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1. (a) The center of mass is given by

_ 0+0+4+0+(m)(2.00 m)+(m)(2.00 m)+ (m)(2.00 m) _
o 6m

1.00 m

(b) Similarly, we have

_ 0+ (m)(2.00 m) + (m)(4.00 m) + (m)(4.00 m)+ (m)(2.00 m)+0

com
om

=2.00 m.

(c) Using Eq. 12-14 and noting that the gravitational effects are different at the different
locations in this problem, we have

6
xmg
_ ; b _ X8+ X8, + Xy 8y + X, 8,y + Xs s 85 + XM 8

-3 =0.987 m.
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i=1
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(d) Similarly, yeg = [0 + (2.00)(m)(7.80) + (4.00)(m)(7.60) + (4.00)(m)(7.40) +
(2.00)(m)(7.60) + 01/(8.00m + 7.80m + 7.60m + 7.40m + 7.60m + 7.80m) = 1.97 m.
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2. The situation is somewhat similar to that depicted for problem 10 (see the figure that
accompanies that problem). By analyzing the forces at the “kink” where F is exerted, we
find (since the acceleration is zero) 27 sin @ = F, where @ is the angle (taken positive)
between each segment of the string and its “relaxed” position (when the two segments are
collinear). Setting 7 = F therefore yields 8 = 30°. Since o = 180° — 20 is the angle
between the two segments, then we find = 120°.



3. The object exerts a downward force of magnitude F = 3160 N at the midpoint of the
rope, causing a “kink” similar to that shown for problem 10 (see the figure that
accompanies that problem). By analyzing the forces at the “kink” where F is exerted, we
find (since the acceleration is zero) 27 sin@ = F, where 6 is the angle (taken positive)

between each segment of the string and its “relaxed” position (when the two segments are
colinear). In this problem, we have

6 =tan"| 92 | _11 50,
1.72m

Therefore, T'= F/(2sinf) = 7.92 x 10° N.



4. From 7=7x F, we note that persons 1 through 4 exert torques pointing out of the
page (relative to the fulcrum), and persons 5 through 8 exert torques pointing into the
page.

(a) Among persons 1 through 4, the largest magnitude of torque is (330 N)(3 m) = 990
N-m, due to the weight of person 2.

(b) Among persons 5 through 8, the largest magnitude of torque is (330 N)(3 m) = 990
N-m, due to the weight of person 7.



5. Three forces act on the sphere: the tension force T of the rope
(acting along the rope), the force of the wall F v (acting horizontally
away from the wall), and the force of gravity mg (acting
downward). Since the sphere is in equilibrium they sum to zero. Let

6 be the angle between the rope and the vertical. Then Newton’s
second law gives

vertical component : 7 cos 8—mg=0
horizontal component:  Fy— T sin 8=0.

(a) We solve the first equation for the tension: 7 = mg/ cos 6. We
substitute cos@= L/~ L* +r° to obtain

_mgVLE+rt (0.85kg)(9.8 m/sz)\/(0.080 m)’ +(0.042 m)* _
L 0.080 m

T 94 N.

(b) We solve the second equation for the normal force: F, =Tsiné

Usingsin@=r/~ L’ +r° , we obtain

Fo- Tr _ mgNL+7r’ r_mgr _(0.85kg)(9.8 m/s*)(0.042 m)

SN L Je+r L (0.080 m)

=44 N.




6. Our notation is as follows: M = 1360 kg is the mass of the automobile; L = 3.05 m is
the horizontal distance between the axles; ¢=(3.05—1.78) m=1.27 mis the horizontal

distance from the rear axle to the center of mass; F is the force exerted on each front
wheel; and, F, is the force exerted on each back wheel.

(a) Taking torques about the rear axle, we find

Mgt (1360kg)(9.80m/s”)(1.27 m)
2L 2(3.05m)

=2.77x10° N.

E:

(b) Equilibrium of forces leads to 2F, + 2F, = Mg, from which we obtain F, =3.89x10°N .



7. We take the force of the left pedestal to be F; at x = 0, where the x axis is along the
diving board. We take the force of the right pedestal to be /, and denote its position as x
= d. W is the weight of the diver, located at x = L. The following two equations result
from setting the sum of forces equal to zero (with upwards positive), and the sum of
torques (about x,) equal to zero:

F+F,-W=0
Fd+W(L-d)=0
(a) The second equation gives

F=-Ltmd [ 30m) seony=—1160N
d 1.5m

which should be rounded offto F, =—1.2x10° N. Thus, | F; |=1.2x10° N.

(b) Since F| is negative, indicating that this force is downward.

(c) The first equation gives F, =W —F, =580 N+1160N=1740 N

which should be rounded off to F, =1.7x10° N. Thus, | F, |=1.7x10° N.

(d) The result is positive, indicating that this force is upward.

(e) The force of the diving board on the left pedestal is upward (opposite to the force of
the pedestal on the diving board), so this pedestal is being stretched.

(f) The force of the diving board on the right pedestal is downward, so this pedestal is
being compressed.



8. Let /,=15mand/,=(5.0-1.5) m=3.5 m. We denote tension in the cable closer to

the window as F| and that in the other cable as F,. The force of gravity on the scaffold
itself (of magnitude m,g) is at its midpoint, ¢, =2.5m from either end.

(a) Taking torques about the end of the plank farthest from the window washer, we find

Fomgl+mgl _ (80kg) (9.8m/s%) (3.5 m)+H60kg) (9.8 m/s*) (2.5 m)
1 0 +1, 5.0m
=8.4x10° N.

(b) Equilibrium of forces leads to

F+F, =mg+m,g=(60kg+80kg)(9.8m/s*)=1.4x10° N

which (using our result from part (a)) yields F, =53x10°N .



9. The forces on the ladder are shown in the diagram on the right. F is
the force of the window, horizontal because the window is frictionless.
F> and F5 are components of the force of the ground on the ladder. M is
the mass of the window cleaner and m is the mass of the ladder.

F

The force of gravity on the man acts at a point 3.0 m up the ladder and
the force of gravity on the ladder acts at the center of the ladder. Let 0
be the angle between the ladder and the ground. We use

cos@=d /L orsin@=~L"—d*/L to find &= 60°. Here L is the length Fs

of the ladder (5.0 m) and d is the distance from the wall to the foot of Mg mg
the ladder (2.5 m). 0

<
«

(a) Since the ladder is in equilibrium the sum of the torques about its s
foot (or any other point) vanishes. Let ¢ be the distance from the foot of the ladder to the
position of the window cleaner. Then,

Mglcos@+mg(L/2)cos@—F Lsin6=0,

and
P (Ml+mL/2)gcos€ [(75kg)(3.0m)+(10kg)(2.5 m)](9.8m/s*) cos 60°
! Lsin@ (5.0m)sin 60°
=2.8x10>N.

This force is outward, away from the wall. The force of the ladder on the window has the
same magnitude but is in the opposite direction: it is approximately 280 N, inward.

(b) The sum of the horizontal forces and the sum of the vertical forces also vanish:

F-F=0
F—-Mg—-mg=0

The first of these equations gives F, = F, =2.8x10°N and the second gives
F,=(M +m)g =(75kg+10kg) (9.8 m/s*) =8.3x10°N

The magnitude of the force of the ground on the ladder is given by the square root of the
sum of the squares of its components:

F= \/Fj + F? = /(28 x10°N)* +(83x10°N)* =88x10°N.
(c) The angle ¢ between the force and the horizontal is given by
tan ¢ = F3/F, = 830/280 = 2.94,

so ¢=T71°. The force points to the left and upward, 71° above the horizontal. We note that
this force is not directed along the ladder.



10. The angle of each half of the rope, measured from the dashed line, is

0=tan-'| 239™ | _ 1 90
9.0m

Analyzing forces at the “kink” (where F is exerted) we find

£ _ 30N =8.3x10°N.

- 2sin@ 2sinl.9°




11. The x axis is along the meter stick, with the origin at the
zero position on the scale. The forces acting on it are shown
on the diagram below. The nickels are at x = x; = 0.120 m,
and m is their total mass. The knife edge is at x = x, = 0.455 m
and exerts force F . The mass of the meter stick is M, and the
force of gravity acts at the center of the stick, x =x3 =0.500 m.

Since the meter stick is in equilibrium, the sum of the torques
about x, must vanish: l

Mg(x3 —x2) —mg(xy —x;1) = 0.

Thus,

X, —x, (0.455m—0.120m

M = m=
X, — X, 0.500m-0.455m

j(l0.0g)=74.4 g.



12. (a) Analyzing vertical forces where string 1 and string 2 meet, we find

w, _ 40N _ 40N

cos ¢ © c0s35°

(b) Looking at the horizontal forces at that point leads to
T, =T,sin35°=(49N)sin35° =28 N.
(c) We denote the components of 73 as 7y (rightward) and 7, (upward). Analyzing

horizontal forces where string 2 and string 3 meet, we find 7, = 7, = 28 N. From the
vertical forces there, we conclude 7;, = wg=50 N. Therefore,

L=\T+T% =57N.

(d) The angle of string 3 (measured from vertical) is

6=tan™" E =tan”’ (ﬁ] =29°.
Ty 50



13. (a) Analyzing the horizontal forces (which add to zero) we find Fj, = F3 = 5.0 N.
(b) Equilibrium of vertical forces leads to F\, = F; + F, =30 N.
(c) Computing torques about point O, we obtain

(10 N)(3.0m)+(5.0 N)(2.0m)

Fd=FEb+Fa=d=
30N

=1.3m.




14. The forces exerted horizontally by the obstruction and vertically (upward) by the
floor are applied at the bottom front corner C of the crate, as it verges on tipping. The
center of the crate, which is where we locate the gravity force of magnitude mg = 500 N,
is a horizontal distance ¢ =0.375mfrom C. The applied force of magnitude /= 350 N is

a vertical distance 4 from C. Taking torques about C, we obtain

_mgl _ (500N)(0.375m)
F 350N

=0.536m.

h



15. Setting up equilibrium of torques leads to a simple “level principle” ratio:

2.6cm
12cm

=8.7N.

F, :(4ON)%:(40N)



16. With pivot at the left end, Eq. 12-9 leads to
—msg%‘ — Mgx+ TRL =0

where m; is the scaffold’s mass (50 kg) and M is the total mass of the paint cans (75 kg).
The variable x indicates the center of mass of the paint can collection (as measured from
the left end), and 7% is the tension in the right cable (722 N). Thus we obtain x = 0.702 m.



17. The (vertical) forces at points 4, B and P are F,, F and Fp, respectively. We note
that Fp = W and is upward. Equilibrium of forces and torques (about point B) lead to

F,+F,+W=0
bW —aF,=0.

(a) From the second equation, we find
Fy=bWla= (15/5)W=3W = 3(900 N)=2.7x10° N..
(b) The direction is upward since F; > 0.

(c) Using this result in the first equation above, we obtain

F,=W —F, =—4W =-4(900 N) = -3.6X10°N,
or | F,|=3.6x10°N .

(d) Fp points downward, as indicated by the minus sign.



18. Our system consists of the lower arm holding a

bowling ball. As shown in the free-body diagram, the Y 7
forces on the lower arm consist of 7 from the biceps A
muscle, F from the bone of the upper arm, and the
gravitational forces, mg and Mg . Since the system is
in static equilibrium, the net force acting on the system d
15 Ze10- 0] < lower arm ball
0= F.,=T-F—-(m+M)g -
In addition, the net torque about O must also vanish: Mg
0=7,, =D +O)F -(D)Xmg)-LMg).  Fy L
o

(a) From the torque equation, we find the force on the lower arms by the biceps muscle to
be
_(mD+ML)g [(1.8kg)(0.15 m)+(7.2 kg)(0.33 m)](9.8 m/s*)

d 0.040 m
=648 N = 6.5x10> N.

T

(b) Substituting the above result into the force equation, we find F' to be

F=T—(M+m)g =648 N—(7.2kg+1.8kg)(9.8 m/s*) =560 N =5.6x10" N.



19. (a) With the pivot at the hinge, Eq. 12-9 gives TLcos8 — mg% = 0 . This leads to
6 =78°. Then the geometric relation tand= L/D gives D = 0.64 m.

(b) A higher (steeper) slope for the cable results in a smaller tension. Thus, making D
greater than the value of part (a) should prevent rupture.



20. With pivot at the left end of the lower scaffold, Eq. 12-9 leads to
Ly
—mg5 - mgd+ Trl, =0

where m, is the lower scaffold’s mass (30 kg) and L, is the lower scaffold’s length (2.00
m). The mass of the package (m = 20 kg) is a distance d = 0.50 m from the pivot, and Ty
is the tension in the rope connecting the right end of the lower scaffold to the larger
scaffold above it. This equation yields 7z = 196 N. Then Eq. 12-8 determines 7; (the
tension in the cable connecting the right end of the lower scaffold to the larger scaffold
above it): T; =294 N. Next, we analyze the larger scaffold (of length L, = L,+ 2d and
mass m;, given in the problem statement) placing our pivot at its left end and using Eq.
12-9:

—mg% —Tyd—Te(Li—d)+TL, = 0.

This yields = 457 N.



21. We consider the wheel as it leaves the lower floor. The floor no longer exerts a force
on the wheel, and the only forces acting are the force F' applied horizontally at the axle,
the force of gravity mg acting vertically at the center of the wheel, and the force of the
step corner, shown as the two components f; and f,. If the minimum force is applied the
wheel does not accelerate, so both the total force and the total torque acting on it are zero.

F

fv A r—h N
mg

ﬁ14

We calculate the torque around the step corner. The second diagram indicates that the
distance from the line of F to the corner is » — A, where r is the radius of the wheel and 4
is the height of the step.

