KINEMATICS IN TWO DIMENSIONS

Conceptual Questions

4.1. (a) As shown in the figure below, the acceleration d can be divided into components perpendicular (1) and

parallel (||) to the velocity. a will slow the particle down since it is in the opposite direction to V.

(b) The perpendicular component of @, a, , is pointing to the right, and changes the particle direction to the right.

ap

4.2. (a) A component of the acceleration either parallel or antiparallel to the velocity would speed up the particle or
slow it down, respectively. Since there is no parallel component then the speed isn’t changing.
(b) The perpendicular component of @, a, , is pointing down, and changes the particle direction in that direction.

4.3. Approximate Tarzan as a particle in nonuniform circular motion.
(a) As Tarzan just steps off the vine, his velocity is zero, but increasing along his trajectory, so a is along the trajectory.
2
_ . . . v
The component of a that is the centripetal acceleration a, = — =0 because v = 0.
r

[\S}

v

v
(b) At the bottom of the swing, a, = — = 0, but the velocity is at a maximum, so a, = 7t =0, so a isnotzeroand
t

2t
r

points up.

4.4. A typical trajectory of a projectile is shown in the figure below. The acceleration due to gravity always points
down. The velocity changes direction from the launch angle 6 = 6, above the +x-axis to zero at the top of the

trajectory, to 6 = 6, below the +x-axis when it hits the ground.

Vi

(a) Atno time are v and a parallel if L2 tan30°

v
lx

(b) At the top of the trajectory v and a are perpendicular.
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<!

4.5. For a projectile, only v , a_, and a, are constant during the flight. Since the acceleration a,=-g is down,
. . . 2 2
a, =0 and v_ is constant. The nonzero a, is constantly changing V), 80 the total speed v = ,’vx +Vy changes as

well. The positions x and y change, so r = \[xz +y? changes, too. Only a, is zero throughout the flight.

4.6. (a) The ball fired upward is a projectile with a horizontal component of initial velocity equal to the cart’s speed.
Without air friction, there is no horizontal component of the acceleration, so the ball stays over the cart during the
whole flight, and lands directly back in the tube.

(b) The cart accelerates after launching the ball, the horizontal component of the ball’s velocity is less than the velocity
of the cart, so the ball will land behind the cart.

4.7. After the rock is released it is in free fall, so its acceleration is equal to g.

4.8. Anita is approaching ball 2 and moving away from where ball 1 was thrown, so ball 1 was thrown with the greater
speed. This can be determined numerically as well, treating Anita as a moving reference frame with respect to the
ground, so Vanita = Vban — > M/s. For ball 1, Anita measures 10 m/s = v, =5m/s=>v, =15m/s. For ball 2,

-10 m/s = v, -5 m/s = v, = =5 m/s. So ball 1 was thrown with greater speed.

4.9. The ball has the same horizontal velocity as the plane whether parked or flying, as does an observer in the plane.
When the plane is moving forward at a steady speed, the ball after release appears to fall straight down, landing on the
X as it did when the plane was parked.

4.10. Zach should throw his book outward and toward the back of the car. The book has the same initial velocity as
do Zach and the car, so throw 1 or 2 will cause the book to land beyond the driveway in the same direction as the car
is traveling.

4.11. Since Zach and Yvette are traveling at the same speed they share the same reference frame, so Zach should
throw the book straight to her (throw 2.)

4.12. In uniform circular motion the tangential acceleration is zero, and the speed is constant. All vector quantities
(velocity and radial acceleration) have constant magnitudes but changing directions. Note that the tangential velocity

is the same as the instantaneous velocity in uniform circular motion.

4.13. (a) w ;= w ,= w ;. All points on an object turn at the same angular rate.

(b) vy >v, =v,. Since v=wr and w is the same for all of the rotating wheel, the speeds are ranked by how far from

the center () they are.

4.14. (a) w:+ a:+ Rotation is counterclockwise and increasing in the counterclockwise direction.
(b) w:- a:+ Rotation is clockwise and decreasing, so the angular acceleration is counterclockwise.
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(¢) w:+ a:- Rotation is counterclockwise and decreasing, so the angular acceleration is clockwise.
(d) w:- o:- Rotation is clockwise and increasing in the clockwise direction.

. . v
4.15. (a) The instantaneous speed v is zero, and sow = — = 0.
r

(b) Rotation is beginning in the clockwise direction, so o < 0.

Exercises and Problems

Section 4.1 Acceleration

4.1. Solve: (a)

(b) A race car slows from an initial speed of 100 mph to 50 mph in order to negotiate a tight turn. After making the
90° turn the car accelerates back up to 100 mph in the same time it took to slow down.

4.2. Solve: (a)

(b) A ball rolls along a level table at 3 m/s. It rolls over the edge and falls 1 m to the floor. How far away from the edge
of the table does it land?

4.3. Solve: To make the particle slow down the acceleration needs to have a component that is opposite the direction
of the velocity. To make the particle curve upward the acceleration must have a component upward. So the answer is
H.

4.4. Solve: To keep a steady speed there can’t be a component of the acceleration parallel to the velocity. To make
the particle curve to the right the acceleration must have a component to the right. So the answer is C.

4.5. Solve: To make the particle speed up the acceleration needs to have a component that is in the direction of the
velocity. To make the particle curve downward the acceleration must have a component downward. So the answer is E.
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Section 4.2 Two-Dimensional Kinematics

4.6. Model: The boat is treated as a particle whose motion is governed by constant-acceleration kinematic equations
in a plane.
Visualize:

Pictorial representation

(north)
y
Known

Xo=Yo=1=0_

v Vo= Vox i+ VoyJ .
=(5.0m/s)i +0)

0 PY j 0 a = (0.80 m/s2, 40° north of east)
t1=6s

Z Ty h Find
Vi Viy
/ A=A\ ¥ e vy
s
T @ x (east)
X0, Yos Lo Yo

Voe Voy
Solve: Resolving the acceleration into its x and y components, we obtain
a = (0.80 m/s*)cos40°7 + (0.80 m/s?)sin40°] = (0.613 m/s>)i + (0.514 m/s?) ]
From the velocity equation v, = v, + d(t, - 1,),
¥, = (5.0 m/s)i +[(0.613 m/s?)i + (0514 m/s*)71(6 s 0 s) = (8.68 m/s)i + (3.09 m/s)
The magnitude and direction of v are

V= \/(8.68 m/s)? +(3.09 m/s)®> =92 m/s

_1(3.09 m/s)

I\MJ = 20° north of east

Vix

6 = tan™! (vl—y) = tan

Assess: An increase of speed from 5.0 m/s to 9.2 m/s is reasonable.

4.7. Model: Model the rocket as a particle and assume constant acceleration in both directions (vertical and horizontal)
so use the kinematic equations in direction.
Visualize:

RITRAR

Vix Vl_\'

Known

X =Yo=1=0
vo=0

£, =6.00s

a, = 1.50 m/s?
a d a,=6.00 m/s?

Find
X1

1)
=

X0, Y0 fo
Vox> Yoy
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Kinematics in Two Dimensions 4-5

Solve: Use s, =5, + v, Al + EaS(At)2 in each direction. A¢ is the same in each direction.
1 1
X, =Xy + vy A + Eax(m)z =0m+0m+ 5(1'50 m/s?)(6.00 s)? =27 m

1 1
Yy = Vo + v, A+ an(m)2 =0m+0m+ E(6.00 m/s?)(6.00 s)> = 108 m

The distance from the launch pad at 7 = 6.00 s is

r=\/x12 + 97 =\/(27 m)? +(108 m)*> =11132m=~111m

Assess: This distance seems reasonable for a model rocket after 6.00 s.

4.8. Solve: (a)Att=0s,x=0m and y=0 m, or 7 =(0i +0/) m. At t=4s,x=0m and y=0m, or
7 = (0 +07) m. In other words, the particle is at the origin at both # = 0 s and at ¢ = 4 s. From the expressions for x

and y,

(%tz —4t)f+ (t=2)j| m/s

At1=0s, ¥==2jm/s,v=2m/s. At t=4s, v=(8 +2])m/s, v=_383mis.

(b)Att=0s, v isalong —j, or 90° south of +x. At t =4s,

-1/ 2m/s)
|8

= 14° north of +x
)

0 = tan

4.9. Model: The puck is a particle and follows the constant-acceleration kinematic equations of motion.
Solve: (a) At ¢ =2s, the graphs give v_ =16 cm/s and v, = 30 cm/s. The angle made by the vector v with the

x-axis can thus be found as

_1( 30 cm/s)

= 62° above the x-axis
16 cm/s )

(v,)
6 = tan”! L—y) = tan
%

(b) After 1 =5 s, the puck has traveled a distance given by:

X=X+ '}I gsvx dt = 0 m + area under v_-f curve = %(40 cm/s)(5 s) = 100 cm

Y=Y+ N 05svy dt = 0 m + area under v,-t curve = (30 cm/s)(5s) =150 cm

=7 = \/xf + 3% = (100 cm)? + (150 cm)? =180 cm

4.10. Model: Use the particle model for the puck.
Solve: Since the v vs 7 and v, Vst graphs are straight lines, the puck is undergoing constant acceleration along the

x- and y- axes. The components of the puck’s acceleration are
dv. Av. (10 m/s—(-10 m/s))

a =—x_"x_ = 2.0 m/s?
Toodt At 10s-0s
_ (10 m/s - 0 m/s)

a =1.0 m/s?
Y (10s-05s)

The magnitude of the acceleration is a = «/af + ai =22 m/s?.

