m/s was only 60 m from the crossing. In a split second, I realized that the train was
going to beat me to the crossing and that I didn’t have enough distance to stop. My only hope
was to accelerate enough to cross the tracks before the train arrived. If my reaction time before
starting to accelerate was 0.50 s, what minimum acceleration did my car need for me to be here
today writing these words?

2.71. Model: Treat the car and train in the particle model and use the constant-acceleration
kinematic equations.
Visualize:



Pictorial representation

<

Known
x=0m vy =20m/s £,=0s a

;;:42%1: 20m/s 1,=050s Fanrs T  — 7 um Y )

X2 Vo I

Yo=0m vo,=30m/s X0 Vow 10 X Vie ly
Yo=060m V2, = Vo, = 30 m/s

. )35 Vo 1
Find Y2, Voy Ip

a

=Yo1> Yoy o

st

Solve: In the particle model the car and train have no physical size, so the car has to reach the
crossing at an infinitesimally sooner time than the train. Crossing at the same time corresponds to
the minimum “ necessary to avoid a collision. So the problem is to find “ such that *2~ m

when ¥2=60

The time it takes the train to reach the intersection can be found by considering its known
constant velocity.
227X _O0m_ 0
=l )
Now find the distance traveled by the car during the reaction time of the driver.
X, = xo + v, (] —1o) =0+ (20 m/s)(0.50 s) =10 m
The kinematic equation for the final position at the intersection can be solved for the minimum

Voy =Vay =30 m/s =

acceleration -

1
Xy =45 m=x +v, (5 —11)+5f11(f2 -4)°
~10 m+(20 m/s)(1.5 s)+%a1(l 55)?

= ay = 4.4 m/s’

Assess: The acceleration of 4.4 m/s’= 2.0 miles/h/s is reasonable for an automobile to achieve.
However, you should not try this yourself! Always pay attention when you drive! Train crossings
are dangerous locations, and many people lose their lives at one each year.



Problem 2.A

The position of a particle moving along the x axis is given in centimeters by x = 9.75 + 1.50¢°,
where t is in seconds. Calculate (a) the average velocity during the time interval t =2.00 s to

t =3.00 s; (b) the instantaneous velocity at t = 2.00 s; (¢) the instantaneous velocity when the
particle is midway between its positions at t = 2.00 s and t = 3.00 s.

%= RIS 41,5043 —5 _ahosta) Lo aundlia o ¢
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Problem 2.B

The position of a particle moving along the x axis depends on the time according to the equation
x = ct’ — bf?, where x is in meters and ¢ in seconds. What are the units of (a) constant ¢ and (b)
constant b? Let their numerical values be 3.0 and 2.0, respectively. (¢) What is the particle’s
average velocity between t = 1.0 s and t = 3.5 s? (d) At what time does the particle reach its
maximum positive X position? (e¢) What is the particle’s acceleration at t = 2.50 s?

}{Tﬁlﬁg‘lbf% | MM%WW@M@MIWWMJE

() [cjrm/gqj (@F‘b]m,/gj

(¢) u%:gﬁi:u« ;{(fj-(a.m,fga)gi(:.am/;)tﬁ
o Ez~Ty & =

X (£23.95) = (Boon/s?) (3.55) = (200/s3)(3:55)° = 49

e ———

X(#=.08)= (a'ar:nmfs*‘){ 1053 (2.0 w/s?) gl.as}hlg

Vﬂﬁ%: -49m = |.om ek Vﬂ-’mﬁ - —‘aJE}x]‘D'm/S

2.5s = |.05
(4) WWW+MWWW V——%.—g
TR (raws) Bl tut) b =0

s
L

I+
é: ls0g — e At dl'l.-f/dlt &0 .H.-ﬁ‘[ t=l-os fo o 1y a meay

(€) a=3dt= (e.on/s®)- (13.0m/s3) T
o Ci*ﬂnﬁg) = (j&;.om/g;)-(_m.ﬂnﬁ,%)CQ-SS)




Problem 2.C
A model rocket fired vertically from the ground ascends with a constant vertical acceleration of

4.00 m/s* for 6.00 s. Its fuel is then exhausted, so it continues upward as a free-fall particle and
then falls back down. (a) What is the maximum altitude reached? (b) What is the total time
elapsed from takeoff until the rocket strikes the ground?
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x=% £ Tbuchs =B e < 1
X = ‘.J{Gt-'-.,-’p'.", r-];;ﬁf —3 Y = afq,m%?){Eumg)
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e ? '5’: ) A=TTd.0m
2, 9a( X=Yo —_—
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Pﬁ :}{_? ){ ;{b 5 /{j o r':u‘lrr'\_.ﬁ-.-.- LELI"{'J{‘E_}
Ve = 94-0m/c . A (-T.510/s>)
V= Omfs (<A %p) [ 1@5..;2
Q = —F.8)mJs* —
'}{Dt'r?;i.ﬂm }{ 3‘.‘-:-+u'[c:ut f’r.l'ﬁé
(St Aat™s Vot + Xo =0

Yiig:.ﬁﬂji (_‘“"r’nrfon;"f,“‘}éa«t {';LLLDT-:,-’;} t+7%0m=0

£=2 Jotal v = G05+7,05 <] 13:05 |