The distance from the line of mg to the corner is /7 +(r—#)* =+2rh—h* . Thus,

F(r—h)—mg 2rh—h*> =0.
The solution for F'is

N2rh—h? o \/2(6.00><10_2m)(3.00><10_2m)—(3.00><10‘2m)2
—n e (6.00x10 2 m)—(3.00x10 > m)
=13.6 N.

F:

(0.800 kg)(9.80 m/s*)



22. As shown in the free-body diagram, the forces on the climber
consist of 7 from the rope, normal force F, v on her feet, upward static

frictional force f and downward gravitational force mg . Since the

climber is in static equilibrium, the net force acting on her is zero.
Applying Newton’s second law to the vertical and horizontal
directions, we have

OZZF;et,x :FN _TSin¢
0=>F,, =Tcosg+f,—mg.

In addition, the net torque about O (contact point between her feet
and the wall) must also vanish:

0=>7,, =mgLsin@—TLsin(180°—6—¢)
o

From the torque equation, we obtain 7 =mgsin@/sin(180°—8—¢). Substituting the
expression into the force equations, and noting that f, = u F, , we find the coefficient of
static friction to be

S, _mg—Tcos¢ mg—mgsin@cosp/sin(180°—60—¢)
F,  Tsing  mgsinBsing/sin(180°—6—g)
_1—sinf@cos@/sin(180°— 60— ¢)

~ sin@sing/sin(180°— 60— @)

/’lS =

With 8 =40° and ¢ =30°, the result is

_1-sin@cos@/sin(180°-F—¢) 1-sin40°cos30°/sin(180°-40°-30°)
sin@sin ¢/ sin(180° -6 — @) sin 40°sin 30°/sin(180° —40°—-30°)

1.19.




23. (a) All forces are vertical and all distances are measured along an axis inclined at 6=
30°. Thus, any trigonometric factor cancels out and the application of torques about the
contact point (referred to in the problem) leads to

F - (15kg)(9.8m/s ) (35cm)—(2.0kg)(9.8m/s” ) (15cm)

=1.9%10° N.
2.5cm

(b) The direction is upward since F. >0

tricep
(¢) Equilibrium of forces (with upwards positive) leads to

E

tripcep

+F

humer

+(15kg)(9.8m/s”)—(2.0kg)(9.8m/s’) =0

and thus to F,

L ==2.IXI0’N, or | F, . |=2.I1xI0°N.

umer

(d) The minus sign implies that /| points downward.



24. As shown in the free-body diagram, the forces on the climber
consist of the normal forces F), on his hands from the ground and |
F,, on his feet from the wall, static frictional force f, and
downward gravitational force mg . Since the climber is in static

equilibrium, the net force acting on him is zero. Applying Newton’s
second law to the vertical and horizontal directions, we have

OZZqut,x :FNZ_f;
OZZqut,y =Fy —mg.

In addition, the net torque about O (contact point between his feet
and the wall) must also vanish:

0= Zrmt =mgd cos@—F,,Lsiné .
o

The torque equation gives F,, =mgd cos@/Lsin@=mgd cotf/L . On the other hand,
from the force equation we have F,, = f and F,, =mg. These expressions can be
combined to yield

f.=F,=F,, cotﬁ%.

On the other hand, the frictional force can also be written as f, = u F),,, where u_ is the

19
coefficient of static friction between his feet and the ground. From the above equation
and the values given in the problem statement, we find z_ to be

d—corgdo_a__d 0.914 m 0.940 m

= L= =0.216.
L JrP-aL J@2.10m)y-(0914m) 2.10m



25. The beam is in equilibrium: the sum of the forces and the sum of the torques acting
on it each vanish. As shown in the figure, the beam makes an angle of 60° with the
vertical and the wire makes an angle of 30° with the vertical.

(a) We calculate the torques around the hinge. Their sum is
TL sin 30° — W(L/2) sin 60° = 0.

Here W is the force of gravity acting at the center of the beam, and 7' is the tension force
of the wire. We solve for the tension:

_ Wsin60° _ (222N)sin 60°

= - - =192 N.
2 sin30° 2sin30°

(b) Let F, be the horizontal component of the force exerted by the hinge and take it to be
positive if the force is outward from the wall. Then, the vanishing of the horizontal
component of the net force on the beam yields F;, — 7 sin 30° =0 or

F, =T'sin30°=(192.3N)sin30°=96.1N.

(c) Let F, be the vertical component of the force exerted by the hinge and take it to be
positive if it is upward. Then, the vanishing of the vertical component of the net force on
the beam yields F, + T'cos 30°— W =0 or

F =W —Tcos30°=222N—(192.3N)cos30°=55.5N.



26. (a) The problem asks for the person’s pull (his force exerted on the rock) but since we
are examining forces and torques on the person, we solve for the reaction force
F, (exerted leftward on the hands by the rock). At that point, there is also an upward
force of static friction on his hands f; which we will take to be at its maximum value
U, Fy,, . We note that equilibrium of horizontal forces requires F),, = F,, (the force exerted
leftward on his feet); on this feet there is also an upward static friction force of magnitude
LbF . Equilibrium of vertical forces gives

f+f,-mg=0=F, =—"¢ =34x10°N.
MU,

(b) Computing torques about the point where his feet come in contact with the rock, we

find

mg(d +W)_IU1FN1W
F

N1

=0.88 m.

mg(d+w)—fiw—Fyh=0 = h=

(c) Both intuitively and mathematically (since both coefficients are in the denominator)
we see from part (a) that F,, would increase in such a case.

(d) As for part (b), it helps to plug part (a) into part (b) and simplify:
h=(d+w)u, +du,

from which it becomes apparent that /# should decrease if the coefficients decrease.



27. (a) We note that the angle between the cable and the strut is
a=0— ¢=45°-30°=15°
The angle between the strut and any vertical force (like the weights in the problem) is =

90° — 45° = 45°. Denoting M = 225 kg and m = 45.0 kg, and / as the length of the boom,
we compute torques about the hinge and find

T_Mgésinﬂ+mg(§)sinﬁ _ Mgsin B+mgsin /2
Isina sina '

The unknown length ¢ cancels out and we obtain 7'= 6.63 x 10° N,

(b) Since the cable is at 30° from horizontal, then horizontal equilibrium of forces
requires that the horizontal hinge force be

F, =T cos30°=5.74x10°N.
(c) And vertical equilibrium of forces gives the vertical hinge force component:

F,=Mg+mg+Tsin30" =5.96x10°N.



28. (a) The sign is attached in two places: at x; = 1.00 m (measured rightward from the
hinge) and at x, = 3.00 m. We assume the downward force due to the sign’s weight is
equal at these two attachment points: each being half the sign’s weight of mg. The angle
where the cable comes into contact (also at x,) is

0= tan"'(d,/d;) =tan"'(4.00 m/3.00 m)
and the force exerted there is the tension 7. Computing torques about the hinge, we find

_ Imgx +imgx, _3(50.0kg) (9.8 m/s*) (1.00 m)+1£(50.0 kg) (9.8m/s)(3.00 m)
x,siné (3.00 m)(0.800)
=408 N.

T

(b) Equilibrium of horizontal forces requires the horizontal hinge force be
F.=Tcos 8=245N.
(c) The direction of the horizontal force is rightward.
(d) Equilibrium of vertical forces requires the vertical hinge force be
F,=mg—Tsin =163 N.

(e) The direction of the vertical force is upward.



29. The bar is in equilibrium, so the forces and the torques acting on it each sum to zero.
Let 7; be the tension force of the left-hand cord, 7, be the tension force of the right-hand
cord, and m be the mass of the bar. The equations for equilibrium are:

vertical force components 7, cos@+7. cos¢p—mg =0
horizontal force components ~T,sin@+7T sing=0

torques mgx—T Lcos¢=0.

The origin was chosen to be at the left end of the bar for purposes of calculating the
torque. The unknown quantities are 7;, 7,, and x. We want to eliminate 7; and 7,, then
solve for x. The second equation yields 7; = 7, sin ¢ /sin € and when this is substituted
into the first and solved for 7, the result is

mg sin @

" singcos@+cosgsind

This expression is substituted into the third equation and the result is solved for x:

sinfcos¢ _ , sinfcos¢
singcos@+ cosgsingd  sin(6+ @)

The last form was obtained using the trigonometric identity sin(4 + B) = sin 4 cos B +
cos 4 sin B. For the special case of this problem €+ ¢=90° and sin(€+ @) = 1. Thus,

x=Lsinfcos¢ =(6.10 m) sin36.9°c0s53.1°=2.20 m.



30. (a) Computing torques about point 4, we find

T . Lsn@=Wx_ +W, [%)

We solve for the maximum distance:

X

max

_[Zw sin9—W,’7/2jL_((500 N)sin 30.0° (200 N)/2

j(3.00 m)=1.50m,
w 300 N

(b) Equilibrium of horizontal forces gives F. =T cos@ =433 N.

(¢) And equilibrium of vertical forces gives F, =W +W, T, sin6 =250N.



31. The problem states that each hinge supports half the door’s weight, so each vertical
hinge force component is F), = mg/2 = 1.3 x 10> N. Computing torques about the top
hinge, we find the horizontal hinge force component (at the bottom hinge) is

r_(27ke) (9.8m/s*)(0.91 m/2)

. =80N.
2.1m—-2(0.30m)

Equilibrium of horizontal forces demands that the horizontal component of the top hinge
force has the same magnitude (though opposite direction).

(a) In unit-vector notation, the force on the door at the top hinge is
F,, = (=80 N)i +(1.3x10*N)].
(b) Similarly, the force on the door at the bottom hinge is

Fypon = (480 N)i +(1.3x10°N)j



32. (a) Computing torques about the hinge, we find the tension in the wire:

Wx
Lsin@’

TLsn@-Wx=0=T=

(b) The horizontal component of the tension is 7 cos €, so equilibrium of horizontal
forces requires that the horizontal component of the hinge force is

F = ‘x cosd= Wx .
’ Lsin@ Ltan@

(c) The vertical component of the tension is 7 sin €, so equilibrium of vertical forces
requires that the vertical component of the hinge force is

F=w—| " |sino= W(1—1).
’ Lsin@ L




33. We examine the box when it is about to tip. Since it will rotate about the lower right
edge, that is where the normal force of the floor is exerted. This force is labeled F, on
the diagram below. The force of friction is denoted by f, the applied force by F, and the
force of gravity by W. Note that the force of gravity is applied at the center of the box.
When the minimum force is applied the box does not accelerate, so the sum of the
horizontal force components vanishes: ' — f'= 0, the sum of the vertical force components
vanishes: F,, =W =0, and the sum of the torques vanishes:

FL—-WL/2=0.

Here L is the length of a side of the box and the origin was chosen to be at the lower right
edge.

ﬁ‘k
A Fy
/
Yo
(a) From the torque equation, we find
F= L 890N =445N.
2 2

(b) The coefficient of static friction must be large enough that the box does not slip. The
box is on the verge of slipping if W, = f/Fy. According to the equations of equilibrium

Fy=W=890Nandf=F=445N,
SO

_ABN 0.50.

A= 500N

(c) The box can be rolled with a smaller applied force if the force points upward as well
as to the right. Let @ be the angle the force makes with the horizontal. The torque
equation then becomes

FL cos @+ FL sin 6— WL/2 =0,

with the solution
W

- 2(cos@+sin @)




We want cos@+ sindto have the largest possible value. This occurs if 8= 45° a result we
can prove by setting the derivative of cos@ + siné equal to zero and solving for 6. The
minimum force needed is

_ /4 _ 890N _315N
4c0s45° 4cos4ds°
)
F A Fy

N



34. As shown in the free-body diagram, the forces on the climber AF
consist of the normal force from the wall, the vertical component F, v

and the horizontal component F, of the force acting on her four

fingertips, and the downward gravitational force mg . Since the

climber is in static equilibrium, the net force acting on her is zero.
Applying Newton’s second law to the vertical and horizontal

directions, we have T
O z net,x 4F}l - FN H
0= Z nety—4Fv—mg. l
(—. —

In addition, the net torque about O (contact point between her feet
and the wall) must also vanish: Fy

0= Z o =(mg)a—(4F)H .

(a) From the torque equation, we find the horizontal component of the force on her
fingertip to be

mga _ (70 kg)(9.8 m/s*)(0.20 m)

4H 4(2.0 m)
(b) From the y-component of the force equation, we obtain
2
F =8 _(0kOSMS) 5160\

"4 4

h



35. (a) With the pivot at the hinge, Eq. 12-9 yields
TLcos@—F,y=0.

This leads to 7' = (F,/cos@)(y/L) so that we can interpret F,/cos@ as the slope on the
tension graph (which we estimate to be 600 in SI units). Regarding the £} graph, we use
Eq. 12-7 to get

Fy=Tcos@ — F,=(-F,)(/L) — F,

after substituting our previous expression. The result implies that the slope on the Fj
graph (which we estimate to be —300) is equal to —F,, or F,, = 300 N and (plugging back
in) 8= 60.0°.

(b) As mentioned in the previous part, F, = 300 N.



36. (a) With F' = ma = —u, mg the magnitude of the deceleration is

la| = g = (0.40)(9.8 m/s) = 3.92 m/s’.

(b) As hinted in the problem statement, we can use Eq. 12-9, evaluating the torques about
the car’s center of mass, and bearing in mind that the friction forces are acting
horizontally at the bottom of the wheels; the total friction force there is f; = ygm = 3.92m
(with SI units understood — and m is the car’s mass), a vertical distance of 0.75 meter
below the center of mass. Thus, torque equilibrium leads to

(3.92m)(0.75) + Fn, (2.4) — Fnr(1.8) =0.
Eq. 12-8 also holds (the acceleration is horizontal, not vertical), so we have Fy, + Fyr=
mg, which we can solve simultaneously with the above torque equation. The mass is
obtained from the car’s weight: m = 11000/9.8, and we obtain Fy, = 3929 = 4000 N.