Assess: The acceleration is constant, so the computations above apply to all times shown, not just at 5 s. The puck
turns around at ¢ = 5 s in the x direction, and constantly accelerates in the y direction. Traveling 50 m from the starting
point in 10 s is reasonable.
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4-6 Chapter 4

Section 4.3 Projectile Motion

4.11. Model: Assume the particle model for the ball, and apply the constant-acceleration kinematic equations of
motion in a plane.
Visualize:

Pictorial representation

Known

ti=1s
Xo=yo=1lo=0

Vi =(2.00+2.0)) m/s
Vie=2.0m/s
Yiy=2.0m/s

X2, Y2, Ip
Vox V2y

Vi

X3, 3,13
V3 V3y

Find
Vox Voy
Vox sz
Vix Vay
a=g

x [’}

Xo» Yo» fo

Vox Voy
Solve: (a) We know the velocity ¥ = (2.0 +2.0j) m/s at =1s. The ball is at its highest point at #=2's, so
v, = 0 m/s. The horizontal velocity is constant in projectile motion, so v, = 2.0 m/s at all times. Thus v, = 2.0i m/s
at t=2s. We can see that the y-component of velocity changed by Av, = -20 m/s betweent=1s and t=2s.
Because a, is constant, v, changes by —-2.0 m/s in any 1-s interval. At ¢ =3s, v, is 2.0 m/s less than its value of 0

att=2s Att=0s, v, must have been 2.0 m/s more than its value of 2.0 m/s at ¢ = 1 s. Consequently, at #=0s,

¥, = (2.0i +4.0/) m/s

At t=1s,

V(1) = (2.0 +2.0/) m/s
Att=2s,

¥(2) = (207 + 0.0 /) m/s
Att=3s,

¥(3) = (2.0i = 2.0/) m/s

(b) Because v, is changing at the rate -2.0 m/s per s, the y-component of acceleration is a, = -2.0 m/s*>. But

a,=-g for projectile motion, so the value of g on Exidor is g = 2.0 m/s”.

(¢) From part (a) the components of v, are v, = 2.0 m/s and Vo, = 4.0 m/s. This means

(40 m/s\

l\2 0 m/sJ = 63° above +x

(v,
6 = tan™! Lﬂj = tan”!
va

Assess: The y-component of the velocity vector decreases from 2.0 m/s at t =1s to 0 m/s at z =2 s. This gives an

acceleration of —2 m/s%. All the other values obtained above are also reasonable.
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Kinematics in Two Dimensions 4-7

4.12. Model: The ball is treated as a particle and the effect of air resistance is ignored.
Visualize:

Pictorial representation

y
Known
x=0 =0
xO, yo, tO VO.\' =25m/s
Vox> Yoy | - VO.\' =0
x=50m
=0
a,=—8
XY b
N Vie Viy Find
e x Yo
0

. Usi 1 2
Solve: Using x; = x, + v, (¢, —1,) + Eax(tl -1)",

SOm=0m+(25m/s)(t, -0s)+0m=1=20s
Now, using y, = y, + voy(tl — 1))+ %ay(tl - to)z,
y=0m+0m+1(-98 m/s?)(20s-05s)? =-19.6 m

So the ball was thrown from 19.6 m high.
Assess: The minus sign with y, indicates that the ball’s displacement is in the negative y direction or downward.

A magnitude of 19.6 m for the height is reasonable.

4.13. Model: The bullet is treated as a particle and the effect of air resistance on the motion of the bullet is neglected.
Visualize:

Pictorial representation

¥
Known
V, % Yoy =
0x> YOy 20y
——————————— 3 X X = 50 m
0 RN !
: yi=—2cm
Tee | G="8
-
% Find
XLy o Vo
Vie Viy

Solve: (a) Using y, = y, + voy(t1 =1+ %ay(t1 - to)z, we obtain
(20x102 m)=0m+0m+ 2(-938 m/s?)(t, - 0's)* = £, = 0.0639 s ~ 0.064 s
(b) Using x, = x; +v,, (¢, = 1)) + %ax(tl - to)z,

(50 m) = 0 m +v,, (00639 5= 05) +0 m = v, =782 m/s ~ 780 m/s

Assess: The bullet falls 2 cm during a horizontal displacement of 50 m. This implies a large initial velocity, and a
value of 782 m/s is understandable.
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4.14. Model: We will use the particle model for the food package and the constant-acceleration kinematic equations
of motion.
Visualize:
Pictorial representation
y

X0, Yo» 1o
Voxs Yoy Known

D | %=t=0
Yo =100 m

— X
XY h
Vie Viy
Solve: For the horizontal motion,
Xy =xy + v, (6 =)+ %atx(t1 - to)2 =0 m+ (150 m/s)(#, = 0 s) + 0 m = (150 m/s)¢,

We will determine # from the vertical y-motion as follows:

1 2
=Y +v0y(t1 —t0)+5ay(t1 —1y)

=0m-= 100m+0m+%(—9.8 m/sz)tl2 =1 = /&mz =4518s=45s
9.8 m/s

From the above x-equation, the displacement is x; = (150 m/s)(4.518 s) = 678 m =~ 680 m.

Assess: The horizontal distance of 678 m covered by a freely falling object from a height of 100 m and with an initial
horizontal velocity of 150 m/s (= 335 mph) is reasonable.

Section 4.4 Relative Motion

4.15. Model: Assume motion along the x-direction (downstream to the right). Call the speed of the boat with respect

to the water (v, )gy,» the speed of the water with respect to the Earth (v, )y, and the speed of the boat with respect

to the Earth (v )pp-

Solve: We seek (v, )yp-
Downstream: vIee = )pw + (V)wg = % =10 km/h
30 km
Upstream: v Ige =~ )pw * (VIwg = So0n - —-6.0 km/h

Add the two equations to get 2(v )y = 4.0 km/h, so the river flows at 2.0 m/s.

Assess: This means that the boat goes at 8.0 m/s relative to the water. Both these numbers sound reasonable.

4.16. Model: Assume motion along the x-direction. Let Ax = x, — x,, be the distance between the gate and the

baggage claim. Call your walking speed (v, the speed of the moving sidewalk with respect to the floor (v, )gp,

)YS >
and the speed of you with respect to the floor (v, )y while walking and riding.

Solve: We seek At, the time it takes to go Ax while walking on the moving sidewalk.
Ax

Walking alone: Vo )ys = 0s
s
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Kinematics in Two Dimensions 4-9

Standing while riding: (v )e = Ax
* 75s
Walking while riding: (vx )YF = Xt =(v, )YS + (Vx )SF = ﬁ + ﬁ
Cancel Ax and solve for A¢:
£=£+£=>At=305
At 50s 75s

Assess: A Ar smaller than 50 s was expected.

4.17. Model: Let the x-direction be east and the y-direction be north. Use subscripts M, W, and E for Mary, the water,
and the Earth, respectively. Let the origin be Mary’s starting point on the south bank.
Visualize: In the reference frame of the water Mary has no east-west motion; in that frame she travels 100 m across

the river at 2.0 m/s so Az =50s.
Solve:
@) "Me = mw +Twe
= Ty gy AL + Ty At
= (2.0 m/s) (50 s) + (1.0 m/s)(50 s)
= (50 m)i + (100 m)
So she lands 50 m east (downstream) from where she intended.

(b) Vg = \/(vx)z + (vy)2 = \/(1.0 m/s)? + (2.0 m/s)* = 2236 m/s =22 m/s

Assess: Most of Mary’s speed with respect to the shore is due to her rowing rather than the current.

4.18. Model: Let the x-direction be east and the y-direction be north. Use subscripts S, T, and G for Susan, Trent,
and Ground respectively.

Visualize: ¥ = Vi + Vg wWhere Vg = —Vg; = (-60 mph);.

Solve:

Vg = \/(vx P+, = (@5 mph)? + (=60 mph)* = 75 mph

Assess: We expected the relative speed between Trent and Susan to be greater than either of their speeds relative to
the ground.

Section 4.5 Uniform Circular Motion

4.19. Visualize: The angular velocity is the slope of the angular position graph.

Solve:
(a) The slope of the graph at r =1 is 0 rad/s.
(b) The slope of the graph at ¢ = 4s is ~2n rad = - /2 rad/s.
s
. 6m rad
(c) The slope of the graph at ¢ = 7s is = 37 rad/s.

S

4.20. Solve: Since w = (d0/dt) we have

0, = 0. + arca under the w -versus-¢ graph between ¢, and ¢,
From 7=0s to ¢t=2s, the area is (20rad/s)(2s)=40rad. From ¢=2s to t=4s, the area is
(10 rad/s)(2 s) = 20 rad. Thus, the area under the w -versus-¢ graph during the total time interval of 4 s is 60 rad or
(60 rad) x (1 rev/2z rad) = 9.55 revolutions = 9.5 revolutions.
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4.21. Solve: The angular position graph is the area under the angular velocity graph. At ¢ = 4 sthe area is 80 rad.
Between 4 s and 6 s the angular velocity is zero so the angular position doesn’t change. Between 6 s and 8 s the area is
20 rad, but it is below the axis, so we subtract it. The area under the @ versus ¢ graph during the total time interval of
8 s is 80 rad —20 rad = 60 rad. This is where we end up on the 6 axis at 8.s

6 (rad)
80

60

40 4

20

0 T T T — 1(s)
8

4.22. Model: Treat the record on a turntable as a particle rotating at 45 rpm.
Solve: (a) The angular velocity is
Imin 27 rad

o =45 rpm x = 157 rad/s = 4.7 rad/s
60 s 1 rev
(b) The period is
T 27 rad _ 2mrad 1335135
|w| 1.57 rad/s
4.23. Model: The airplane is to be treated as a particle.
Visualize:
Pictorial representation
Sphere
— representing
the Earth

_________________ Known
r = 4000 miles
s = 5000 miles
______________ g Find
92 - 0] w
Solve: The angle you turn through is
6, -0, = = 2000mileS 5500 rad = 12500 rad x 100 = 71.62°
r 4000 miles 7 rad
The plane’s angular velocity is
0,-06 °
oo 2= _T162° oo
L=t 9h
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Assess: An angular displacement of approximately one-fifth of a complete rotation is reasonable because the
separation between Kampala and Singapore is approximately one-fifth of the earth’s circumference.

Section 4.6 Velocity and Acceleration in Uniform Circular Motion

4.24. Model: Assume the beach is at sea level so that 7y = 6400 km for the surfer and 7. = 6403 km for the

climber. The angular velocity for each of them is 27 rad/24 h = 727 x 10 rad/s.
Visualize: v =row.
Solve:

Av = v —vg = 1.0 =10 = (1 = 15w = (3000 m)(7.27 x IO_Srad/s) =0.22 m/s = 22 cm/s

Assess: The difference in speed is small because @ is small.

4.25. Solve: The plane must fly as fast as the earth’s surface moves, but in the opposite direction. That is, the plane
must fly from east to west. The speed is

(27 rad) 64 10° k) = 1680 K = 1680 KM L mile
| 241 ) h h 1609 km

v=wr = 1040 mph

4.26. Model: The rider is assumed to be a particle.

Solve: Since a, = V2 /r, we have

vV =ar=(98 m/s*)(12 m)=v =34 m/s
Assess: 34 m/s =~ 70 mph is a large yet understandable speed.

4.27. Model: The earth is a particle orbiting around the sun.
Solve: (a) The magnitude of the earth’s velocity is displacement divided by time:

11
V= —Z’T" - 2= ;41?1 “;)600 =30x10* m/s
365 days x x s
1 day lh

(b) Since v = rw, the angular velocity is

(c) The centripetal acceleration is

Assess: A tangential velocity of 3.0x10% m/s or 30 km/s is large, but needed for the earth to go through a
displacement of 27(15x10'! m)=9.4x10® km in 1 year.

4.28. Solve: The pebble’s angular velocity w = (3.0 rev/s)(2x rad/rev) = 18.9 rad/s. The speed of the pebble as it

moves around a circle of radius 7 = 30 cm = 0.30 m is
v=owr = (189 rad/s)(030 m) = 5.7 m/s

The radial acceleration is

4.29. Model: The crankshaft is a rotating rigid body.
Visualize: The angular acceleration is the slope of the angular velocity graph.
Solve:
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.=2
(a) The slope of the graph at r =15 is ()(2)—rad/s = -100 rad/s’.
s

(b) The slope of the graph at # =3 s is 0 rad/s.

(c) The slope of the graph at ¢ =15 is 150 rad/s =50 rad/s.
s

4.30. Model: The turntable is a rotating rigid body.
Visualize: The angular velocity is the area under the a vs. ¢ graph. Use the formula for the area of a trapezoid.

Solve: Because the turntable starts from rest w ;= 0.
(a) The area under the graph from t=0s to £ =1s is (5 rad/s> + 2.5 rad/s>)(1 s)/2 = 3.75 rad/s
(b) The area under the graph from 1 =0s to t=2s is (5 rad/s + 0 rad/s’ )2 s)/2 =50 rad/s

(c) The area under the graph from is not increasing after =2 s so w stays the same 5.0 rad/s.

4.31. Visualize: The angular position is the slope of the area under the @ vs. ¢ graph.
Solve: The area under the graph is 20 rad + 40 rad = 60 rad. Convert to revolutions. 60 rad(l rev/2s rad) = 95 rev.

4.32. Model: Model the child on the merry-go-round as a particle in nonuniform circular motion.
Visualize:
Pictorial representation
a4

Known __» Child on the rim

fp=1p=0 w0=42—(7;s=1.57rad/s

r=25m
t1=20s w;=0

Find
vo 0y

Solve: (a) The speed of the child is v, = rw = (2.5 m)(1.57 rad/s) = 3.9 m/s.
(b) The merry-go-round slows from 1.57 rad/s to 0 in 20 s. Thus

a rom
0=0=0+-"tt=a =- 0 _ (25 m)157 radls) _ -0.197 mys>
r 4 20 s
During these 20 s, the wheel turns through angle

2

a

0, =0, +wt, +—L17 =0+ (157 rad/s)(20 5) - m(20 s)? =15.6 rad
2r 2(2.5 m)

In terms of revolutions, 6, = (15.6 rad)(1 rev/2srad) = 2.5 rev.

4.33. Model: The fan is in nonuniform circular motion.
Visualize:

Pictorial representation

Known o~
©;=0 Q-
® ;= 1800 rpm
At=4s ‘
Find

o
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Solve: Note 1800 rev/min(g:)ﬂ) =30 rev/s. Thus W, =0+ aAt =30rev/s=0revis+a(40s)=a =75 rev/s”.
S ;

This can be expressed as (7.5 rev/s)( 2 rad) = 47 rad/s®.
ev

Assess: An increase in the angular velocity of a fan blade by 7.5 rev/s each second seems reasonable.

4.34. Model: The wheel is in nonuniform circular motion.
Visualize:

Pictorial representation
Known

®o= 50 rpm
o= 0.50 rad/s?
Oi = 0

Find
o 6

Solve: (a) Express w; inrad/s:

( min) ( 27 rad)

k60 sJ( oy J=>5.2rad/s

o ;= (50 rev/min)

After 10's, w ;= 0+ aAt = w (= 5.2 rad/s + (0.50 rad/sz)(lo s)2 = 55 rad/s. Converting to rpm,

(55 rad/s){%) (;—jad) =53 rpm
(b) In 10 s, the wheel has turned a number of radians
0 =6, + At + %aAtz => 6, = 0 rad/sec + (5.2 rad/s)(10 s) + %(0.50 rad/s? )(10 s)2 = 77 radians.
Converting, 77 rad = 12.3 revolutions.

Assess: Making a bicycle wheel turn just over 12 revolutions in 10 s when it is initially turning almost one revolution
per second to begin with seems attainable by a cyclist.

4.35. Model: Model the particle on the crankshaft as being in nonuniform circular motion.
Visualize:

Pictorial representation

Known
0y=1=0

o =2500 rpm
H=15s

w; =0

Find

a, 0

Solve: (a) The initial angular velocity is w ;= 2500 rpm x (1 min/60 s) x (27 rad/rev) = 261.8 rad/s. The crankshaft
slows from 261.8 rad/s to 0 in 1.5 s. Thus
rwg (0015 m)(2618 rad/s)

a
0,=0=0,+—1=a =- =
r £ 15s

~2618 m/s® = 2.6 m/s’
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(b) During these 1.5 s, the crankshaft turns through angle
2618 m/s>

=" (155)* =196 rad
2(0.015 m)

a
0, =06, + 0wt + z—frtf = 0+ (2618 rad/s)(1.5s) -

In terms of revolutions, 6, = (196 rad)(1 rev/zrad) = 31.2 rev.

4.36. Model: We will assume that constant-acceleration kinematic equations in a plane apply.
Visualize:

Pictorial representation

y Known
7y=(9.0m)}
X0 Y0: fo 1,=0
Yox Yoy F=0m)i
Wire loop Bd
nov(t=4s)

0 I = X Particle's trajectory
L)1 I\X fromsr=0tor=4s
Vie Viy
Solve: (a) The particle’s position 7 =(9.07) m implies that at t, the particle’s coordinates are x, =0 m and
Yo = 9.0 m. The particle’s position 7 = (20/) m at time t, implies that x, = 20 m and y; = 0 m. This is the position
where the wire hoop is located. Let us find the time 7, when the particle crosses the hoop at x; = 20 m. From the
v -versus- curve and using the relation x, = x,, + area of the v_-f graph, we get
20 m =0 m+ areaofthe v_-f graph = area of the v_-¢ graph
X X
From Figure P4.36 we see that the area of the v -t graph equals 20 m when ¢ =1¢ =3 s.
(b) We can now look at the y-motion to find a,. Note that the slope of the . v,-¢ . graph (that is, a,) is negative and
constant, and we can determine a,, by substituting into y; =y + vy, (i3 —7p) + %ay (ty - 1)*:
Om=9m+0m+La,(3s-0s)=a,=-2ms

Therefore,
Vay = Vo + @, (1 = 19) =0 m/s + (-2 m/s”)(4 s - 05) = -8 m/s

4.37. Model: Assume the spaceship is a particle. The acceleration is constant, so we can use the kinematic equations.
Visualize: We apply the kinematic equation sp = s; + voA? + %a(AZ)2 in each direction. A7 =35 min =2100s.

Solve:

Xp =6.0x10° km + (9.5 km/s)(2100 s) +2(0.040 km/s?)(2100 )2 = 708000 km
2

yp = =4.0x10° km + (0 km/s)(2100 s) + %(0 km/s?)(2100 s)*s = 400000 km
zp = 2.0x10° km + (0 km/s)(2100 s) +%(-.020 km/s?)(2100 s)%s = —156000 km
Rounding to two sig figs gives 7 = (710 — 400 — 160k)x10° km.

Assess: The y-component didn’t change because there was no velocity or acceleration in the y-direction.
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4.38. Solve: From the expression for R, R, =va/g. Therefore,

2 .
R=%=M=>sinze=%=>e=15° and 75°

2 g
Assess: The discussion in the chapter explains why launch angles 8 and (90° - 8) give the same range.

4.39. Model: Assume particle motion in a plane and constant-acceleration kinematics for the projectile.
Visualize:

Pictorial representation

Known
XLyt
‘1}' lv 1 vo 6 vy
ol Xo=Yo=1p=0
Vo Find
h(=y; — yo and
h X2, Y2, Iy = f )02
x, — x; for 6=
X0, Yo» To Vo Vay 2 1
i CTE 300, 45° and 60°
Voxs Yoy 0 hd X

Solve: (a) We know that v, =vysin6, a, = -g, and v;,, =0 m/s. Using v12y = vgy +2a,(» - »o),

2.2
0m?/s? = vg sin?6 + 2(-g)h=h= Yosin“6
2g
(b) Using the equation for range and the above expression for 8 =30.0°:
2 p
2.2 o
e (33.6 m/s) sm2 30.0 144 m
2(9.8 m/s”)
2 2 o
(xy - xy) = Vg sin 26 _ (33.6 m/s) s1n(§x30.0 ) ~998 m
(98 m/s*)
For 6 =45.0"
2.2 o
e (33.6 m/s) sm2 45.0 —288m
2(9.8 m/s7)
2 o
(= xg) = (33.6 m/s) sm(§><45.0 ) 1152 m
(98 m/s”)
For 6 =60.0°
2.2 o
he (33.6 m/s) s1n2 60.0 —432m
2(9.8 m/s”)
2. o
(¥ = x,) = (33.6 m/s) s1n(22x 60.0°) ~998 m
2(9.8 m/s”)

Assess: The projectile’s range, being proportional to sin(26), is maximum at a launch angle of 45°, but the maximum

height reached is proportional to sin? (8). These dependencies are seen in this problem.