Since each involves two wheels then we have (roughly) 2.0x 10° N on each rear wheel.

(c) From the above equation, we also have Fyy= 7071 = 7000 N, or 3.5x10° N on each
front wheel, as the values of the individual normal forces.

. O- 1rect 1elds (approximate IX of friction on each rear whee ,
(d) Eq. 6-2 directly yields (approximately) 7.9x10°N of fricti h heel

(e) Similarly, Eq. 6-2 yields 1.4x10°N on each front wheel.



37. The free-body diagram on the right shows the forces acting on
the plank. Since the roller is frictionless the force it exerts is
normal to the plank and makes the angle 8 with the vertical. Its
magnitude is designated F. W is the force of gravity; this force
acts at the center of the plank, a distance L/2 from the point where
the plank touches the floor. F), is the normal force of the floor
and f is the force of friction. The distance from the foot of the
plank to the wall is denoted by d. This quantity is not given
directly but it can be computed using d = A/tan6.

) ‘Q:-

The equations of equilibrium are: ' )

horizontal force components Fsinf—f=0

vertical force components Fcos@-W+F, =0
torques  Fyd — fh—W (d —4cos8)=0.

The point of contact between the plank and the roller was used as the origin for writing
the torque equation.

When 8= 70° the plank just begins to slip and f'= usFy, where [ is the coefficient of
static friction. We want to use the equations of equilibrium to compute Fi and f for 8=

70°, then use u; = f/Fy to compute the coefficient of friction.

The second equation gives F' = (W — Fy)/cos 6 and this is substituted into the first to
obtain

f=(W-—Fy)sin @cos 8= (W — Fy) tan 6.
This is substituted into the third equation and the result is solved for Fy:

o d—(L/2)cos6+htan6W_ h(1+tan® @)—(L/2)sin& W
N d+htan@ h(1+tan* 6)

9

where we have use d = h/tan@ and multiplied both numerator and denominator by tan 6.
We use the trigonometric identity 1+ tan’6 = 1/cos*# and multiply both numerator and
denominator by cos®8 to obtain

E, =W 1—L cos?sing |.
2h

Now we use this expression for Fyy in f= (W — Fy) tan @to find the friction:

f= ML in0c0s6.
2h



We substitute these expressions for fand Fy into i = f/F and obtain

_ Lsin’*6cosé
Hs 2h— Lsin@cos’8’

Evaluating this expression for &= 70°, we obtain

(6.1m)sin’ 70°cos70°
= _ =034,
2(3.05m)—(6.1m)sin70°cos* 70°




38. The phrase “loosely bolted” means that there is no torque exerted by the bolt at that
point (where A connects with B). The force exerted on A at the hinge has x and y
components F, and F,. The force exerted on A4 at the bolt has components G, and G, and
those exerted on B are simply —G, and — G,, by Newton’s third law. The force exerted on
B at its hinge has components /1, and H,. If a horizontal force is positive, it points
rightward, and if a vertical force is positive it points upward.

(a) We consider the combined AUB system, which has a total weight of Mg where M =
122 kg and the line of action of that downward force of gravity is x = 1.20 m from the
wall. The vertical distance between the hinges is y = 1.80 m. We compute torques about
the bottom hinge and find

Mgx

y

F,=-—5"=_797N.

If we examine the forces on A4 alone and compute torques about the bolt, we instead find
F = "48Y _ 565N
1

where m,4 = 54.0 kg and ¢ = 2.40 m (the length of beam A). Thus, in unit-vector notation,
we have

F=Fi+F,j=(-797 N)i+(265 N)].

(b) Equilibrium of horizontal and vertical forces on beam A readily yields G, = — F, =
797 N and G, = mg — I, = 265 N. In unit-vector notation, we have

G=Gi+G,j=(+797 N)i+(265 N);

(c) Considering again the combined AUB system, equilibrium of horizontal and vertical
forces readily yields H, =— Fy =797 N and H, = Mg — F,,= 931 N. In unit-vector notation,
we have

H=Hi+H,j=(+797N)i+(931 N);

(d) As mentioned above, Newton’s third law (and the results from part (b)) immediately
provide — G, =— 797 N and — G, = — 265 N for the force components acting on B at the
bolt. In unit-vector notation, we have

-G =-Gi-G,j=(~797 N)i—(265 N)j



39. The force diagram shown below depicts the situation just
before the crate tips, when the normal force acts at the front
edge. However, it may also be used to calculate the angle for
which the crate begins to slide. 7 is the force of gravity on the
crate, I, is the normal force of the plane on the crate, and f'is

the force of friction. We take the x axis to be down the plane
and the y axis to be in the direction of the normal force. We
assume the acceleration is zero but the crate is on the verge of
sliding.

(a) The x and y components of Newton’s second law are

Wsin@—f=0 and F,, —W cos@=0

respectively. The y equation gives Fy= W cos 6. Since the crate is about to slide
= uFn= W cos 6,
where £ 1s the coefficient of static friction. We substitute into the x equation and find

Wsin@—uWcos@=0=>tan0=u_

This leads to 6= tan ™! s = tan ' 0.60 = 31.0°.

In developing an expression for the total torque about the center of mass when the crate is
about to tip, we find that the normal force and the force of friction act at the front edge.
The torque associated with the force of friction tends to turn the crate clockwise and has
magnitude fh, where 4 is the perpendicular distance from the bottom of the crate to the
center of gravity. The torque associated with the normal force tends to turn the crate
counterclockwise and has magnitude F,¢/2, where ¢ is the length of an edge. Since the

total torque vanishes, fh=F, (/2. When the crate is about to tip, the acceleration of the

center of gravity vanishes, so f = W sin € and Fy = W cos 6. Substituting these
expressions into the torque equation, we obtain

6 =tan™ i =tan"’ 12—m =33.7°.
2h 2(0.90m)

As @is increased from zero the crate slides before it tips.
(b) It starts to slide when €= 31°.

(c) The crate begins to slide when 8= tan™' 1, = tan™' 0.70 = 35.0° and begins to tip when
6= 33.7°. Thus, it tips first as the angle is increased.

(d) Tipping begins at 8= 33.7° = 34°,



40. Let x be the horizontal distance between the firefighter and F ~
the origin O (see figure) that makes the ladder on the verge of Y \

sliding. The forces on the firefighter + ladder system consist of

the horizontal force F, from the wall, the vertical component

F,, and the horizontal component F, of the force F“p on the ;

ladder from the pavement, and the downward gravitational Mg

forces Mg and mg, where M and m are the masses of the mg

firefighter and the ladder, respectively. Since the system is in

static equilibrium, the net force acting on the system is zero. E,.

Applying Newton’s second law to the vertical and horizontal |«

directions, we have all

l€— x —>»|

O:ZFnet,x:Fw_pr | da |

0=> F., =F,—(M+mg.
Since the ladder is on the verge of sliding, F, = F, . Therefore, we have

F,=F,=ufF, =puM+m)g.

s py

FP)’

In addition, the net torque about O (contact point between the ladder and the wall) must

also vanish:

0=>"7, =—h<Fw)+x(Mg>+§<mg>=o.

Solving for x, we obtain

= hF,—(a/3)ymg hu (M +m)g—(a/3)mg hu (M +m)—(a/3)m
Mg Mg M

Substituting the values given in the problem statement (with a =~'L* —h*> =7.58 m), the

fraction of ladder climbed is

x _ b (M +m)—(a/3)m _ (9.3 m)(0.53)(72 kg+45 kg) - (7.58 m/3)(45 kg)

Ma (72 kg)(7.58 m)
= 0.848 ~ 85%.



41. The diagrams below show the forces on the two sides of the ladder, separated. F4 and
Fr are the forces of the floor on the two feet, T is the tension force of the tie rod, W is the
force of the man (equal to his weight), F}, is the horizontal component of the force exerted
by one side of the ladder on the other, and F) is the vertical component of that force. Note
that the forces exerted by the floor are normal to the floor since the floor is frictionless.
Also note that the force of the left side on the right and the force of the right side on the
left are equal in magnitude and opposite in direction.

Since the ladder is in equilibrium, the vertical components of the forces on the left side of
the ladder must sum to zero: F, + F4 — W = 0. The horizontal components must sum to
zero: T— Fj, = 0. The torques must also sum to zero. We take the origin to be at the hinge
and let L be the length of a ladder side. Then

F4L cos 8— W(L/4) cos 8— T(L/2) sin = 0.

Here we recognize that the man is one—fourth the length of the ladder side from the top
and the tie rod is at the midpoint of the side.

The analogous equations for the right side are Fz — F, =0, F;, — T =0, and FgL cos 8-
T(L/2) sin 8= 0.

There are 5 different equations:

E+F,-W=0,

T-F =0
F,Lcos@—W(L/4)cos@—T(L/2)sinf=0
F.-F =0

F,Lcos@—T(L/2)sin@=0.

The unknown quantities are Fy, Fg, F\, Fj, and T.



(a) First we solve for T by systematically eliminating the other unknowns. The first
equation gives Fy = W — F), and the fourth gives F, = Fr. We use these to substitute into
the remaining three equations to obtain

T-F,=0
WLcos@—F,Lcos@—-W(L/4)cos@—T(L/2)sin@=0
F.Lcos@—-T(L/2)sin@=0.

The last of these gives Fr = Tsin@/2cos@= (1/2) tan6. We substitute this expression into
the second equation and solve for 7. The result is

4
4tan 6

To find tan&, we consider the right triangle formed by the upper half of one side of the
ladder, half the tie rod, and the vertical line from the hinge to the tie rod. The lower side
of the triangle has a length of 0.381 m, the hypotenuse has a length of 1.22 m, and the

vertical side has a length of \/ (1.22 m)2 - (0.381m)2 =1.16m. This means

tan &= (1.16m)/(0.381m) = 3.04.
Thus,
T = M =211N.
4(3.04)

(b) We now solve for F4. Since F\, = Fg and Fg = T sin6/2cos6, F, = 3W/8. We substitute
this into F, + F,— W= 0 and solve for F,. We find

F,=W—F =W -=3W/8=5W/8=5(884 N)/8=534 N.

(c) We have already obtained an expression for Fr: Fr = 3W/8. Evaluating it, we get Fz =
320 N.



42. (a) Eq. 12-9 leads to

TLsin® — m,gx — mbg(@ =0.
This can be written in the form of a straight line (in the graph) with
T=(“slope”)7 + “y-intercept”,

where “slope” = m,g/sin@ and “y-intercept” = m;g/2sinf. The graph suggests that the
slope (in ST units) is 200 and the y-intercept is 500. These facts, combined with the given
m, + mp= 61.2 kg datum, lead to the conclusion:

sind=61.22g/1200 = 6= 30.0°.
(b) It also follows that m, = 51.0 kg.

(c) Similarly, m,=10.2 kg.



43. (a) The shear stress is given by F/4, where F is the magnitude of the force applied
parallel to one face of the aluminum rod and A4 is the cross—sectional area of the rod. In
this case F' is the weight of the object hung on the end: F' = mg, where m is the mass of
the object. If  is the radius of the rod then 4 = /. Thus, the shear stress is

F _ mg _ (1200kg) (9.8 m/s’)
A xr 7(0.024 m)’

=6.5x10°N/m>.

(b) The shear modulus G is given by
_F/A

A/ L
where L is the protrusion of the rod and Ax is its vertical deflection at its end. Thus,

_(F/AL _(6.5%10° N/m’)(0.053m)

22— 11x107 m.
G 3.0x10° N/m

Ax




44. (a) The Young’s modulus is given by

t : i i
= ST _ (lope of the stress-strain curve = 150X10"N/m” _ 7.5%10"N/m>.

strain 0.002

E

(b) Since the linear range of the curve extends to about 2.9 X 10° N/m?, this is
approximately the yield strength for the material.



45. (a) Let F4 and Fjp be the forces exerted by the wires on the log and let m be the mass
of the log. Since the log is in equilibrium F4 + F — mg = 0. Information given about the
stretching of the wires allows us to find a relationship between F4 and Fp. If wire 4
originally had a length L, and stretches by AL, then AL, = F,L,/ AE , where 4 is the

cross—sectional area of the wire and E is Young’s modulus for steel (200 x 10° N/m?).
Similarly, AL, = F,L,/ AE . If ¢ is the amount by which B was originally longer than 4

then, since they have the same length after the log is attached, AL, = AL, + ¢ . This means

ny :FBLB+

L=/
AE AE

We solve for F:
_F,L, AE!

F, .
LB LB

We substitute into Fy + F5 —mg = 0 and obtain

F o= mgLB+AE€.
4 L,+L,

The cross—sectional area of a wire is
A= =2(120x107m)’ =452x10°m’.

Both L4 and L may be taken to be 2.50 m without loss of significance. Thus

7 - (103kg) (9.8m/s%) (2.50m)+(4.52x107° m*) (200x10° N/m’) (2.0x 10~ m)
4 2.50m+2.50m

=866 N.
(b) From the condition Fy + Fz—mg = 0, we obtain
F,=mg—F,=(103kg)(9.8m/s’) —866 N=143 N.