4.40. Model: Treat the kangaroo as a particle.

Visualize: We are asked to find the take-off speed and horizontal speed of the kangaroo given its initial angle, 20°,
and its range. Since the horizontal speed is given by v, =v,cosf and the time of flight is given by At = 2y,sin6/g,
the range of the kangaroo is given by the product of these: Ax =2v,sin6cos6/g.
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Solve: (a) We can solve the above formula for v, and then plug in the range and angle to find the take-off speed:
vy = gAx/(2sinBcosB) = (9.8 m/s?)(10 m)/(2 sin20°cos 20°) =12.3 m/s

Its take-off speed is 12 m/s, to two significant figures.

Vg sin” 6 _(23 m/s)?sin? 20°

5 =090 m
2g 2(9.8 m/s7)

(b) h=
Assess: These numbers seem reasonable for a kangaroo.

4.41. Model: Assume the particle model for the projectile and motion in a plane.
Visualize:

Pictorial representation

X1 V14
Vie Viy

Known

X=yo=1=0
vo=30m/s 6 =60°
a,=—g

Xg Yoo & _ o
200 viy=0 vix=vo =y

Vox VO)‘ 0'
Find
Y27Yo Y1~ Yo
Vy /]

Ground

Solve: (a) Using y, =y + vy, (1 — 1) +5a, (5, ~1p)%,
2 =0m+(30 m/s)sin60%(7.5 s -0 s) +L(-9.8 m/s*)(7.5 s -0 5)* =-80.8 m
Thus the launch point is 81 m higher than where the projectile hits the ground.
(b) Using v, =5, +24,(3 = ¥p).
0 m?/s? = (30sin 60° m/s)* + 2(-9.8 m/s?)(y; -0 m)=> y, =344 m, or y, =34 m
Assess: The projectile hits the ground at an angle of 73°.

4.42. Model: Assume the particle model and motion under constant-acceleration kinematic equations in a plane.
Visualize:

y Pictorial representation
Known

Xp=1t=0 yy=180m
vo=12.0m/s 6, =40°
ay=—"8 Vix=Vox
Find

X

4 X
XYl
Vip Viy
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Solve: (a) Using y; =y + vy, (t — 1) +La,(t - 1)°,
0 m =180 m+vysin40°(; -0 5) + 1(-9.8 m/s”)(1, - 0 5)°
=180 m+(7.713 m/s)t, — (49 m/s*)ff = 1, =—0.206 s and 1.780 s
The negative value of # is unphysical for the current situation. Using # =1.780 s and x; = xy + v, (f; —¢;), We get

X =0+ (vycos40° m/s)(1.780 s = 0 s) = (12.0 m/s)cos40°(1.78 s) =16.36 m =164 m
(b) We can repeat the calculation for each angle. A general result for the flight time at angle 6 is

= (12sin0 +144sin” 0 + 35.28) /98's

and the distance traveled is x; = (12.0)cos6 x#;. We can put the results in a table.

0 4 X
40.0° 1.780 s 16.36 m
42.5° 1.853 s 16.39 m
45.0° 1.923 s 16.31 m
47.5° 1.990 s 16.13 m

Maximum distance is achieved at 0 ~ 42.5°.

Assess: The well-known “fact” that maximum distance is achieved at 45° is true only when the projectile is launched
and lands at the same height. That isn’t true here. The extra 0.03 m =3 cm obtained by increasing the angle from
40.0° to 42.5° could easily mean the difference between first and second place in a world-class meet.

4.43. Model: The golf ball is a particle following projectile motion.
Visualize:

Pictorial representation

Y Known
Xo=Yo=1p=0
Vo =25 m/s
6 =30°
a=0 a=-g
8earth = 9.8 m/s?

0 8moon = 1/6 Gearn
X
X0, Yo X1 )1 Find
Vox > Voy: fo Vigs Vip i x; and t;

(a) The distance traveled is x| = vy, 4; = vy cosO x¢;. The flight time is found from the y-equation, using the fact that
the ball starts and ends at y = 0:

Y1 —Yo=0=vysinb ¢ —%gtlz = (vysin@ —%gtl) L= _2%sing
Thus the distance traveled is
¥, = vy 08O x 2v,sin@ _ 2v§ sin6 cos6
g g
For 6 =30°, the distances are
2visinfcosd  2(25 m/s)>sin30°cos30°
(D garth = — - X ) . =552m
8earth 9.80 m/s
2v§ sinfcos6 2v§ sinfcos6 2v§ sinfcos6
(xl )moon = = 1 =6x = 6(xl)earth =3312m
Emoon 6 Searth 8earth

The golf ball travels 331.2 m-552 m =276 m farther on the moon than on earth.
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(b) The flight times are
2v,sinO
(") earth = 255
earth
2vo8in@  2v,sinf
(tl)moon = 0 = Mk = 6(t1)earth =1530s

moon %gearth
The ball spends 15.30 s - 2.55 s =12.75 s longer in flight on the moon.

4.44. Model: The particle model for the ball and the constant-acceleration equations of motion are assumed.
Visualize:

Pictorial representation

Known
XO:}rozt():O 6 =60°

vo=30m/s v, =vg,
1, =40s
. a,=—g
Yiop ¥
f Find
- y=h Yep
0 Xo, Yo Lo Vix Viy V1
Vox: Yoy

Solve: (a) Using y; =y + vy, (6 — 1) +La, (1, - 1)°,
h=0m+(30 m/s)sin60°(4 s -0 's) + L(-98 m/s*)(4 s~ 05)* =255 m
The height of the cliff is 26 m.
(b) Using (v)0p = V5 +2a, (¥iop = ¥0):
_ (vysin0)” _[(30 m/s)sin 60°T

0 m%/s% = (vysin6)? + 2(-2) Vion) = Vi = = =344 m
! OPTIP T g 2098 m/s?)

The maximum height of the ball is 34 m.
(¢) The x and y components are

iy = Vo, +a,(f —ty) = vysinb - gt = (30 m/s)sin60° - (9.8 m/sz)x (40s8)=-1322 m/s
Viy = Vo, = Vyc0s60° = (30 m/s)cos60° =15.0 m/s

=V =, [vlzx + vlzy =20.0 m/s
The impact speed is 20 m/s.

Assess: Compared to a maximum height of 34.4 m, a height of 25.5 for the cliff is reasonable.

4.45. Model: The particle model for the ball and the constant-acceleration equations of motion in a plane are
assumed.
Visualize:

Pictorial representation
Known

Xo = tO =0
¥=20m 6=5.0°
X0, Yor fo vo = 20.0 m/s

Vox Voy x=70m viy=vy,

a,=—g

Find
h n

0 Net
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Solve: The initial velocity is
Vox = Vp€055.0° = (20 m/s)cos5.0°=19.92 m/s

Voy =psin5.0° = (20 m/s)sin5.0° =1.743 m/s
The time it takes for the ball to reach the net is
X =Xg+ Vo (t; —t5) =70m=0m+ (1992 m/s)(#, -0s)=1¢=0351s
The vertical positionat v =¥ +V is
V1= Yo +Voy(t —to) +5a,(t - o)
=(2.0 m) +(1.743 m/s)(0351 s =0 s) + 1 (<98 m/s*)(0.3515s-05)* =201 m

Thus the ball clears the net by 1.0l m =1.0 m.

Assess: The vertical free fall of the ball, with zero initial velocity, in 0.351 s is 0.6 m. The ball will clear by
approximately 0.4 m if the ball is thrown horizontally. The initial launch angle of 5° provides some initial vertical
velocity and the ball clears by a larger distance. The above result is reasonable.

4.46. Model: The particle model for the ball and the constant-acceleration equations of motion in a plane are
assumed.
Visualize:

Xo» Yo» o Known
Vox: Yoy Xg=tg= 0

XY
Vie Viy
Solve: (a) The time for the ball to fall is calculated as follows:
V1= Yo + Vo, (f —to) +%a, (t - t0)?
=0m=4m+0m+1(-98 m/s*)(; -05)* =1, =09035 s

Using this result for the horizontal velocity:
X =Xg+vo,(t; 1)) =25 m=0m+v,, (090355 -0 s5)=v,, =27.7 m/s

The friend’s pitching speed is 28 m/s.
(b) We have v, = +v,sinf, where we will use the plus sign for up 5° and the minus sign for down 5°. We can write

Vi =Yo xvysin0(t; — 1) —%(ll —to)2 =0m=4m=yysinf ¢ —%tlz

Let us first find # fromx; = xy + v, (¢ — o)

25m

25m=0m+vycosft;, =1 =
Vo cost

Now substituting #; into the y-equation above yields

2
0m=4m=v,sin@ 25m ) _gf 25m
vgcosB | 2| vycosO

2
- {C Izn) ! —223 m/s and 442 m/s
2cos“ 0 4m:(25 m)tan@

The range of speeds is 22 m/s to 44 m/s, which is the same as 50 mph to 92 mph.
Assess: These are reasonable speeds for baseball pitchers.
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4.47. Model: We will use the particle model and the constant-acceleration kinematic equations in a plane.
Visualize:

Pictorial representation

Known

XoB = YoB = fog =0
x;g=65m y=0

6= 30°
(ag),=0 (ap)y=—¢
X8> V1B Axg=20m
- EVIB)X, (vip)y vg = 8.0 m/s
(vo)x» (VOB)y (4 ! x Find
fo i IR

Solve: The x-and y-equations of the ball are
xg =X + Vo) (tig — top) + %(aB)x(tlB —top)? = 65 m =0 m + (vyz c0s30°) +0 m

Yig = Yor + (Von), (g — top) + 3 (ap) , (¢ ~ top)> =0 m =0 m + (vypsin30°)p + %(—g)flzB
From the y-equation,
VoB = —gtlB
(25in30°)
Substituting this into the x-equation yields
_ gcos30° tlzB
2sin30°
= =277s

65 m

For the runner:
20 m

=——=250s
8.0 m/s

hr

Thus, the throw is too late by 0.27 s.
Assess: The times involved in running the bases are small, and a time of 2.5 s is reasonable.