(c) The net torque must also vanish. We place the origin on the surface of the log at a
point directly above the center of mass. The force of gravity does not exert a torque about
this point. Then, the torque equation becomes F4d — Fpdp = 0, which leads to

di B BN _ 4 165,
d, F, 866N



46. Since the force is (stress x area) and the displacement is (strain x length), we can
write the work integral (eq. 7-32) as

W= IF dx = j(stress)A (differential strain)L. = AL I(stress) (differential strain)

which means the work is (wire-area) x (wire-length) x (graph-area-under-curve). Since
the area of a triangle (see the graph in the problem statement) is %(base)(height) then we

determine the work done to be

W = (2.00 x 10° m*)(0.800 m)(3)(1.0 x 107)(7.0 x 10" N/m?) = 0.0560J .



47. (a) Since the brick is now horizontal and the cylinders were initially the same length
¢, then both have been compressed an equal amount A/ . Thus,

Al FA Al F,
and — =
¢ AE, 0 AE,

which leads to
F, AE, _ (245)(2E,) _4

FB - AB EB AB EB

When we combine this ratio with the equation Fy + Fz = W, we find F4/W =4/5=0.80 .
(b) This also leads to the result Fg/W = 1/5 = 0.20.
(c) Computing torques about the center of mass, we find F4d, = Fpdp which leads to

do By _1_5s
d, F, 4



48. Since the force is (stress x area) and the displacement is (strain x length), we can
write the work integral (eq. 7-32) as

W= IF dx = j(stress)A (differential strain)L. = AL I(stress) (differential strain)

which means the work is (thread cross-sectional area) % (thread length) % (graph-area-
under-curve). The area under the curve is

graph area :%asl +%(a +b)(s, _Sl)+%(b+c)(53 —5,) :%[asz +b(s; —s,)+c(s, —S2)]
=%[(0.12><109 N/m?*)(1.4)+(0.30x10° N/m?)(1.0) + (0.80x10’ N/mz)(0.60)]

=4.74x10° N/m’.

(a) The kinetic energy that would put the thread on the verge of breaking is simply equal
to W

K =W = AL(graph area) = (8.0x10™"> m*)(8.0x10° m)(4.74x10* N/m*)=3.03x107 J.
(b) The kinetic energy of the fruit fly of mass 6.00 mg and speed 1.70 m/s is

1 1 § ]
K, :Emfvj = (6.00x10 5 kg)(1.70 m/s)> =8.67x107° I.

(¢) Since K, <W, the fruit fly will not be able to break the thread.

(d) The kinetic energy of a bumble bee of mass 0.388 g and speed 0.420 m/s is

K, = %mbvj = %(3.99><10-4 kg)0.420 m/s)* =3.42x107 J.

(e) On the other hand, since K, > W, the bumble bee will be able to break the thread.



49. The flat roof (as seen from the air) has area 4 = 150 m x 5.8 m = 870 m”. The volume
of material directly above the tunnel (which is at depth d = 60 m) is therefore

V=4 xd=(870 m®) x (60m) = 52200 m’.

Since the density is p = 2.8 g/cm® = 2800 kg/m’, we find the mass of material supported
by the steel columns to be m = pV = 1.46 x 10° m’.

(a) The weight of the material supported by the columns is mg = 1.4 x 10° N.

(b) The number of columns needed is

143x10°N

n=7 6 3 =175
5(400x10°N/m”)(960x10"m")




50. On the verge of breaking, the length of the thread is
L=L,+AL=L(1+AL/L))=L,(1+2)=3L,,

where  L;=0.020m 1is the original length, and /
strain=AL/L, =2, as given in the problem. The free-

body diagram of the system is shown on the right. The
condition for equilibrium is

mg =2Tsin @

where m is the mass of the insect and 7 = A(stress). Since the volume of the thread
remains constant is it is being stretched, we have V=A4L =AL , or
A=A,(L,/L)=A4,/3. The vertical distance Ay is

5 T oL L
Ay=+J(L/2) —(LO/2)* = TR =\21,.
Thus, the mass of the insect is
= 2T'sin@ _ 2(A,/3)(stress)sin@ 24 (stress) Ay 4x/§A0 (stress)
g g 3g 3L,/2 Og
_ 44/2(8.00x107'2 m?)(8.20x10° N/m?)
9(9.8 m/s*)
=4.21x10" kg

or 0.421 g.



51. Let the forces that compress stoppers 4 and B be F4 and Fj, respectively. Then
equilibrium of torques about the axle requires FR = ryF, + rpgFp. If the stoppers are
compressed by amounts |[Ay4| and |Ayg| respectively, when the rod rotates a (presumably
small) angle € (in radians), then |Ay ,|=7,0 and |Ay,|=r,6.

Furthermore, if their “spring constants” k are identical, then k& = |F/Ay| leads to the
condition F4/r, = Fp/rp which provides us with enough information to solve.

(a) Simultaneous solution of the two conditions leads to

Rr, Fe (5.0 cm)(7.0 cm)

F, = = 220 N)=118 N=1.2x10° N.
R (7.0 cm)*+(4.0 cm)? ( )
(b) It also yields
F, = Rr, (5.0 cm)(4.0 cm) (220 N)=68 N.

P24+r2 (7.0 cm)>+(4.0 cm)



52. (a) With pivot at the hinge (at the left end), Eq. 12-9 gives
—mgx—Mg% + Fhh=0

where m is the man’s mass and M is that of the ramp; F}, is the leftward push of the right
wall onto the right edge of the ramp. This equation can be written to be of the form (for a
straight line in a graph)

Fu=(“slope”)x + (“y-intercept”),
where the “slope” is mg/h and the “y-intercept” is MgD/2h. Since h = 0.480 m and D =

4.00 m, and the graph seems to intercept the vertical axis at 20 kN, then we find M = 500
kg.

(b) Since the “slope” (estimated from the graph) is (5000 N)/(4 m), then the man’s mass
must be m = 62.5 kg.



53. With the x axis parallel to the incline (positive uphill), then

YF=0 = T cos 25° —mg sin 45° = 0.

Therefore, 7= 76 N.



54. The beam has a mass M = 40.0 kg and a length L = 0.800 m. The mass of the package
of tamale is m = 10.0 kg.

(a) Since the system is in static equilibrium, the normal force on the beam from roller 4 is
equal to half of the weight of the beam:

F,= Mg/2 = (40.0 kg)(9.80 m/s>)/2 = 196 N.

(b) The normal force on the beam from roller B is equal to half of the weight of the beam
plus the weight of the tamale:

F=Mg/2 + mg = (40.0 kg)(9.80 m/s*)/2 + (10.0 kg)(9.80 m/s*)= 294 N.

(c) When the right-hand end of the beam is centered over roller B, the normal force on the
beam from roller 4 is equal to the weight of the beam plus half of the weight of the
tamale:

Fi= Mg + mg/2 = (40.0 kg)(9.8 m/s%) + (10.0 kg)(9.80 m/s>)/2 = 441 N.

(d) Similarly, the normal force on the beam from roller B is equal to half of the weight of

the tamale:
Fs=mg/2 = (10.0 kg)(9.80 m/s*)/2 =49.0 N.

(e) We choose the rotational axis to pass through roller B. When the beam is on the verge
of losing contact with roller A4, the net torque is zero. The balancing equation may be
written as
L M
mgx=Mg(L/4-x) = x=— .
& 8( ) 4 M+m

Substituting the values given, we obtain x = 0.160 m.



55. (a) The forces acting on bucket are the force of gravity, down, and the tension force
of cable A, up. Since the bucket is in equilibrium and its weight is

W, =m,g=(817kg)(9.80m/s*)=8.01x10°N,

the tension force of cable A is T, =8.01x10°N..

(b) We use the coordinates axes defined in the diagram. Cable A makes an angle of & =
66.0° with the negative y axis, cable B makes an angle of 27.0° with the positive y axis,
and cable C is along the x axis. The y components of the forces must sum to zero since
the knot is in equilibrium. This means 75 cos 27.0° — T4 cos 66.0° = 0 and

- _ €0866.0°
? c0s27.0°

(cos 66.0°

(8.01x10°N)=3.65x10°N.
c0s27.0°

(c) The x components must also sum to zero. This means

Tc+ Tpsin 27.0°— T4 sin 66.0° =0
Which yields

T.=T,sin66.0°—T, sin 27.0° = (8.01x10° N)sin 66.0° - (3.65x10° N)sin 27.0°
=5.66x10° N.



56. (a) Eq. 12-8 leads to 7 sin40° + 75 sin@= mg . Also, Eq. 12-7 leads to
T cos40° — T, cos@= 0.
Combining these gives the expression

_ mg
’ cos@tan40°+sind

To minimize this, we can plot it or set its derivative equal to zero. In either case, we find
that it is at its minimum at 6= 50°.

(b) At 6=50°, we find T, = 0.77mg.



57. The cable that goes around the lowest pulley is cable 1 and has tension 7} = F. That
pulley is supported by the cable 2 (so 7> = 27 = 2F) and goes around the middle pulley.
The middle pulley is supported by cable 3 (so 73 = 27> = 4F) and goes around the top
pulley. The top pulley is supported by the upper cable with tension 7, so 7= 273 = 8F.
Three cables are supporting the block (which has mass m = 6.40 kg):

T+T+T, :mg:F=g=8.96N.

Therefore, T=8(8.96 N) = 71.7 N.



58. Since all surfaces are frictionless, the contact force F exerted by the lower sphere on
the upper one is along that 45° line, and the forces exerted by walls and floors are
“normal” (perpendicular to the wall and floor surfaces, respectively). Equilibrium of
forces on the top sphere leads to the two conditions

F

wall

=Fcos45° and F'sin45°=mg.

And (using Newton’s third law) equilibrium of forces on the bottom sphere leads to the
two conditions

F' . =Fcos45° and F',  =Fsin45°+mg.

wall
(a) Solving the above equations, we find F o0 = 2mg.
(b) We obtain for the left side of the container, F''ya = mg.

(c) We obtain for the right side of the container, Fya = mg.

(d) We get FF'=mg/sin 450:\/§mg .



59. (a) The center of mass of the top brick cannot be further (to the right) with respect to
the brick below it (brick 2) than L/2; otherwise, its center of gravity is past any point of
support and it will fall. So a; = L/2 in the maximum case.

(b) With brick 1 (the top brick) in the maximum situation, then the combined center of
mass of brick 1 and brick 2 is halfway between the middle of brick 2 and its right edge.
That point (the combined com) must be supported, so in the maximum case, it is just
above the right edge of brick 3. Thus, a, = L/4.

(c) Now the total center of mass of bricks 1, 2 and 3 is one—third of the way between the
middle of brick 3 and its right edge, as shown by this calculation:

L _2m(0)tm(-L/2) _ L

com 3 m 6

where the origin is at the right edge of brick 3. This point is above the right edge of brick
4 in the maximum case, so a3 = L/6.

(d) A similar calculation

vo— 3m(0)+ m(—L/2) _ L
com dm 8

shows that as = L/8.

(e)Wefind h=" 4 =25L/24.



60. (a) If L (= 1500 cm) is the unstretched length of the rope and AL =28cmis the
amount it stretches then the strain is

AL/ L=(28cm)/(1500cm)=19x10".

(b) The stress is given by F/4 where F is the stretching force applied to one end of the
rope and 4 is the cross—sectional area of the rope. Here F' is the force of gravity on the
rock climber. If m is the mass of the rock climber then ¥ = mg. If r is the radius of the

rope then 4 = ” . Thus the stress is

2
L e (95kg)(9'im/52) =1.3x10" N/m?’.
A zr 7(4.8x107 m)

(c) Young’s modulus is the stress divided by the strain:

E=(13x10"N/m%) /(1.9 x 10°)=6.9 x 10° N/m’.



61. We denote the mass of the slab as m, its density as p, and volume as V' =LTW . The
angle of inclination is € =26°.

(a) The component of the weight of the slab along the incline is

F, =mgsin@ = pVgsin@
=(3.2x10° kg/m’)(43m)(2.5m)(12m)(9.8 m/s*)sin 26° = 1.8x10’ N.

(b) The static force of friction is

Sy =1 Fy = umgcos@=u pVgcost
=(0.39)(3.2x10° kg/m*)(43 m)(2.5m)(12m)(9.8 m/s*) cos 26° = 1.4x10” N.

(c) The minimum force needed from the bolts to stabilize the slab is
F,=F—f =1.77x10'N-1.42x10" N =3.5x10° N.
If the minimum number of bolts needed is n, then F, /nA4 < 3.6x10° N/m’, or

6
S 3.5x10° N 152

nz
(3.6x10° N/m*)(6.4x10™* m?)

Thus 16 bolts are needed.



62. The notation and coordinates are as shown in Fig. 12-6 in the textbook. Here, the
ladder's center of mass is halfway up the ladder (unlike in the textbook figure). Also, we
label the x and y forces at the ground f; and Fy, respectively. Now, balancing forces, we

have
2F.=0 = f,=F,
XF,=0 = Fy=mg

Since f; = f;, max, We divide the equations to obtain

f:v,max _ _FW

F, 0 mg

S

Now, from X 1, = 0 (with axis at the ground) we have mg(a/2) — F,,h = 0.
Pythagorean theorem, / = \/Lz - a’, where L = length of ladder. Therefore,

£y _al2 a

mg p  AN[IL-d

In this way, we find
2u L

S

a
=— = g=—=
# WL -d? J1+4u2

But from the



63. Analyzing forces at the knot (particularly helpful is a graphical view of the vector
right-triangle with horizontal “side” equal to the static friction force f; and vertical “side”
equal to the weight mpg of block B), we find f; = mpg tan & where 8= 30°. For f; to be at
its maximum value, then it must equal ym,g where the weight of block A4 is m4g= (10
kg)(9.8 m/s”). Therefore,

Um,g=mygtand = (U, =%tan30°:0.29.