4.48. Model: Use the particle model for the ball and the constant-acceleration kinematic equations.
Visualize:

Pictorial representation

Known
X, 1.2
‘_1__y1_\1_ Xp=Yyo=1=0
R % =90m x,=180m
| y=5m gy=0m
45° )\ N ay=—¢g
——4 30m N, b
3.0m @ Vo, Vay i Find
3.0m i) vo 0
f f } |
6.0 m 6.0 m 6.0 m

Solve: (a) The distance from the ground to the peak of the house is 6.0 m. From the throw position this distance is 5.0
m. Using the kinematic equation vlzy = vgy + Zay 1 = ¥0)

0 m*/s* =5, +2(-9.8 m/s*)(5.0 m = 0 m) = v, = 9.899 m/s

© Copyright 2013 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. No
portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Kinematics in Two Dimensions 4-21

The time for up and down motion is calculated as follows:
2= Yo +vo,(ty ~tg) +La,(ty ~15)* = 0 m =0 m + (9899 m/s)t, -1 (9.8 m/s*)t5 =1, =0 s and 2.02 s
The zero solution is not of interest. Having found the time #, = 2.02 s, we can now find the horizontal velocity needed

to cover a displacement of 18.0 m:
Xy =Xg + Vo (tr — 1)) =180m=0m+v,,(2.025s-05s)=v,, =8911 nv/s

== \/(8.911 m/s)? +(9.899 m/s)? = 133 m/s ~13 m/s

(b) The direction of ¥, is given by
v
0 =tan"'-% — tan™! —9'899 =48°
Vox 8911
Assess: Since the maximum range corresponds to an angle of 45°, the value of 48° corresponding to a range of 18 m

and at a modest speed of 13.3 m/s is reasonable.

4.49. Model: We will assume a particle model for the sand, and use the constant-acceleration kinematic equations.
Visualize:

Pictorial representation

Y Known
Xo» Yo» o %=0 y=30m
________ g o YOy =0
Yo Vo= 6.0 m/s
0=15°
= Vix = Vox
a,=—g

X Y14 )
Vi Viy Find

0 [ A‘ X X
Solve: Using the equation x; = xq + vo,. (4] —£y) + %ax (t, = 1y)*,

X1 =0m+ (vycosl15°)(# -0 s) +0m = (60 m/s)(cos15°)

We can find 4 from the y-equation, but note that v,,, = -v,sin15° because the sand is launched at an angle below

horizontal.
2 : o 2
V1= Yo +vo,(ty 1) +3a,( —15)* = 0 m =3.0 m - (v sin15°) - L gf;

=3.0 m— (6.0 m/s)(sin15°); - 1(9.8 m/s?)sf
=491 +1.554 -3.0=0=1 = 0.6399 s and — 0.956 s (unphysical )

Substituting this value of ¢ in the x-equation gives the distance
d =x, =(6.0 m/s)cos15°(0.6399s)=3.71m=3.7m

4.50. Model: We will use the particle model and the constant-acceleration kinematic equations for the car.

Visualize:
Pictorial representation

% Known
Xg=1tp=0
X0, Yo, fo - 300 m
Voxs VOy Vo Yo= 20 m/
i — - Vo= s
Sy 6=20°
y=0
. FeYph a,=—
L] N Ve vl_\ ’
0 Y Find
X1 0N

© Copyright 2013 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. No
portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



4-22 Chapter 4

Solve: (a) The initial velocity is
Voy = Vpc0s8 = (20 m/s)cos20° =18.79 m/s

Voy = Vo sin6 = (20 m/s)sin20° = 6.840 m/s
Using y; = yg +vo, (4 — 1) +3a, (4 - 15)?,
0 m =30 m+ (6840 m/s)(t, -0 s) + %(—9.8 m/s?)(1, - 0 s)* = 4917 — 6840, =30 =0
The positive root to this equation is; = 3.269 s. The negative root is physically unreasonable in the present case. Using
X1 = Xg + Vo, () —1o) + 5 a. (4 ~19)*, we get
x=0m+(18.79 m/s)(3.269s-0s)+0=614m

The car lands 61 m from the base of the cliff.
(b) The components of the final velocity are v;, = v, =18.79 m/s and

Viy = Vo, + ay(tl —15) =6.840 m/s — (9.8 n1/52)(3.269 s—0s)=-252m/s

= v =1/(18.79 m/s) + (-25.2 m/s)* = 31.4 m/s

The car’s impact speed is 31 m/s.
Assess: A car traveling at 45 mph and being driven off a 30-m high cliff will land at a distance of approximately
200 feet (61.4 m). This distance is reasonable.

4.51. Model: Assuming constant acceleration allows us to use the kinematic equations.
Visualize: We apply the kinematic equations during the free-fall flight to find the velocity as the javelin left the hand.

Then use v§ = v + 2a,As where As =0.70m.

Solve: The range is Ax =62m.
Ax

Ax = (vy), At =vycosOAt = At =
vy cosO

. 1
Ve =y + (vpsin@)Az +an(At)2

Insert our new expression for At.

Ay = (vysin0)

+1(—g)( Ax )

vocosO 2

Solve for vj.
2

Ay = (tanG)Ax+l(—g) Ax
2 Vo cosb

2
1
Lo =2 —tano)Ax-ay
2 vy cos

28 Ax 2 1
0721 cos (tan6)Ax - Ay
L |g(Ax Y 1
O\ 2\ cosh ) | (tan)Ax - Ay

2 2
_ |98 m/s”( 62 m 1 ~2578 m/s
2 c0s30° ) | (tan30°)(62 m) - (-2 m)
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This is the speed as the javelin leaves the hand. It now becomes vy as we consider the time during the throw (as the
hand accelerates it from rest).

vi—v? (2578 m/s)? — (0 m/s)?
T oAs 2(0.70 m)
Assess: This is a healthy acceleration, but what is required for a good throw.

a =470 m/s’

4.52. Model: Both ships have a common origin at ¢ = 0 s. Use subscripts A, B, and E for the ships and the Earth.
TAB = TAE * 7EB
Solve: (a) The velocity vectors of the two ships are:
Vag = (20 mph)[cos30° —sin30°/] = (17.32 mph)i - (10.0 mph)
Vgg = (25 mph)[cos20°% +sin20° /] = (23.49 mph)i +(8.55 mph)/
Since 7 = VAt,
Fap = Vap(2 h) = (34.64 miles)i —(20.0 miles)
Fsg = Vg (2 h) = (46.98 miles) + (17.10 miles) /
Fop = PAp + 7ip = Fap — Tag = (—12.34 miles)i — (37.10 miles)j = R = 39.1 miles
The distance between the ships two hours after they depart is 39 miles.
(b) Because Vg = Vg + Vgg
VAB = VAg + VEB = VAE — Vgg = —(6.17 mph)i - (18.55 mph) j = Vag =19.5 mph =20 mph
The speed of ship A as seen by ship B is 19.5 mph.
Assess: The value of the speed is reasonable.

4.53. Model: We define the x-axis along the direction of east and the y-axis along the direction of north.
Solve: (a) The kayaker’s speed of 3.0 m/s is relative to the water. Since he’s being swept toward the east, he needs to
point at angle 8 west of north. His velocity with respect to the water is

vkw = (3.0 m/s, 6 west of north) = (-3.0sin8 m/s)i +(3.0cos® m/s) ]
We can find his velocity with respect to the earth Vi = Viw + Vyg, With ¥y = (2.0 m/s)i. Thus
Vg = ((-3.0sin 0 + 2.0) m/s)i +(3.0cos0 m/s)}'
In order to go straight north in the earth frame, the kayaker needs (v, )gxg =0. This will be true if

sint9=2 = @ =sin"! 20 =418°
3.0 3.0
Thus he must paddle in a direction 42° west of north.

(b) His northward speed is v, =3.0 cos(41.8°) m/s = 2.236 m/s. The time to cross is

100 m

=———=4475s
2236 m/s

The kayaker takes 45 s to cross.

4.54. Model: Mike and Nancy coincide at # = 0 s. Use subscripts B, M, N for the ball, Mike, and Nancy respectively.
Solve: (a) According to the Galilean transformation of velocity vy = Vgy + VM- Mike throws the ball with velocity
VM = (22 m/s)cos 63° + (22 m/s)sin63°;, and Vam = (30 m/s)i. Thus with respect to Nancy
VaN = VpM — P = (22€0863° —30)7 m/s + (22s5in63°) j m/s = (-20.0i +19.67) m/s
0= tan_li = tan_l—lg’6 m's =
20.0 m/s

- 44 .4°
|v
The direction of the angle is 44.4° above the —x" axis (in the second quadrant).

x|
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(b) With respect to Nancy
xgN =—(20.0 m/s)t

and

yen =0m+(19.6 m/s)t - 1(9.8 m/s?)e* = (19.6 m/s)t - (4.9 m/s” )¢

y'(m)

- 24

- 16

f T x'(m)
—80 —40 0

4.55. Model: Use subscripts C, R, and G for car, rain, and ground respectively.
Solve: The Galilean transformation of velocity is Vgg = Vpe +Veg. While driving north, ¥g = (25 m/s)i and

VRG = —Vg €080 ] —vg sin@ i. Thus,
Vre = Vrg — VoG = (—Vg sinf — 25 m/s)i — vy cos6 ]
Since the observer in the car finds the raindrops making an angle of 38° with the vertical, we have

Vg sin@ + 25 m/s
Vg cosO

=tan38°

While driving south, Vg = (25 m/s)i, and ¥ = -vg cos6 j —vg sinf i. Thus,
Vrg = (—vg sinf + 25 m/s)i —vg cosO j

Since the observer in the car finds the raindrops falling vertically straight, we have

—vg sinf + 25 m/s

=tan0° =0 => vp sinf =25 m/s
Vg cosO
Substituting this value of vpsinf into the expression obtained for driving north yields:

2 2
2505 #2505 _ g cost = 20 L 64 0 s
VR cosO ’

Therefore, we have for the velocity of the raindrops:
(Vg sin6)? + (vg cos0)? = (25 m/s)? + (64.0 m/s)*> = v = 4721(m/s)* = vy = 68.7 m/s

_vgsinf 25 m/s
vgcosO 64 m/s

tan @ =0=213°

The raindrops fall at 69 m/s while making an angle of 21° with the vertical.