64. To support a load of W = mg = (670 kg)(9.8 m/s®) = 6566 N, the steel cable must
stretch an amount proportional to its “free” length:

AL = (KJL where 4 = m?
AY
and = 0.0125 m.

6566 N
7(0.0125 m)? (2.0x10" N/m?)

(a) If L =12 m, then AL:( j(12 m)=8.0x10""m.

(b) Similarly, when L =350 m, we find AL =0.023m.



65. With the pivot at the hinge, Eq. 12-9 leads to
—mgsinG % + TLsin(180°~ 6, - 6) = 0.

where 6, = 60° and 7=mg/2. This yields & = 60°.



66. (a) Setting up equilibrium of torques leads to

E

far end

L=(73kg)(9.8 m/s2)§+ (2700 N)%

which yields Fpuena = 1.5 x 10° N.

(b) Then, equilibrium of vertical forces provides

F =19%x10°N.

near end

=(73)(9.8)+2700— F,

ar end



67. (a) and (b) With +x rightward and +y upward (we assume the adult is pulling with
%
force P to the right), we have

XF,=0 = W=Tcosf=270N

YXF.=0 = P=Tsin®=72N
where 8= 15°.

(c) Dividing the above equations leads to
P
= tan 0.

Thus, with W =270 N and P =93 N, we find 8= 19°.



68. We denote the tension in the upper left string (bc) as 7" and the tension in the lower
right string (ab) as 7. The supported weight is Mg = 19.6 N. The force equilibrium
conditions lead to

T’ cos60° =T cos20° horizontal forces
T’sin 60° =W + T sin 20° vertical forces.

(a) We solve the above simultaneous equations and find

w

T= - =15N.
tan 60° cos 20° —sin 20°

(b) Also, we obtain 7" = T cos 20°/ cos 60° =29 N.



69. (a) Because of Eq. 12-3, we can write
T + (myg £-90°)+(myg £—-150°) =0.

Solving the equation, we obtain 7_"> =(106.34 £ 63.963°). Thus, the magnitude of the
tension in the upper cord is 106 N,

(b) and its angle (measured ccw from the +x axis) is 64.0°.



70. (a) The angle between the beam and the floor is

sin”! (d /L)=sin"" (1.5/2.5) = 37°,

5
so that the angle between the beam and the weight vector 7 of the beam is 53°. With L =
2.5 m being the length of beam, and choosing the axis of rotation to be at the base,

L
2T =0 = PL—W(EjsinS?;O =0

Thus, P="% W sin 53° =200 N.

(b) Note that

P +W =200 £90°) + (500 £ -127°) = (360 £ —146°)
using magnitude-angle notation (with angles measured relative to the beam, where
"uphill" along the beam would correspond to 0°) with the unit Newton understood. The
"net force of the floor" Fris equal and opposite to this (so that the total net force on the

5
beam is zero), so that | Fy | = 360 N and is directed 34° counterclockwise from the beam.

(c) Converting that angle to one measured from true horizontal, we have €= 34° + 37° =
71°. Thus, f; = Frcos@and Fy = Fysin 6. Since f; = f; max, We divide the equations to
obtain

F 1
N _ = — = tan@ .
f;',max MS

Therefore, 1 = 0.35.



71. The cube has side length / and volume ¥ = [°. We use p = BAV /V for the pressure p.
We note that

AV AP (I+AIY - 3PAl _3g
v P P P I

Thus, the pressure required is

_3BAI _3(1.4x10" N/m’)(85.5cm—85.0cm)
/ 85.5cm

=2.4x10° N/m’.




72. Adopting the usual convention that torques that would produce counterclockwise
rotation are positive, we have (with axis at the hinge)

27.=0= TLsin60" — Mg(%)zo

where L = 5.0 m and M = 53 kg. Thus, 7= 300 N. Now (with F), for the force of the hinge)

XF,=0=F, =-Tcosf=-150N
2XF,=0= F, = Mg—Tsind=260N

where @= 60°. Therefore, F, =(~1.5x10> N)i+(2.6x10* N)].



73. (a) Choosing an axis through the hinge, perpendicular to the plane of the figure and
taking torques that would cause counterclockwise rotation as positive, we require the net
torque to vanish:

FLsin90°—Thsin65°=0

where the length of the beam is L = 3.2 m and the height at which the cable attaches is 4
= 2.0 m. Note that the weight of the beam does not enter this equation since its line of
action is directed towards the hinge. With F'= 50 N, the above equation yields 7= 88 N.

(b) To find the components of F ", we balance the forces:

2F. =0 = F,=Tcos25°-F
ZFyZO = F,=Tsin25°+W

where W is the weight of the beam (60 N). Thus, we find that the hinge force components
are F,, = 30 N rightward and F,, = 97 N upward. In unit-vector notation,

F,=(30 N)i+(97 N)j.



74. (a) Computing the torques about the hinge, we have 7L sin40° = Wésin 50° where

the length of the beam is L = 12 m and the tension is 7= 400 N. Therefore, the weight is
W =671 N, which means that the gravitational force on the beam is 17“w =(-671 N)} .

(b) Equilibrium of horizontal and vertical forces yields, respectively,

Fringer =T =400 N
Fiinge, =W =671N

where the hinge force components are rightward (for x) and upward (for y). In unit-vector

notation, we have F,._=(400 N)i+(671 N)]

inge



75. We locate the origin of the x axis at the edge of the table and choose rightwards
positive. The criterion (in part (a)) is that the center of mass of the block above another
must be no further than the edge of the one below; the criterion in part (b) is more subtle
and is discussed below. Since the edge of the table corresponds to x = 0 then the total
center of mass of the blocks must be zero.

(a) We treat this as three items: one on the upper left (composed of two bricks, one
directly on top of the other) of mass 2m whose center is above the left edge of the bottom
brick; a single brick at the upper right of mass m which necessarily has its center over the
right edge of the bottom brick (so a; = L/2 trivially); and, the bottom brick of mass m.
The total center of mass is

(2m)(a,— L)+ ma, +m(a,—L/2)
4m

0

which leads to a, = 5L/8. Consequently, 4 = a, + a; = 9L/8.

(b) We have four bricks (each of mass m) where the center of mass of the top and the
center of mass of the bottom one have the same value x., = b, — L/2. The middle layer
consists of two bricks, and we note that it is possible for each of their centers of mass to
be beyond the respective edges of the bottom one! This is due to the fact that the top
brick is exerting downward forces (each equal to half its weight) on the middle blocks —
and in the extreme case, this may be thought of as a pair of concentrated forces exerted at
the innermost edges of the middle bricks. Also, in the extreme case, the support force
(upward) exerted on a middle block (by the bottom one) may be thought of as a

concentrated force located at the edge of the bottom block (which is the point about
which we compute torques, in the following).

If (as indicated in our sketch, where F;()p has magnitude mg/2) —
we consider equilibrium of torques on the rightmost brick, we tOPV
obtain
1 mg
mg(bl—ELj:T(L—bl) ‘
. \ g
which leads to b; = 2L/3. Once we conclude from symmetry
that b, = L/2 then we also arrive at 4 = b, + by = 7L/6. s

F bottom



76. One arm of the balance has length ¢, and the other has
length /,. The two cases described in the problem are expressed (in terms of torque
equilibrium) as

ml,=ml, and ml =m,/l,.

We divide equations and solve for the unknown mass: m = \/mm, .



77. Since GA exerts a leftward force T at the corner 4, then (by equilibrium of horizontal
forces at that point) the force Fiag in C4A must be pulling with magnitude

L

“® sin45°

This analysis applies equally well to the force in DB. And these diagonal bars are pulling
on the bottom horizontal bar exactly as they do to the top bar, so the bottom bar CD is the
“mirror image” of the top one (it is also under tension 7). Since the figure is symmetrical
(except for the presence of the turnbuckle) under 90° rotations, we conclude that the side
bars (DA and BC) also are under tension 7 (a conclusion that also follows from
considering the vertical components of the pull exerted at the corners by the diagonal
bars).

(a) Bars that are in tension are BC, CD and DA.
(b) The magnitude of the forces causing tension is 7 =535 N.

(c) The magnitude of the forces causing compression on CA and DB is

Fyp =327 =(1.41)535 N =757 N.



78. (a) For computing torques, we choose the axis to be at support 2 and consider torques
which encourage counterclockwise rotation to be positive. Let m = mass of gymnast and
M = mass of beam. Thus, equilibrium of torques leads to

Mg(1.96m)—mg(0.54m)— F(3.92m)=0.

Therefore, the upward force at support 1 is ;1 = 1163 N (quoting more figures than are
significant — but with an eye toward using this result in the remaining calculation). In

unit-vector notation, we have 1’3l ~(1.16x10° N)} .

(b) Balancing forces in the vertical direction, we have F| + F, — Mg—mg =0, so that the
upward force at support 2 is F, =1.74 x 10> N. In unit-vector notation, we have
F, =(1.74x10° N);.



79. (a) Let d = 0.00600 m. In order to achieve the same final lengths, wires 1 and 3 must
stretch an amount d more than wire 2 stretches:

AL] = AL3 = ALz + d .
Combining this with Eq. 12-23 we obtain

dAE
F1:F3: Fz + T .

Now, Eq. 12-8 produces F, + F; + F, — mg = 0. Combining this with the previous
relation (and using Table 12-1) leads to F;= 1380 N =1.38x10°N .

(b) Similarly, 7, = 180 N.



80. Our system is the second finger bone. Since the system is in
static equilibrium, the net force acting on it is zero. In addition, the
torque about any point must be zero. We set up the torque equation

about point O where F. act:
d . . .
0= Zrnet = _(EJF' sina+(d)F,sin@+(d)F,sing.
o

Solving for F, and substituting the values given, we obtain

_3(F, sin @+ F), sin @) _ 3[(162.4 N)sin10°+(13.4 N)sin 80°]
sin @ sin 45°
~1.8x10> N.

F

t

=175.6 N




81. When it is about to move, we are still able to apply the equilibrium conditions, but (to
obtain the critical condition) we set static friction equal to its maximum value and picture

the normal force ﬁN as a concentrated force (upward) at the bottom corner of the cube,

directly below the point O where P is being applied. Thus, the line of action of F v passes

through point O and exerts no torque about O (of course, a similar observation applied to
the pull P). Since Fy = mg in this problem, we have fimax = tmg applied a distance /
away from O. And the line of action of force of gravity (of magnitude mg), which is best
pictured as a concentrated force at the center of the cube, is a distance L/2 away from O.
Therefore, equilibrium of torques about O produces

L L (8.0 cm)
h=mg| = _ L _80em) 4
Hmgh =mg ( 2} = T 27,0 em)

for the critical condition we have been considering. We now interpret this in terms of a
range of values for /.

(a) For it to slide but not tip, a value of i less than that derived above is needed, since
then — static friction will be exceeded for a smaller value of P, before the pull is strong
enough to cause it to tip. Thus, g < L/2h = 0.57 is required.

(b) And for it to tip but not slide, we need y greater than that derived above is needed,
since now — static friction will not be exceeded even for the value of P which makes the
cube rotate about its front lower corner. That is, we need to have g > L/2h = 0.57 in this
case.



82. The assumption stated in the problem (that the density does not change) is not meant
to be realistic; those who are familiar with Poisson’s ratio (and other topics related to the
strengths of materials) might wish to think of this problem as treating a fictitious material
(which happens to have the same value of £ as aluminum, given in Table 12-1) whose
density does not significantly change during stretching. Since the mass does not change,
either, then the constant-density assumption implies the volume (which is the circular
area times its length) stays the same:

(P L)pew = (L)ga = AL =L[(1000/999.9)* — 1] .
Now, Eq. 12-23 gives
F=m?EAL/L = (7.0 x 10°N/m*)[(1000/999.9)* — 1] .

Using either the new or old value for r gives the answer F'= 44 N.



83. Where the crosspiece comes into contact with the beam, there is an upward force of
2F (where F'is the upward force exerted by each man). By equilibrium of vertical forces,
W = 3F where W is the weight of the beam. If the beam is uniform, its center of gravity is
a distance L/2 from the man in front, so that computing torques about the front end leads

to
W£ =2Fx= 2(K)x
2 3

which yields x = 3L/4 for the distance from the crosspiece to the front end. It is therefore
a distance L/4 from the rear end (the “free” end).



84. (a) Setting up equilibrium of torques leads to a simple “level principle” ratio:

E.. =(11kg)(9.8 m/sz)w — 40N,
91cm
(b) Then, equilibrium of vertical forces provides
Elinge = (1 lkg) (98 m/Sz) - F;atch = 66 N



85. We choose an axis through the top (where the ladder comes into contact with the
wall), perpendicular to the plane of the figure and take torques that would cause
counterclockwise rotation as positive. Note that the line of action of the applied force

F intersects the wall at a height of (8.0 m)/5=1.6m; in other words, the moment arm

for the applied force (in terms of where we have chosen the axis) is
7, =(4/5)(8.0 m) =6.4m. The moment arm for the weight is half the horizontal distance

from the wall to the base of the ladder; this works out to be \/ (10 m)>*—(8m)*/2=3.0m.

Similarly, the moment arms for the x and y components of the force at the ground (F’g)

are 8.0 m and 6.0 m, respectively. Thus, with lengths in meters, we have
27, =F(6.4m)+W (3.0 m)+F, (8.0 m)-F, (6.0 m)=0.

In addition, from balancing the vertical forces we find that W = F,, (keeping in mind that
the wall has no friction). Therefore, the above equation can be written as

Y7, = F(6.4 m)+W (3.0 m)+ F, (8.0 m)— W (6.0 m)=0.

(a) With F =50 N and W = 200 N, the above equation yields F, = 35 N. Thus, in unit
vector notation we obtain

F, =(35 N)i+(200 N)].