4.56. Model: Model the shaft as a rotating rigid body in the counterclockwise direction. Use the kinematic equations
for constant angular acceleration.
Visualize: First graph the data in a spreadsheet and see if it looks linear.
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Angle vs. time
y=—9.1667x* + 16.679x + 0.1738, R> = 0.9963

Angle (rad)
~
1

0 T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Time (s)

Solve: The data looks moderately linear, but when the spreadsheet program puts on a second order polynomial
trendline the fit (R?) is much better and the intercept is closer to zero. We conclude that the graph isn’t linear, that the

circular motion is not uniform. The angular velocity is the slope of this graph, and the slope is decreasing, so w is
decreasing. This means the angular acceleration a is negative.

4.57. Model: Model the DVD as a rotating rigid body.

Visualize: The formula for centripetal acceleration is a = w?r. Use ratios so that all the quantities that don’t change
cancel out.

Solve:

(a) The angular velocity @ doesn’t change in this part.

22 T U 0= g, =24, = 2(20 m/s?) = 40 m/s?

4 o wn
(b) Call a; the acceleration of the first speck when w is doubled. w;=2w,. The distance » from the center doesn’t
change in this part.

2 2
2
ﬁ=%=%=22=4:>a3_=4al=4(20m/sz)=80m/s2

Assess: This ratio technique is very powerful; it’s harder to make mistakes and the ratios reveal relationships between
quantities.

4.58. Model: We will use the particle model for the test tube which is in nonuniform circular motion.
Solve: (a) The radial acceleration is

. 2
a, = ro* = (0.1 m)[ 40001 Lmin 27 rad ) 75104 ms?
min 60 s 1 rev

(b) An object falling 1 meter has a speed calculated as follows:
W =95 +2a,(y - ¥p) =0 m+ 2(=9.8 m/s”)(~1.0 m) = v; = 4.43 m/s
When this object is stopped in 1x 1073 s upon hitting the floor,
vy =w +a,ty—4)=>0mk=-443 m/s +a,(1x107 s) = a, =44x10° m/s’

This result is one-fourth of the above radial acceleration.
Assess: The radial acceleration of the centrifuge is large, but it is also true that falling objects are subjected to large
accelerations when they are stopped by hard surfaces.
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4.59. Model: We will use the particle model for the astronaut undergoing nonuniform circular motion.
Solve: (a) The initial conditions are w (=0 rad/s, 6, =0rad, #, =0s,and r=6.0 m. After 30s,

lrev 1 rev 2mrad
R ikt

=483 rad/s

wq=
! 13s 13 s rev

Using these values at £ =30s,
W=+ (a,/r)t -ty) =0+ (a,/r)Y
=a, = (6.0 m)(4.83 rad/s)(%) =097 m/s?
s

(b) The radial acceleration is

2 2 g

a, =rowi=(6.0 m)(4.83 rad/s)" —=——=143g =14g
! (9.8 m/s?)

Assess: The above acceleration is typical of what astronauts experience during liftoff.

2
4.60. Visualize: The magnitude of centripetal acceleration is given by a = Y
r

Solve: The centripetal acceleration is given as 1.5 times the acceleration of gravity, so
a =(15)(9.80 m/s?) =14.7 m/s>
The radius of the turn is given by

Assess: This seems reasonable.

4.61. Model: The earth is a rigid, rotating, and spherical body.
Visualize:

O

Axis

Solve: Ata latitude of @ degrees, the radius is 7 = R, cos @ with R, = 6400 km = 6.400x10° m.

(a) In Miami 6 = 26°, and we have r = (6.400x10° m)(cos 26°) = 5.752x10% m. The angular velocity of the earth is
0= T 75725107 rads
T 24x3600s

Thus, vgugent =7 =(5.752% 10% m)(7.272x107° rad/s) = 418 m/s ~ 420 m/s.
(b) In Fairbanks 6=65°, so r=(6.400x10° m)cos 65°=2.705x10° m and v,

student = 7’00 = (2.705 X 106 m)
(7.272x107° rad/s) =197 m/s = 200 m/s.
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4.62. Model: The satellite is a particle in uniform circular motion.
Visualize:

Pictorial representation

Known

r=3.58 X 10"m + 6.37 X 10°m
=422 X 10'm

Find
vand a,

Earth

Solve: (a) The satellite makes one complete revolution in 24 h about the center of the earth. The radius of the motion
of the satellite is
r=637x10° m+3.58x10" m=422x10" m

(distance traveled)  2mr

(time taken) " 24h
(b) The acceleration of the satellite is centripetal, with magnitude

2 3 2
a v (3.07x10 7m/s) 20223 m/s>
r 422x10" m

Assess: The small centripetal acceleration makes sense when realized it is for an object traveling in a circle with radius
=~ 26,400 miles.

The speed of the satellite is v = =3.07x10° m/s.

4.63. Model: The magnetic computer disk is a rigid rotating body.
Visualize:

Known 1y, wy, 0, a; = 0 rad/s?
r=0.04 m ay= 600 rad/s2 t, 0y, 91
tO =0s tl =0.5s
t,=10s

wy = 0rad/s 1o=0's, wy=0rad/s, 6, =0 rad
6p=0rad

@

Find
6,

Solve: (a) Using the rotational kinematic equation w¢=w;+aAt, we get
=0 rad + (600 rad/sz)(O.S s—0s) =300 rad/s

w,=(300 rad/s) + (0 rad/sz)(l 05s-0.5s)=300 rad/s
The speed of the painted dot v, = 7w ,=(0.04 m)(300 rad/s) =12 m/s.
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(b) The number of revolutions during the time interval ¢, to ¢, is

0, =0y +w(t;—ty) + %ao(tl - 1?0)2 =0rad + 0 rad +%(600 rad/s?)(0.5 s - 0 s)* = 75 rad

1
0, =0, + w,(t, —f1)+5011(f2 -1

1 rev

=75 rad + (300 rad/s)(1.0 s — 0.5 s) + 0 rad = 225 rad = (225 rad)( ) =36 rev

27 ra

4.64. Model: Model the turbine as a rotating rigid body. Assume the angular acceleration is constant. At =T.
Visualize: First find o from A7w and then use A8 = wyT +%aT2.

Solve:
(a)
goho _0-w _-o
T T T

A =T +1ar? — w0 + L2272 2Ly 1
2 2\ T 2

(b) While we were thinking of SI units in the first part, any set of consistent units will do. We want the answer in
revolutions, so we’ll use the data in the units given.

A0 =20, = 1(38005°%) (10 min) = 19000 rev
2 2 min

Assess: That is a lot of revolutions, but the turbine was spinning fast and it took a long time to slow down.

4.65. Model: The drill is a rigid rotating body.
Visualize:

t;=2.5s, wg=0rad/s

a

t;=0;=0, w; = 2400 rpm

The figure shows the drill’s motion from the top.
Solve: (a) The kinematic equation w = w;+ a(f; — ) becomes, after using

®;=2400 rpm = (2400)(27)/60 =2513 rad/s, #; -, =25s —-0s =2.5s, and w; =0 rad/s,

Orad =2513rad/s+a(25s)=a=-100 rad/s’

(b) Applying the kinematic equation for angular position yields:
1
Hf = Hi + wi(tf - tl) + Ea(tf - ti)z
=0rad +(251.3 rad/s)(2.5 s -0 s) + %(-100 rad/s?)(2.5 s -0 s)°

=3.2x10? rad = 50 rev
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4.66. Visualize: Please refer to Figure P4.66.

Solve: Since w ;= w ;+ (area under o vs ¢ curve), at ¢ =3 s, the angular velocity is
@ ¢= 60 rpm + (4.0 rad/s*)(2 s -1 5)

20rev 60 s )

X
2w rad 1 min

=60 rpm + (4 rad/s)(

=60 rpm + 38 rpm = 98 rpm

4.67. Model: Model the tire as a rotating rigid body. Assume the angular acceleration is constant. The radius of the
tire is 32 cm.
Visualize: w;=3.5rev/s =22rad/s; w¢=06.0rev/s=237.7 rad/s.

Solve: A6 = ﬂ
r

2_ 2 2 2 2_ 2
_0i-0] _oi-o; (377 radls)” - (22 radls)” _ 075 rad/s>

r 032 m

Assess: The units all check out.

4.68. Model: Model the motor as a rotating rigid body. The angular acceleration is not constant, but we still know
that the angular acceleration is the derivative of the angular velocity and that the change in angle is the integral of the
angular velocity.

Visualize: The area under the w vs. ¢ graph is shown in the accompanying figure.

Solve:
(a) The motor reverses direction at a turning point, when w = 0.

20 rad/s = %tz rad/s=t = m $§=6325s=63s

(b) The angular position is the area under the angular velocity graph, but we need calculus to do this for a non-linear graph.
6.325
6.325

A6=f0 20—%12 dt=[20t—gt3} =84 rad
0

Assess: Af seems reasonable given the angular speed and the time.

4.69. Model: Model the rider as a particle and the wheel as a rotating rigid body. Let ¢ = 0 as the wheel starts from
rest. Assume a is constant.
Visualize: We integrate the angular acceleration to get the angular velocity and integrate that to get the angular position.
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Solve:
(a) We want the answers expressed in terms of o and Af.

w=fadt=at+w0

But w(=0. Now integrate again.
1 2
O—fatdt—zat +6,

A6=lat2:>t2 =ﬁ
2 a

w=at=a £=x/2am9
a
v=wR =~20A0 R

(b) Centripetal acceleration is a = w’R.

a=w’R=2aA0R
Assess: The units check out.

4.70. Model: Model the gear as a rotating rigid body. The angular acceleration is not constant, but we still know that
the angular acceleration is the derivative of the angular velocity.

Visualize: The area under the w vs. ¢ graph is shown in the accompanying figure.

Solve:

(a) Take the derivative of w(t).

a=92_9d(r0: 12\,
dt  dt 2
a(t=4s)=4 rad/s?
(b)
a, = ar = (4 rad/s*)(0.060 m) = 0.24 m/s>

Assess: We don’t need to know w or 6, because we don’t need those constants of integration when we are taking
derivatives.