(b) With /=150 N and W =200 N, the above equation yields F,, = —45 N. Therefore, in
unit vector notation we obtain

F, =(~45 N)i+(200 N)j.

(c) Note that the phrase “start to move towards the wall” implies that the friction force is
pointed away from the wall (in the - direction). Now, if f = —F,, and Fiy = Fy, = 200 N
are related by the (maximum) static friction relation (f' = f;max = L Fn) With 1, = 0.38,
then we find F,, = —76 N. Returning this to the above equation, we obtain

Fe (200N)(3.0m)+ (76 N)(8.0m)
B 6.4m

=1.9x10° N.



86. The force F exerted on the beam is F'= 7900 N, as computed in the Sample Problem.
Let F/4 = S,/6, where S, =50x10° N/m’ is the ultimate strength (see Table 12-1), then

6F _ 6(7900 N)

=——— —_=95x10"m’.
S, 50x10° N/m

A=

Thus the thickness isv4 =+/9.5x10™* m? =0.031m.



Chapter 13
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1. The magnitude of the force of one particle on the other is given by F = Gmma/r’,
where m; and m, are the masses, r is their separation, and G is the universal gravitational
constant. We solve for r:

G \/(6.67><10“N-mz/kgz)(S.Zkg)(2.4kg)
re T = =19m
F 23x10°N
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2. We use subscripts s, €, and m for the Sun, Earth and Moon, respectively. Plugging in
the numerical values (say, from Appendix C) we find

F, Gmm,/r _ﬂ[r j2_1.99><103° kg(3.82x108mj2_216

F. Gmm /> m\r. ) 598x10*kg|1.50x10" m

em

e }/:Sm



3. The gravitational force between the two parts is

This leads to the result m/M= 1/2.



4. The gravitational force between you and the moon at its initial position (directly
opposite of Earth from you) is
_ GM, m
= m
where M, is the mass of the moon, R, is the distance between the moon and the Earth,
and R, is the radius of the Earth. At its final position (directly above you), the
gravitational force between you and the moon is

GM , m
1 (RME - RE )2

(a) The ratio of the moon’s gravitational pulls at the two different positions is

F,_GM,m/(R,;—R,)’ _(RME+RE I _(3.82><108 m+6.37x10° m

F, GM m/(R, +R.)}’ (3.82x10° m—-6.37x10° m

2
] =1.06898.
RME _RE

Therefore, the increase is 0.06898, or approximately, 6.9%.

(b) The change of the gravitational pull may be approximated as

M M M R M R 4GM mR
F—F, = G mmz_ G ’"mzsz’”m(l+2 EJ_G 2mm(1_2 E]: G ;nmE.

On the other hand, your weight, as measured on a scale on Earth is

Since the moon pulls you “up,” the percentage decrease of weight is

_ 3 2 6 3
F—-F, _4 M, | R; _4 7.36><1024 kg 6.37><10g M| 5574107 ~ (23%10°)%.
F M, )\ R, 5.98x10™ kg )\ 3.82x10° m

g




5. We require the magnitude of force (given by Eq. 13-1) exerted by particle C on 4 be
equal to that exerted by B on A. Thus,

Gmymc  Gmymp

7 )
r d

We substitute in mp = 3my and mp = 3my, and (after canceling “m,”) solve for . We
find » = 5d. Thus, particle C is placed on the x axis, to left of particle 4 (so it is at a
negative value of x), at x =-5.00d.



6. Using F = GmM/r*, we find that the topmost mass pulls upward on the one at the
origin with 1.9 x 107 N, and the rightmost mass pulls rightward on the one at the origin
with 1.0 x 107 N. Thus, the (x, ) components of the net force, which can be converted to
polar components (here we use magnitude-angle notation), are

F, =(1.04x10,1.85x10"*) = (2.13x10™* £ 60.6°).

(a) The magnitude of the force is 2.13 x 10 N.

(b) The direction of the force relative to the +x axis is 60.6°.



7. At the point where the forces balance GM ,m /1> = GM m/r; , where M, is the mass of
Earth, M; is the mass of the Sun, m is the mass of the space probe, 7, is the distance from
the center of Earth to the probe, and r; is the distance from the center of the Sun to the
probe. We substitute , = d — r;, where d is the distance from the center of Earth to the

center of the Sun, to find
M M

e — S

2 A 2"
noo(d-n)
Taking the positive square root of both sides, we solve for r;. A little algebra yields

d M, (150x10° m)+/5.98x10* kg
= _
CIM M, 19910 kg +4/5.98x10* kg

Values for M,, M;, and d can be found in Appendix C.

=2.60x10° m.




8. The gravitational forces on ms from the two 5.00g masses m; and m4 cancel each other.
Contributions to the net force on ms come from the remaining two masses:

o (6.67x10™" N-m*/kg*)(2.50x10~ kg)(3.00x10~ kg—1.00x10~ kg)
(V2x10" m)

=1.67x10" N.

The force is directed along the diagonal between m; and ms, towards m,. In unit-vector
notation, we have
F_ =F_(cos45°i+sin45°]) = (1.18x107™N)i + (1.18x107N)]

net



9. The gravitational force from Earth on you (with mass m) is

GM .m
ng = R;E =mg
where g =GM . /R; =9.8 m/s’. If  is the distance between you and a tiny black hole of
mass M, =1x10" kg that has the same gravitational pull on you as the Earth, then

P :GMhm_

=mg.
g r2

Combining the two equations, we obtain

_GM,m _GM,m __ GM;_J&ﬁ%dU“mm%sﬁﬂxm“my

R 7 \ g 9.8 m/s’

=0.8 m.



10. (a) We are told the value of the force when particle C is removed (that is, as its
position x goes to infinity), which is a situation in which any force caused by C vanishes
(because Eq. 13-1 has 7 in the denominator). Thus, this situation only involves the force
exerted by 4 on B:

Gmamg__ ~10

Since mp = 1.0 kg, then this yields ma = 0.25 kg.

(b) We note (from the graph) that the net force on B is zero when x = 0.40 m. Thus, at
that point, the force exerted by C must have the same magnitude (but opposite direction)
as the force exerted by 4 (which is the one discussed in part (a)). Therefore

Gmc mp

_ ~10 _
mz—4.17><10 N = mc = 1.00 kg.



11. (a) The distance between any of the spheres at the corners and the sphere at the center
is

F=10/2c0s30°=(//3

where 7 is the length of one side of the equilateral triangle. The net (downward)
contribution caused by the two bottom-most spheres (each of mass m) to the total force
on my4 has magnitude

Gm,m

2
r

Gm,m
2

2Fy=2( Jsin30°=3

This must equal the magnitude of the pull from M, so

Gmm _ Gm,m

€2 (é/\/g)Z

which readily yields m = M.

(b) Since m4 cancels in that last step, then the amount of mass in the center sphere is not
relevant to the problem. The net force is still zero.



12. All the forces are being evaluated at the origin (since particle 4 is there), and all

forces (except the net force) are along the location-vectors 7 which point to particles B
and C. We note that the angle for the location-vector pointing to particle B is 180° —

30.0° = 150° (measured ccw from the +x axis). The component along, say, the x axis of
%
one of the force-vectors F' is simply Fx/r in this situation (where F' is the magnitude of

5
F ). Since the force itself (see Eq. 13-1) is inversely proportional to * then the
aforementioned x component would have the form GmMx/r’; similarly for the other
components. With ms = 0.0060 kg, mg = 0.0120 kg, and mc = 0.0080 kg, we therefore
have

. GmAmeB GmAmc Xc

Frex="",3  + T =(2.77 x 107 N)cos(—163.8°)
B re

and

_ Gmampys . Gmamcyc
Fnety = 7 3 + 3
B rc

=(2.77 x 107" N)sin(—163.8°)

where r5 = dagp = 0.50 m, and (xg, yg) = (rgcos(150°), rgsin(150°)) (with SI units
understood). A fairly quick way to solve for rc is to consider the vector difference
between the net force and the force exerted by A, and then employ the Pythagorean
theorem. This yields 7c = 0.40 m.

(a) By solving the above equations, the x coordinate of particle C is xc=—0.20 m.

(b) Similarly, the y coordinate of particle C is yc=-0.35 m.



13. If the lead sphere were not hollowed the magnitude of the force it exerts on m would
be F; = GMm/d>. Part of this force is due to material that is removed. We calculate the
force exerted on m by a sphere that just fills the cavity, at the position of the cavity, and
subtract it from the force of the solid sphere.

The cavity has a radius » = R/2. The material that fills it has the same density (mass to

volume ratio) as the solid sphere. That is Mc/r3= M/R3, where M. is the mass that fills the
cavity. The common factor 41/3 has been canceled. Thus,

3 3
M= = E =L
R 8R 8

The center of the cavity is d —r = d —R/2 from m, so the force it exerts on m is

o G(M8)m
(d-R12)"

2

The force of the hollowed sphere on m is

F=F—F-GMm| -t |- GMm)y, 1
d” 8(d-R/2) d 8(1-R/2d)
_(6.67x107"" m*/s* -kg)(2.95 kg)(0.431 kg) - 1
(9.00x10°m)’ 8[1—(4x107m)/(2-9x107m)]’

=8.31x107°N.



14. Using Eq. 13-1, we find

> 2Gma’ > 4Gmp*
FAB=$J and Fac= — 32,12A 1.

Since the vector sum of all three forces must be zero, we find the third force (using
magnitude-angle notation) is

2
.
FADZGszA(ZAM Z —56.3°).

This tells us immediately the direction of the vector P (pointing from the origin to
particle D), but to find its magnitude we must solve (with mp = 4my) the following
equation:

d2 2

r

2
2.404(Gm’*) _Gmymp

This yields » = 1.294. In magnitude-angle notation, then, r o= (1.29 £ -56.3°) , with
SI units understood. The “exact” answer without regard to significant figure

considerations is
- 6 6
— (| =—=., 3 [——=).
ro= 13413 ° 3 13413 )

(a) In (x, y) notation, the x coordinate is x =0.716d.

(b) Similarly, the y coordinate is y = —1.07d.



15. All the forces are being evaluated at the origin (since particle 4 is there), and all

forces are along the location-vectors 7 which point to particles B, C and D. In three
dimensions, the Pythagorean theorem becomes » = \/xz +y?+2z° . The component along,

5
say, the x axis of one of the force-vectors F is simply Fx/r in this situation (where F' is

N
the magnitude of F ). Since the force itself (see Eq. 13-1) is inversely proportional to 7>
then the aforementioned x component would have the form GmMx/; similarly for the
other components. For example, the z component of the force exerted on particle 4 by
particle B is

Gmampzg _ GmuQmo)Q2d)  4Gmy’
rB3 _((2d)2+dz+(2d)2)3 - 27 d2 .

In this way, each component can be written as some multiple of Gma*/d*. For the z

component of the force exerted on particle 4 by particle C, that multiple is —9\/1_4 /196.
For the x components of the forces exerted on particle A by particles B and C, those

multiples are 4/27 and —3\/ﬁ /196, respectively. And for the y components of the forces

exerted on particle 4 by particles B and C, those multiples are 2/27 and 3\/1_4 /98,
respectively. To find the distance r to particle D one method is to solve (using the fact
that the vector add to zero)

’ 2N2
(—z—GmrAmD) = [(4/27 —3\[T4 /196)° + (2127 +3\[14 /98)” + (4/27 ~n[14 /196)’] (G_ZQA_)

(where mp = 4my) for r. This gives r = 4.357d. The individual values of x, y and z
(locating the particle D) can then be found by considering each component of the
Gmamp/r* force separately.
(a) The x component of 7 would be
Gmamp x/r° =—(4/27 -=3\[14 /196)Gm*/d",
which yields x =—1.884.
(b) Similarly, y =-3.90d,
(c) and z = 0.489d.

In this way we are able to deduce that (x, y, z) = (1.88d, 3.90d, 0.49d).



16. Since the rod is an extended object, we cannot apply Equation 13-1 directly to find
the force. Instead, we consider a small differential element of the rod, of mass dm of

thickness dr at a distance r from m, . The gravitational force between dm and m, is

d
JF = Gmlzdm _Gm, (MZ/L)dr ’ < >/ <€ L >|
r r O dm
—>» | | |
where we have substituted dm = (M / L)dr since ™" ;% —> |—
mass is uniformly distributed. The direction of | < ” )l dr

dF is to the right (see figure). The total force
can be found by integrating over the entire length of the rod:

S d(L+d)’

e .[dF _GmM J-L+d dr__GmM( 1 1 GmM
oy L

L L+d d

Substituting the values given in the problem statement, we obtain

_ GmM _ (6.67x107" m’/kg-s7)(0.67 kg)(5.0 kg)

- = =3.0x107"" N.
d(L+d) (0.23 m)(3.0 m+0.23 m)




17. The acceleration due to gravity is given by a, = GM/¥?, where M is the mass of Earth
and r is the distance from Earth’s center. We substitute » = R + h, where R is the radius
of Earth and 7 is the altitude, to obtain a, = GM AR + h)*. We solve for / and obtain

h=,GM/a, —R. According to Appendix C, R = 6.37 X 10° m and M = 5.98 x 10** kg,

SO

13,2 24
h_\/(6~67><10 /S ke)(SOBA0TKE) gt — 26¢10%m
(4.9m/sz)




18. We follow the method shown in Sample Problem 13-3. Thus,

GM,

a, = " =da, =-2 " dr
which implies that the change in weight is
I/Vtop - VVbottom =m (dag )

But since Wiottom = GmME/R2 (where R is Earth’s mean radius), we have

3
My g — o, = (600 N) LI M _ 4303
R 6.37x10° m

mdag =-2

for the weight change (the minus sign indicating that it is a decrease in /). We are not
including any effects due to the Earth’s rotation (as treated in Eq. 13-13).