4.71. Model: Model the shaft as a rotating rigid body. Assume the angular acceleration is constant.
Visualize: The data gives angular velocity as a function of time. If the angular acceleration is constant it will be the
slope of the best-fit straight line through the data. First convert the data from rpm to rad/s.

t(s) @ (rpm) w (rad/s)
0 3010 315.21
1 2810 294.26
2 2450 256.56
3 2250 235.62
4 1940 203.16
5 1810 189.54
6 1510 158.13

Solve: The slope of the linear regression line is the angular acceleration.
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Angular velocity vs. time
y=—26217x + 314.72, R* = 0.9924

350 -
Z 300 R
a
Z 250 +
8
[
= 200 )
= (J
5
2 150
<
100 T T T |
0 2 4 6 8

Time (s)

The spreadsheet says the slope is « = —26.22 rad/s*> = —26 rad/s>. The magnitude is 26 rad/s’.
Assess: It’s hard to have an intuitive feel for reasonable values of a, but our answer doesn’t seem ridiculous.

4.72. Model: Model the car as a particle in nonuniform circular motion.
Visualize:

Pictorial representation

Known

Car vo=0 a,=1.0m/s?
t0=0 6p=0 r=120m
Ayopar = 2.0 m/s?
Find
0,

Note that the tangential acceleration stays the same at 1.0 m/s>. As the tangential velocity increases, the radial
acceleration increases as well. After a time #, as the car goes through an angle 6; — 6, the total acceleration will
increase to 2.0 m/s. Our objective is to find this angle.
Solve: Using v, = v, +a,(f; —1,), we get

v =0 m/s + (1.0 m/s?)(f; - 0 s) = (1.0 m/s?) ¢,
i (0mst g

=L (m/s*)

=aq
T2 120 m 120

2
2
= Qo =20 m/s? = \Ja} +a} = (1.0 m/s*)? + [112;0(111/54)} 1 =144
We can now determine the angle 6, using
a
61 = 60 + C()()(tl - to) + %(Tt) (tl - to)z

2
~0rad+0rad+ L0 (144 02 0864 rad = 49.5°
2 (120 m)

The car will have traveled through an angle of 50°.

© Copyright 2013 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist. No
portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



4-32 Chapter 4

4.73. Model: The string is wrapped around the spool in such a way that it does not pile up on itself, and unwinds
without slipping.
Visualize:

Pictorial representation

Known
_6.0cm _ a2
] 5= 3.0cm B \w
a, = 1.5 m/s? <
;=0 Ax=1.0m ik
Find
,

f

Solve: Since the string unwinds without slipping, the angular distance the spool turns as the string is pulled 1.0 m is

Ap =X =Lm2 - 33 radians.
r 30x107"m

The angular acceleration of the spool due to the pull on the string is
2
a =ﬂ=%=50 rad/s’
r 30x107" m

The angular velocity of the spool after pulling the string is found with kinematics.
w%= a)i2+ 2aA0 = w%= 0 rad?/s% + 2(50 rad/sz)(33 rad)
= wf2 =57 rad/s

Converting to revolutions per minute,
(57 rad/s)/ rev_) (@\
L2n rad“min)

Assess: The angular speed of 57 rad/s =9 rev/s is reasonable for a medium-sized spool.

=55x10% rpm

4.74. Solve: (a) A golfer hits an iron shot with a new club as she approaches the green. She is pretty sure, based on
past experience, that she hit the ball with a speed of 50 m/s, but she is not sure at what angle the golf ball took flight.
She observed that the ball traveled 100 m before hitting the ground. What angle did she hit the ball?

(b) From the second equation,

(49 mis2)e2 — (S0sin0 m/s) 4, = 0=> 1, =0 s and , = Lo WSO
49 m/s

Using the above value for # in the first equation yields:

_ (50cos6)(50sin6) m?/s?

100 m 3
49 m/s

= 2cos0sinO =sin20 =2—'§ =0392=20=231=0=115°

Assess: Although the original speed is reasonably high (50 m/s =112 mph), the ball travels a distance of only 100 m,

implying either a small launch angle around 10° or an angle closer to 80°. The calculated angle of 11.5° is thus pretty
reasonable.

4.75. Solve: (a) A submarine moving east at 3.0 m/s sees an enemy ship 100 m north of its path. The submarine’s
torpedo tube happens to be stuck in a position pointing 45° west of north. The tube fires a torpedo with a speed of
6.0 m/s relative to the submarine. How far east or west of the ship should the sub be when it fires?
(b) Relative to the water, the torpedo will have velocity components

v, ==6.0c0845° m/s + 3.0 m/s = —4.24 m/s + 3 m/s = —1.24 my/s

v, = +6.0c0s45° m/s = +4.2 m/s

The time to travel north to the ship is
100 m=(42m/s)t; =1 =24s
Thus, x =(1.24 m/s)(24 s) = =30 m. That is, the ship should be 30 m west of the submarine.
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4.76. Solve: (a) A 1000 kg race car enters a 50 m radius curve and accelerates around the curve for 10.0 s. The
forward force provided by the car’s wheels is 1500 N. After 10.0 s the car has moved 125 m around the track. Find the
initial and final angular velocities.

(b) From Newton’s second law,

F, = ma, = 1500 N = (1000 kg)a, = a, = 1.5 m/s> A0 =25_15M 5504
r  50m
15 m/s’

0 =0, +w;t + 202 595 rad=0rad+ ;(10 s) +—S(10 5)? = w;=0.0 rad/s

2r 2(50 m)

15 m/s’
wp=0;+ 24201 rad/s + ﬂ(lo s) = 0.40 rad/s
r 50 m

4.77. Model: The ions are particles that move in a plane. They have vertical acceleration while between the
acceleration plates, and they move with constant velocity from the plates to the tumor. The flight time will be so small,
because of the large speeds, that we’ll ignore any deflection due to gravity.

Visualize:
y Pictorial representation Known
X2, 2 Xo=Yo=1=0
Vo Vay Vox = 5.0 x 100 m/s
15) Voy =4 a, = 0
X V1 x;=5cm=0.050 m
3 Viwe Viy X, —x;=150m
- Straight line y2=2cm=0.020m
) | .
X0 vo & I % Find
Vox: Voy | | a,
)

Parabola

Solve: There’s never a horizontal acceleration, so the horizontal motion is constant velocity motion at

v, =50x 10® m/s. The times to pass between the 5.0-cm-long acceleration plates and from the plates to the tumor are

tl—t0=t1=W=l.00x10_8 s
5.0x10° m/s
t2—tl=#=3.00x10_7 s
50x10% m/s

Upon leaving the acceleration plates, the ion has been deflected sideways to position y; and has velocity v;,. These are
yi=yo+voti +La i =La ff
Vi = Vo, @t =ayh
In traveling from the plates to the tumor, with no vertical acceleration, the ion reaches position
=yt —1)= %aytlz +(ayt)ty - 1) = (%tlz +4(1; -4)) a,
We know y, =2.0 cm =0.020 m, so we can solve for the acceleration a,, that the ion had while between the plates:

v, 0.020 m

a, =— - — - —=66x10" m/s
1 +4(6-4)  $1.00x107° 5)” +(1.00x107° 5)(3.00x107" )

Assess: This acceleration is roughly 10" times larger than the acceleration due to gravity. This justifies our
assumption that the acceleration due to gravity can be neglected.
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4.78. Model: We will use the particle model for the ball’s motion under constant-acceleration kinematic equations.
Note that the ball’s motion on the smooth, flat board is a, = -gsin20° = -3.352 m/s>.

Visualize:

Pictorial representation

Y

Known

X =Yo=1=0

vo=3.0m/s

x;=25m

y1 =0

a, =0

a, = —gsin 20°
= —3.352 m/s?

Find

0

Solve: The ball’s initial velocity is
Vox = VgcosO = (3.0 m/s)cos6 Vo, =Vpsin = (3.0 m/s)sin6

Using x; = xo + vy, (f — 1) +%ax(tl - to)z,
(25m)  0833s
(3.0 m/s)cosf®  cos6

25m=0m+3.0m/s)cosO(t; -0s)+0m=1¢ =

Using y; =y + vy, (4 —1p) + %ay (4 - tO)2 and the above equation for ¢,

0833 s
cosf

(0.833 5)?

cos’ 0

Om=0m+(3.0 m/s)sin@( )—%(3352 m/sz)
sinf 1164

cosf  cos’6

= 2.5sinfOcosO =1164=20 =68.6°=0 =343°

= (2.5 m)

4.79. Model: Use the particle model for the arrow and the constant-acceleration kinematic equations.
Visualize:
Pictorial representation
y
X0, Yo o

Vox» Yoy
= __ )
h x;=60m

&‘x 5 X Vo
0 { Z

Solve: Using vj,, =vy, +a,(f - 1), we get
v, =0m/s —gfy =y, =-gf

Also using x; = xg + vy, (t; — 1) + %ax(tl - to)z,

60 m
60m=0m+vyH+0m=yv), =——=v,
4
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Since v, /v, = -tan3.0° = -0.0524, using the components of v, gives
1y Vlx 0

T8 0052421 = w =0.566 s
(60 m/1,) 98 m/s?)

Having found ¢, we can go back to the x-equation to obtain v, = 60 m/0.566 s =106 m/s =110 m/s

Assess: In view of the fact that the arrow took only 0.566 s to cover a horizontal distance of 60 m, a speed of 106 m/s
or 237 mph for the arrow is understandable.

4.80. Model: Use the particle model for the arrow and the constant-acceleration kinematic equations. We will assume
that the archer shoots from 1.75 m above the slope (about 5’ 9").
Visualize:

Pictorial representation
y

X0 Yo» fo ) Known
Vor Yoy 0
o X=0 yp=175m
1 20 =0
) 0=
& 1.75m vy =50 m/s
X U= =
. 15° y=—2
Xyt Find
LY h
Xy
Vie Viy ! !
15°

Solve: For the y-motion:
1= Yo +vo,(t —tg) +La, (t; —1)* = y; = 1.75 m + (v, sin 20}, — L g1}
= y =175 m + (50 m/s)sin 20°; -1 gf}
For the x-motion:
X=X+ v, (-t + %ax t - t0)2 =0 m+ (vyc0s20°)f + 0 m = (50 m/s)(cos 20°)¢,
Because y;/x; = —tan15° = -0.268,

175 m + (50 m/s)(sin 20°)¢, - 1 gt}
(50 m/s)(cos20°),

=-0.268=1 =612 s and —0.058 s (unphysical)

Using t; =6.12 s in the x- and y-equations above, we get y; =-77.0 m and x; =287 m. This means the distance

down the slope is \/xlz + y12 = \/(287 m)? +(=77.0 m)> =297 m.
Assess: With an initial speed of 112 mph (50 m/s) for the arrow, which is shot from a 15° slope at an angle of 20°

above the horizontal, a horizontal distance of 287 m and a vertical distance of 77.0 m are reasonable numbers.

4.81. Model: Treat the ball as a particle and apply the constant-acceleration equations of kinematics.
Visualize:
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y Pictorial representation

Known

X =Yo=1=0
Vox = Vo cos 50°
Voy = Vo sin 50°

x; =3m
x  a,=-¢
Find

Vi

Solve: After the first bounce, the ball leaves the surface at 40° relative to the vertical or 50° relative to the horizontal.

We first calculate the time # between the second bounce and the first bounce as follows:

X=Xy + vy, (=) +%ax(t1 - t0)2 =30m=0m+(vycos50°); + 0m=>¢ =3.0—m
vy c0s50°

In this time, the ball undergoes a vertical displacement of y; - y, = —(3.0 m)tan 20° = -1.092 m. Substituting these

values in the equation for the vertical displacement yields:

2
V1= Yo + Vo, (t 1) +5a, (6~ 1)

2
~1.092 m =0 m + (v, sin 50°); -1 gt = (v, 5in50°) _30m - L9.8m/s?) _30m
vy cos50° vy cos50°
-106.73 m*/s*
= -1092m-3575m =m=> vy =478 m/s, or vy =48 m/s
Yo

Assess: A speed of 4.8 m/s or 10.7 mph on the first bounce is reasonable.

4.82. Model: Treat the skateboarder as a particle.
Visualize: This is a two-part problem. Use an s-axis parallel to the slope for the first part, regular xy-coordinates for
the second. The skateboarder’s final velocity at the top of the ramp is her initial velocity as she becomes airborne.

Pictorial representation

y Known

5o=0 vy=7.0m/s
0=30°
s;=1.0m/sin 0 =2.0m
x=0 y;=10m =0

‘;@WR X2, V2 »=0 ay=—¢
p‘(\ Vo Vay i

‘ 1& t Find

= X

X2

S0s Vo» to
Solve: Without friction, the skateboarder’s acceleration on the ramp is @, = —-gsin30° = -4.90 m/s>. The length of the
ramp is s; = (1.0 m)/sin30° = 2.0 m. We can use kinematics to find her speed at the top of the ramp:

vlz = vg +2ay(s1 - 8g) = vg +2ays,

=, = \/(7.0 m/s)? +2(~4.90 m/s>)(2.0 m) = 5.4 m/s
This is the skateboarder’s initial speed into the air, giving her velocity components v;, =v; c0s30°=4.7 m/s and
=v; c0s30° =2.7 m/s. We can use the y-equation of projectile motion to find her time in the air:

Vly

Y2 =0m=y +vy, b + a5 =1.0 m+ (2.7 m/s)t, - (490 m/s* )t
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This quadratic equation has roots ¢, =—0.253 s (unphysical) and ¢, = 0.805 s. The x-equation of motion is thus
Xy =X +V1xl2 =0m+ (47 n’]/s)tz =38m

She touches down 3.8 m from the end of the ramp.

4.83. Model: Use the particle model for the motorcycle daredevil and apply the kinematic equations of motion.
Visualize:

Pictorial representation

Known
Xo=yo=1p=0

_____ v Vo = 40 m/s Voy = 0
XpVolo [0 T e ’ 0 =20°

Vox: Yoy ) Y XY a,=0 ay=-¢

Vi vlv\‘

Find
IR

Solve: We need to find the coordinates of the landing ramp (x;, y;). We have
X =Xy + VOX(tl - to) =0m+ (40 m/S)ll
Y=Y+ voy(tl —1t) + %ay(tl - t0)2 =0m+0m+ %(—9.8 m/sz)tl2 =-(4.9 m/s2)t12

This means we must find 7. Since v; makes an angle of 20° below the horizontal we can find v, as follows:

[l
Y tan20° = iy, ==V, tan20° = —(40 m/s) tan 20° = ~14.56 m/s

Vix

We now use this value of v, a, =-98 m/s?, and Voy =0 m/s in the following equation to obtain #:
Vi =Voy +a,(f — 1) = -1456 m/s =0 m/s - (9.8 m/sz)t1 =1 =1486s
Now, we are able to obtain x; and y; using the above x- and y-equations:

x = (40 m/s)(1.486 s) =594 m y; = (4.9 m/s%)(1.486 5)> =-10.82 m
That is, the landing ramp should be placed 11 m lower and 59 m away from the edge of the horizontal platform.

4.84. Model: The train and projectile are treated in the particle model. The height of the cannon above the tracks is
ignored.
Visualize:

(x())]m (yO)p X
(odp> o (xg)p, (Vo) £ @D ) @D O
‘o V10p 1))p
4

Known Find
(p)p= Oplp = (p)p=0m  £,=0s 0 that maximizes

(Voy)p = v, cosOrelative to train R=(x)p— (x)y
(Voy)p = v, sinBrelative to train

(VO) T= Virain

O0p =0

a
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Solve: In the ground reference frame, the projectile is launched with velocity components
(Vox)p =V 080 + Viin
(Voy)P =V sinf@

While the projectile is in free fall, v, =v;, - gAz. The time for the projectile to rise to the highest point is

v.
(with vg, =0) Ar= —L So the time to vertically rise and fall is
g
v
o =m0 =200 2 g
g g
During this time the projectile travels a horizontal distance

2VOVtrain
g

()p = (Vo )pty = 2% Gin6 cosd + sin@
4

During the same time, the train travels a horizontal distance
2V02(l

g

2VOVtralin :

1 .
(x)1 = (o)t + Eatlz =——™"0sin6 + sin’@
g

The range R is the difference between the two horizontal distances:

2% (. a .
R=(x))p = ()7 =—| sinB cosf ——sin> O
g g
Note that the range is independent of v,;, the train’s steady motion. This makes sense, since the train and projectile

share that motion when the projectile is launched.

2
Maximizing the range R requires Z—I; =0. Thus (ignoring the constant 2i)
4
R . . .
Z_H =cos’6 —sin’6 —1(251n0c036) =c0s20 - Lsin20 =0
g

Solving for 0,

sin26 —tan20=L=0- ltan_l (g)

cos26 a 2 a
Note that

a >0 (train speeding up) gives 0 < 45°
and

a <0 (train slowing down) gives 6 >45°

since tan_l(g) will be in the 2™ quadrant.
a

Assess: As a check, see what the angle 6 is for the limiting case in which the train does not accelerate:
a=0=0 =ltan“(oo) ~ L9002 450
2 2
This is the expected answer.

4.85. Model: Assume the river flows toward the east. Use subscripts B, W, E for the boat, water, and earth
respectively. The child is at rest with respect to the water; this means they are in the same reference frame.
Visualize:

Situation seen in frame S’ Situation seen in frame S
Child Child
T 2 m/s
200 m 5 200 m 3
= 9" I ® Boat 6]

® Boat
| k 1500 m |

1500 m
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Solve: The boat can go directly to the child at angle 6 = tan~'(200/1500) = 7.595°. The boat’s speed is 8.0 m/s, so the
components of the boat’s velocity in with respect to the water are
(vy)pw =—(8.0 m/s)cos7.595° = -7.93 m/s
(v,)pw = (8.0 m/s)sin7.595° =1.06 m/s

The river flows with velocity (v,)wg = 2.0/ m/s relative to the earth. In the earth’s frame, which is also the frame of
the riverbank and the boat dock, the boat’s velocity is
(vy)gg =-593 m/s and (v,)gy =1.06 m/s

Thus the boat’s angle with respect to the riverbank is 6 = tan~'(5.93/1.06) =10.1° ~10°

Assess: The boat, like the child, is being swept downstream. This moves the boat’s angle away from the shore.

4.86. Model: The ball is a particle launched into projectile motion by the wheel.
Visualize:

Known Pictorial representation
r=20cm

xo=—20 sin¢ cm
¥o= 20 cos¢p cm
x;=100cm y,=0cm

a,=0 a,=—g

Vox = Vo COSP vy, = VySing

Solve: The initial velocity of the projectile is the tangential velocity at the point of release, and the direction is
tangential to the wheel. The strategy is first to find the required projectile launch velocity vy. The launch velocity is

the end of an angular acceleration through A8 =11/12 rev =330°, and it’s related to the final angular velocity by
Vo = ;¢ r. Finally, use w; to find the required angular acceleration a.
Since the release point is A6 =11/12 rev =330°, ¢ =30°. In the coordinate system of the figure,

Xp = —(20 cm)sin30° = -0.100 m Yo = (20 cm)cos30°=0.173 m
x; =100cm=1.00 m »1=0m a,=-g

Vox = Vo COSP Voy =V sing a,=0

The launch is tangent to the circle, so the launch angle is also ¢ =30°.
We will use Equations 4.17 for the position of a projectile as a function of time, and use the fact that the time to travel
the horizontal distance to the cup is the same for the vertical motion. First, find the flight time required for the ball to

hit the cup from the horizontal motion:
110m 127m

1.00 m = -0.100 m + (vyc0830°)t =t = ———— =
vc0s30° Vo

Substitute this time in the equation for the vertical motion:

2
Om=0.173m+Vosin3oo(1-27m)_lg(1.27m)
Yo 2 Vo
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Solving for the required initial velocity, v, = \/ (1.27 m)>g/2(0.808 m) = 3.128 m/s.

Now it is time to consider the angular motion. The required final angular velocity

Wy = Yo _ M =15.64 rad/s
0.20 m
Using a)f2 = a)l2 +2a A0, with AO =330°=5.75rad,
2 _w? 2 _
_0p -0 (15.64 rad/s)” -0 — 912 rad/s>
2A0 2(5.76 rad)

Assess: An angular acceleration of 21.2 rad/s? ~3.3 rev/s® seems reasonable for a spring-loaded wheel.
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