19. (a) The gravitational acceleration at the surface of the Moon is gmeon = 1.67 m/s” (see
Appendix C). The ratio of weights (for a given mass) is the ratio of g-values, so

Winoon = (100 N)(1.67/9.8) = 17 N.

(b) For the force on that object caused by Earth’s gravity to equal 17 N, then the free-fall
acceleration at its location must be a, = 1.67 m/s>. Thus,

g:G”jE e |9 5 10'm
r a

a
g

so the object would need to be a distance of #/Rg = 2.4 “radii” from Earth’s center.



20. The free-body diagram of the force acting on the plumb line is shown on the right.
The mass of the sphere is

M=pV= p(%”mj = 4?7[(2.6><103 kg/m*)(2.00x10° m)’ M

=8.71x10" kg.

The force between the “spherical” mountain and the plumb
line is F = GMm/r*. Suppose at equilibrium the line makes
an angle 6 with the vertical and the net force acting on the
line is zero. Therefore,

0=>F, =Tsin6—F=Tsinf- fo’"

0= ZFnet,y =T cos—mg
The two equations can be combined to give tan 8 = mi = Gi\{ . The distance the lower
end moves toward the sphere is ©F

GM (6.67x107"" m’/kg-s*)(8.71x10" kg)

x=[tand=[—-=(0.50 m)
gr

(9.8)(3x2.00x10° m)’
=8.2x10° m.



GM

R2

=7.6 m/s’.

21. (a) The gravitational acceleration is a, =

G(5M) =42 m/s’.

(b) Note that the total mass is SM. Thus, a, = ==
(3R)




22. (a) Plugging R, = 2GM,, /c* into the indicated expression, we find

GM, _
(LOOIR,]"  (1.001) (2GM,/c*)  (2.002)° G M,
)7 (1.001) )

GM, c* 1

aq

which yields a, = (3.02 x 10* kg:m/s®) /M,
(b) Since M,, is in the denominator of the above result, a, decreases as M), increases.

(c) With M, = (1.55 x 10"%) (1.99 x 10" kg), we obtain a, = 9.82 m/s’.

(d) This part refers specifically to the very large black hole treated in the previous part.
With that mass for M in Eq. 13—16, and » = 2.002GM/02, we obtain

6
da. =2 M dr=-— % dr

© o (2:0026M/¢*) (2.002)° (GM)’

where dr — 1.70 m as in Sample Problem 13-3. This yields (in absolute value) an
acceleration difference of 7.30 x 107" m/s”.

(e) The miniscule result of the previous part implies that, in this case, any effects due to
the differences of gravitational forces on the body are negligible.



23. From Eq. 13-14, we see the extreme case is when “g” becomes zero, and plugging in
Eq. 13-15 leads to

_GM

R’
R? ’

0 —Rw* =M =

Thus, with R = 20000 m and @= 27 rad/s, we find M = 4.7 x 10** kg =~ 5 x 10** kg.



24. (a) What contributes to the GmM/* force on m is the (spherically distributed) mass M
contained within » (where » is measured from the center of M). At point 4 we see that M,
+ M, is at a smaller radius than » = a and thus contributes to the force:

_ G(M1+M2)m

- 2
a

F

onm

(b) In the case » = b, only M, is contained within that radius, so the force on m becomes
GMm/b".

(c) If the particle is at C, then no other mass is at smaller radius and the gravitational
force on it is zero.



25. (a) The magnitude of the force on a particle with mass m at the surface of Earth is
given by F = GMm/R?, where M is the total mass of Earth and R is Earth’s radius. The
acceleration due to gravity is

_ Gﬁj _ (6.67x107" m’/s’ -kg)(5.298><1024 kg) 083 .
R (6.37x10° m)

Clg—

3|

(b) Now a, = GM/R?, where M is the total mass contained in the core and mantle together
and R is the outer radius of the mantle (6.345 x 10° m, according to Fig. 13-43). The total
mass is

M=(1.93x 10" kg +4.01 x 10* kg ) = 5.94 x 10** kg.

The first term is the mass of the core and the second is the mass of the mantle. Thus,

) 382k . 2% 1
. (6.67x107" m’/s* -kg)(5 9:4><10 g):9.84 e
(6.345x10° m)

(c) A point 25 km below the surface is at the mantle-crust interface and is on the surface
of a sphere with a radius of R = 6.345 x 10° m. Since the mass is now assumed to be
uniformly distributed the mass within this sphere can be found by multiplying the mass

per unit volume by the volume of the sphere: M =(R’/R})M,, where M, is the total
mass of Earth and R, is the radius of Earth. Thus,

6
pr=[£345x10°m
6.37x10° m

3
j (5.98x10* kg)=5.91x10* kg.

The acceleration due to gravity is

_GM  (6.67x107" m'/s* kg )(5.91x10* kg)

e ; =9.79 m/s”.
R (6.345><106 m)

a




1
26. (a) Using Eq. 13-1, we set GmM/r* equal to 5 GmM/R?, and we find r = R \/E

the distance from the surface is (\/5 —1)R=0.414R.

4
b) Setting the density p equal to M/V where V' =7 7R>, we use Eq. 13-19:
g Y 3

e ArGmrp 472'Gmr( M ]_ GMmr 1 GMm

. = == = r=R/2.
3 3 4R’ /3 R 2 R

. Thus,



27. Using the fact that the volume of a sphere is 42R°/3, we find the density of the sphere:

— M total __

7R 47(1.0 m)

1.0x10%kg

3 =

2.4x10°kg/m’.

When the particle of mass m (upon which the sphere, or parts of it, are exerting a
gravitational force) is at radius » (measured from the center of the sphere), then whatever
mass M is at a radius less than » must contribute to the magnitude of that force (GMm/r*).

(a) At r=1.5 m, all of M,y is at a smaller radius and thus all contributes to the force:

F

onm

:%: m(3.0x107 N/kg).

(b) At »=0.50 m, the portion of the sphere at radius smaller than that is
4 3 3
M =p(§7rr j=1.3><10 kg.

Thus, the force on m has magnitude GMm/r* = m (3.3 x 1077 N/kg).

(c) Pursuing the calculation of part (b) algebraically, we find

:—Gmp(§ﬁ73) = 1117‘[6.7)(10_7 —N j

r kg-m

F,

onm




28. The difference between free-fall acceleration g and the gravitational acceleration a,
at the equator of the star is (see Equation 13.14):

a,—g= @R
where
=2—ﬂ-= 27 =153rad/s
T 0.041s

is the angular speed of the star. The gravitational acceleration at the equator is

, 2 OM _ (6.67x107" m’/kg-s*)(1.98x10% kg)

, =9.17x10" m/s’.
¢ R (1.2x10* m)’

Therefore, the percentage difference is

a,—g @R _(153rad/s)’(1.2x10* m)
a a 9.17x10" m/s*

4 4

=3.06x107* = 0.031%.




29. (a) The density of a uniform sphere is given by p = 3M/4nR’, where M is its mass and
R is its radius. The ratio of the density of Mars to the density of Earth is

Py My Ry (0.65x10 km ) _
3.45%10° km

(b) The value of a, at the surface of a planet is given by a, = GM/R?, so the value for
Mars is

2 4 2
ap =M Re | 209XA0 K g g ) = 3.8 s,
, R 3.45x10° km

(c) If v is the escape speed, then, for a particle of mass m

1, .mM 6m
—mv =G— = v=,|—
2 R R

For Mars, the escape speed is

2(6.67x107" m*/s? - ke)(0.11)(5.98%x10* k
V:\/ ( g)( )( g) =5.0x10° m/s.

3.45x10° m



30. (a) The gravitational potential energy is

6.67x107"" m’/s* -kg)(5.2 kg)(2.4 k
y = GMm _ 5 g)(52ke)(24ke) 4.4x10™" 1,
r m

(b) Since the change in potential energy is

AU =—

GMm _(_ GMm ) _ —3(—4.4x1o-” J) =29x10"7J,
3r r 3

the work done by the gravitational force is W=—AU=-2.9x 107" J,

(¢) The work done by youis W' =AU=2.9x 10" J.



31. The amount of (kinetic) energy needed to escape is the same as the (absolute value of
the) gravitational potential energy at its original position. Thus, an object of mass m on a
planet of mass M and radius R needs K = GmM/R in order to (barely) escape.

(a) Setting up the ratio, we find

using the values found in Appendix C.

(b) Similarly, for the Jupiter escape energy (divided by that for Earth) we obtain

KE ME RJ



32. (a) The potential energy at the surface is (according to the graph) —5.0 x 10° J, so
(since U is inversely proportional to » — see Eq. 13-21) at an r-value a factor of 5/4 times
what it was at the surface then U must be a factor of 4/5 what it was. Thus, at » = 1.25R;
U=-4.0x10°J. Since mechanical energy is assumed to be conserved in this problem,
we have K + U = —2.0 x 10° J at this point. Since U = — 4.0 x 10° J here, then
K =2.0x10°J at this point.

(b) To reach the point where the mechanical energy equals the potential energy (that is,
where U = — 2.0 x 10°J) means that U must reduce (from its value at » = 1.25R;) by a
factor of 2 — which means the » value must increase (relative to » = 1.25R;) by a
corresponding factor of 2. Thus, the turning point must be at » = 2.5R;.



33. The equation immediately preceding Eq. 13-28 shows that K =-U (with U evaluated
at the planet’s surface: —5.0 x 10° J) is required to “escape.” Thus, K = 5.0 x 10’ J.



34. The gravitational potential energy is

U:_M:_E(Mm_”ﬂ)
r r

which we differentiate with respect to m and set equal to zero (in order to minimize).
Thus, we find M — 2m = 0 which leads to the ratio m/M = 1/2 to obtain the least potential
energy.

Note that a second derivative of U with respect to m would lead to a positive result
regardless of the value of m — which means its graph is everywhere concave upward and
thus its extremum is indeed a minimum.



35. (a) The work done by you in moving the sphere of mass mp equals the change in the
potential energy of the three-sphere system. The initial potential energy is

U=— Gm,my;  Gm,m. Gmgm,
’ d L L-d

and the final potential energy is

__Gmm; Gmm. Gmgm,
7 L-d L d

The work done is

o 1
W=U,-U=G e tm | —— =
s mB[m*’(d L—dj e (L—d dﬂ

L-2d 2d-L L-2d
=Gmy| m, +m =Gmy(m,—m,)———
d(L-d) d(L-d) d(L—-d)
0.12 m-2(0.040 m)
(0.040 m)(0.12-0.040 m)

= (6.67 x 10" m*/s* - kg) (0.010 kg)(0.080 kg —0.020 kg)

=+5.0x107"° 7.

b) The work done by the force of gravity is —(Ur— U;) = =5.0 X 1072 7.
(b) y gravity y



36. (a) From Eq. 13-28, we see that v, =,/GM /2R, in this problem. Using energy

conservation, we have

1
5 mv02 — GMm/Rg = - GMm/r

which yields » = 4Rg/3. So the multiple of Rgis 4/3 or 1.33.
(b) Using the equation in the textbook immediately preceding Eq. 13-28, we see that in
this problem we have K; = GMm/2Rg, and the above manipulation (using energy

conservation) in this case leads to » = 2Rg. So the multiple of Rg is 2.00.

(c) Again referring to the equation in the textbook immediately preceding Eq. 13-28, we
see that the mechanical energy = 0 for the “escape condition.”



37. (a) We use the principle of conservation of energy. Initially the particle is at the
surface of the asteroid and has potential energy U; = —GMm/R, where M is the mass of
the asteroid, R is its radius, and m is the mass of the particle being fired upward. The

initial kinetic energy is J5mv’. The particle just escapes if its kinetic energy is zero when

it is infinitely far from the asteroid. The final potential and kinetic energies are both zero.
Conservation of energy yields

~GMm/R + Vs* = 0.

We replace GM/R with a,R, where ag is the acceleration due to gravity at the surface.
Then, the energy equation becomes —a,R + 15v* = 0. We solve for v:

v=2a,R = \/2(3.0 m/s”)(500 x 10° m) =1.7 x 10° mys.

(b) Initially the particle is at the surface; the potential energy is U; = —GMm/R and the
kinetic energy is K; = Ysmv>. Suppose the particle is a distance 4 above the surface when it
momentarily comes to rest. The final potential energy is U= —-GMm/(R + h) and the final
kinetic energy is K= 0. Conservation of energy yields

_GMm+l ) _GMm

v .
R 2 R+nh

We replace GM with agR2 and cancel m in the energy equation to obtain

R2
—a,R + lv2 S
& 2 (R+ h)
The solution for 4 is
2 R2 2 3 2
_ a, __R- 2(32.0 m/s )(5(10><10 m) : —(500><103 m)
2agR -V 2(3.0 m/s*)(500 x 10° m) — (1000 m/s)

= 2.5x10° m.

(c) Initially the particle is a distance 4 above the surface and is at rest. Its potential energy
is Uy = =GMm/AR + h) and its initial kinetic energy is K; = 0. Just before it hits the
asteroid its potential energy is U= —GMm/R. Write %mv; for the final kinetic energy.

Conservation of energy yields




We substitute a R” for GM and cancel m, obtaining

a R’ 1
_Rg hz—agR+—v2.
+

The solution for v is

2(3.0 m/s%)(500 X 10° m)>

2a. R?
v=[2a,R - 25 = [2(3.0 m/s?)(500 x 10° m) — 3 :
R+ (500 x 10° m) +(1000 X 10° m)

=1.4x10° mJs.



38. Energy conservation for this situation may be expressed as follows:

M M
K +U=K, +U, = k-9 _g GmM
I n

where M =5.0 x 10 kg, 1 = R=3.0 x 10° m and m = 10 kg.

(a) IfK; = 5.0 x 10 J and r, = 4.0 x 10° m, then the above equation leads to

KZ:K1+GmM(l—lJ:2.2x107 J.

Lo K
(b) In this case, we require K, =0 and , = 8.0 X 10° m, and solve for K;:

KI:K2+GmM£l—lj:6.9><IO7 J.

h n



39. (a) The momentum of the two-star system is conserved, and since the stars have the
same mass, their speeds and kinetic energies are the same. We use the principle of
conservation of energy. The initial potential energy is U; = —GM*/r;, where M is the mass
of either star and r; is their initial center-to-center separation. The initial kinetic energy is
zero since the stars are at rest. The final potential energy is Uy = —2GM?/r; since the final
separation is 7,/2. We write Mv* for the final kinetic energy of the system. This is the sum
of two terms, each of which is %2Mv?. Conservation of energy yields

M? 2GM?
_G =- G + MV,
g g

l

The solution for v is

—11 3 2‘ 30
. [GM :\/(6.67><10 m' /s’ kg)(10°ke) _ o0 10
V.

10" m

(b) Now the final separation of the centers is 7+= 2R = 2 x 10’ m, where R is the radius of
either of the stars. The final potential energy is given by Uy = —GMz/rf and the energy
equation becomes —GMz/r[ = —GMz/rer M. The solution for v is

1 1 1 1
v=|GM | — == |= [(6.67 x10"'m* /s* - ke) (10" k -
\/ (rf r,.] \/( DU | i m 10" m

= 1.8 x10" m/s.




40. (a) The initial gravitational potential energy is

U~ GM.M, (6.67 x 107" m*/s* -kg) (20 kg) (10 kg)
; . 0.80 m

1

=—1.67x10%J==-1.7x107"° TI.

(b) We use conservation of energy (with K; = 0):

_(6.67 107" m*/s” -kg) (20 kg) (10 kg)
0.60 m

U=K+U = -17x10°=K

which yields K = 5.6 x 10~ I. Note that the value of 7 is the difference between 0.80 m
and 0.20 m.



41. Let m = 0.020 kg and d = 0.600 m (the original edge-length, in terms of which the
final edge-length is d/3). The total initial gravitational potential energy (using Eq. 13-21
and some elementary trigonometry) is

_4Gm* 2Gm®

Ui__d_’\/zd.

Since U is inversely proportional to » then reducing the size by 1/3 means increasing the
magnitude of the potential energy by a factor of 3, so

G
U =3U = AU=2U,-=2(4+\/§)(—7m2) =_482x10"7.



42. (a) Applying Eq. 13-21 and the Pythagorean theorem leads to

GM* 2GmM
V== "+ D
vy +D

where M is the mass of particle B (also that of particle C) and m is the mass of particle A4.
The value given in the problem statement (for infinitely large y, for which the second
term above vanishes) determines M, since D is given. Thus M = 0.50 kg.

(b) We estimate (from the graph) the y = 0 value to be U, = — 3.5 x 107'°J. Using this,
our expression above determines m. We obtain m = 1.5 kg.



43. The period T and orbit radius r are related by the law of periods: T° = (47/GM)r,
where M is the mass of Mars. The period is 7 h 39 min, which is 2.754 x 10* s. We solve

for M:
2.3 2 6 3
_ 4z°r _ 477 (9.4 x10° m) 2:6,5><1023kg.

M
GT®  (6.67x 107" m’ /s> -kg)(2.754 x 10*)




44. From Eq. 13-37, we obtain v = ~GM /r for the speed of an object in circular orbit
(of radius 7) around a planet of mass M. In this case, M = 5.98 x 10** kg and

r=(700 + 6370)m = 7070 km = 7.07 x 10° m.

The speed is found to be v = 7.51 x 10° m/s. After multiplying by 3600 s/h and dividing
by 1000 m/km this becomes v = 2.7 x 10* km/h.

(a) For a head-on collision, the relative speed of the two objects must be 2v = 5.4 x 10*
km/h.

(b) A perpendicular collision is possible if one satellite is, say, orbiting above the equator
and the other is following a longitudinal line. In this case, the relative speed is given by

the Pythagorean theorem: Vv +v? =3.8 x 10* km/h.



45. Let N be the number of stars in the galaxy, M be the mass of the Sun, and » be the
radius of the galaxy. The total mass in the galaxy is N M and the magnitude of the
gravitational force acting on the Sun is F = GNM?*/r*. The force points toward the
galactic center. The magnitude of the Sun’s acceleration is @ = v*/R, where v is its speed.
If T is the period of the Sun’s motion around the galactic center then v = 2nR/T and a =
4m*R/T*. Newton’s second law yields GNM?/R*> = 4n*MR/T*. The solution for N is

AR
GT°M
The period is 2.5 X 10® y, which is 7.88 x 107 s, so

47> (2.2 x 10 m)’

N = 13,2 15 ~2 30 =5.1x10".
(6.67 <107 m” /s -kg)(7.88 x 10 s)" (2.0 x 10™ kg)




46. Kepler’s law of periods, expressed as a ratio, is

3 T 2 T 2

G | o) 2] o 52y =|

ag Ty ly
where we have substituted the mean-distance (from Sun) ratio for the semi-major axis
ratio. This yields 7T), = 1.87 y. The value in Appendix C (1.88 y) is quite close, and the
small apparent discrepancy is not significant, since a more precise value for the semi-
major axis ratio is ay/ag = 1.523 which does lead to T), = 1.88 y using Kepler’s law. A
question can be raised regarding the use of a ratio of mean distances for the ratio of semi-

major axes, but this requires a more lengthy discussion of what is meant by a “mean
distance” than is appropriate here.



47. (a) The greatest distance between the satellite and Earth’s center (the apogee distance)
and the least distance (perigee distance) are, respectively,

R,=(6.37x10°m+ 360 x 10° m)=6.73 x 10° m
R,=(6.37x 10° m + 180 x 10’ m) = 6.55 x 10° m.

Here 6.37 x 10° m is the radius of Earth. From Fig. 13-13, we see that the semi-major
axis is
R, +R, 6.73x10°m+6.55x10° m

a= = 6.64 x10° m.
2 2

(b) The apogee and perigee distances are related to the eccentricity e by R, = a(1l + e) and
R, = a(l — e). Add to obtain R, + R, = 2a and a = (R, + R,)/2. Subtract to obtain R, — R,
= 2ae. Thus,

R, -R, R -R, 673x10°m—-6.55x10°m

- = . —=0.0136.
2a R, +R, 673x10°m+655x10° m

e




48. Kepler’s law of periods, expressed as a ratio, is

3 2 3 2
2 T 1 T
_ = == | — = —-
v, T, 2 1 lunar month

which yields 7 = 0.35 lunar month for the period of the satellite.




49. (a) If r is the radius of the orbit then the magnitude of the gravitational force acting on
the satellite is given by GMm/r*, where M is the mass of Earth and m is the mass of the
satellite. The magnitude of the acceleration of the satellite is given by v’/r, where v is its
speed. Newton’s second law yields GMm/* = mv*/r. Since the radius of Earth is 6.37 x
10° m the orbit radius is » = (6.37 x 10® m + 160 x 10° m) = 6.53 x 10° m. The solution
for v is

11 3 /.2 o
szGW: (6.67 X107 m'/s” k) (598 X107kE) _ 5 g5 17 pys,
- 6.53x10° m

(b) Since the circumference of the circular orbit is 27ntr, the period is

2 27(6.53 x 10° m)

- =5.25x10’s.
v 7.82 % 10° m/s

T =

This is equivalent to 87.5 min.



50. (a) The distance from the center of an ellipse to a focus is ae where a is the semimajor
axis and e is the eccentricity. Thus, the separation of the foci (in the case of Earth’s orbit)
1s

2ae = 2(1.50 x 10" m) (0.0167) = 5.01x 10’ m.

(b) To express this in terms of solar radii (see Appendix C), we set up a ratio:

9
5.01x 108 m_ .5
6.96 x10° m



51. (a) The period of the comet is 1420 years (and one month), which we convert to 7 =
4.48 x 10" s. Since the mass of the Sun is 1.99 x 10°° kg, then Kepler’s law of periods
gives

ar’
(6.67x10™" m’/kg-s7)(1.99 x 10*° kg)

(4.48 x 10" s)zz[ ] @ = a=189x10" m.

(b) Since the distance from the focus (of an ellipse) to its center is ea and the distance
from center to the aphelion is a, then the comet is at a distance of

ea+a=(011+1) (1.89x10" m)=2.1x10" m

when it is farthest from the Sun. To express this in terms of Pluto’s orbital radius (found
in Appendix C), we set up a ratio:

(2.1><1013

Wj RP = 36RP



52. To “hover” above Earth (M = 5.98 x 10** kg) means that it has a period of 24 hours
(86400 s). By Kepler’s law of periods,

2
(86400)" = | 27
GM

jrS = r=4.225x10" m.

E

Its altitude is therefore » — Ry (where R = 6.37 X 10° m) which yields 3.58 x 10" m.



53. (a) If we take the logarithm of Kepler’s law of periods, we obtain
2 log(T) = log (47*/GM) + 3 log (a) = log (a) = % log (T) — % log (47°/GM)

where we are ignoring an important subtlety about units (the arguments of logarithms
cannot have units, since they are transcendental functions). Although the problem can be
continued in this way, we prefer to set it up without units, which requires taking a ratio. If
we divide Kepler’s law (applied to the Jupiter-moon system, where M is mass of Jupiter)
by the law applied to Earth orbiting the Sun (of mass M,), we obtain

(M, £3
(T'T,) —(Mj [VE]

where Ty = 365.25 days is Earth’s orbital period and rz = 1.50 x 10'"' m is its mean
distance from the Sun. In this case, it is perfectly legitimate to take logarithms and obtain

7 2 T, 1 M
log| £|==1log| Lt |+=1o .
g(aj 3 g(Tj 3 g(MJ
(written to make each term positive) which is the way we plot the data (log (7z/a) on the
vertical axis and log (7%/T) on the horizontal axis).

|
|
|
|
|
|
|
|
|
|
|
|
1
|
‘
|
|
|
|
|
|
|
|
|

(b) When we perform a least-squares fit to the data, we obtain
log (rg/a) = 0.666 log (Tx/T) + 1.01,
which confirms the expectation of slope = 2/3 based on the above equation.
(c) And the 1.01 intercept corresponds to the term 1/3 log (M/M) which implies

My g spp= Mo -
M 1.07 x 10

Plugging in M, = 1.99 x 10°° kg (see Appendix C), we obtain M = 1.86 x 10>’ kg for
Jupiter’s mass. This is reasonably consistent with the value 1.90 x 10*’ kg found in
Appendix C.



54. (a) The period is 7= 27(3600) = 97200 s, and we are asked to assume that the orbit is
circular (of radius » = 100000 m). Kepler’s law of periods provides us with an
approximation to the asteroid’s mass:

2
(97200)* = (4”
GM

j (100000)’ = M =6.3x10" kg.

(b) Dividing the mass M by the given volume yields an average density equal to
p=63x10"/1.41x10" = 4.4 x 10° kg/m’,

which is about 20% less dense than Earth.



55. In our system, we have m; = m; = M (the mass of our Sun, 1.99 X 10°° kg). With r =
2ry in this system (so 7 is one-half the Earth-to-Sun distance ), and v = m/T for the
speed, we have
2
zr/T 23
Gmlzm2 —m, (7r/T) T = 2rr .
r r/2 GM

With »= 1.5 x 10" m, we obtain 7= 2.2 x 10’ s. We can express this in terms of Earth-
years, by setting up a ratio:

T 22%107 s
T=|1|ay=| =225 1qy) =071y
(wj( y) [3.156><107 sJ( y) Y



56. The two stars are in circular orbits, not about each other, but about the two-star
system’s center of mass (denoted as O), which lies along the line connecting the centers
of the two stars. The gravitational force between the stars provides the centripetal force
necessary to keep their orbits circular. Thus, for the visible, Newton’s second law gives

2
_ Gm,m, _my

2
r h

F

where r is the distance between the centers of the stars. To find the relation between r»
and 7, we locate the center of mass relative to m, . Using Equation 9-1, we obtain

. m0)+m,r  myr

m, +m
. =—1 2.

1

r
m, + m, m, + m, m,

On the other hand, since the orbital speed of m, is v=27z1 /T ,then r, =vI /27 and the
expression for » can be rewritten as
- +m, v .
m, 271

Substituting » and 7 into the force equation, we obtain

_ 4n’Gmm;  27mmy
(m, +m,)*v’T? T
or
m, VT (2.7%x10° m/s)’(1.70 days)(86400 s/day) 6.90x10% k
(m +m,)’ 277G 27(6.67x107" m’/kg-s*) ' g

=3.467M,

where M =1.99x10" kg is the mass of the sun. With m, =6M _, we write m, =M
and solve the following cubic equation for o :

a3

(6+a)’

-3.467=0.

The equation has one real solution: & =9.3, which implies m, /M =9.



57. From Kepler’s law of periods (where 7 = 2.4(3600) = 8640 s), we find the planet’s
mass M:

47
GM

(86405s)’ :[ j(8.0x106 m)’ = M = 4.06 x 10> kg.

But we also know a, = GM/R*> = 8.0 m/s* so that we are able to solve for the planet’s

radius:
R= fGM =5.8%x10° m.
Clg




58. (a) We make use of
m; v'T

(m, +m,)? 271G

where m; = 0.9Ms,, 1s the estimated mass of the star. With v =70 m/s and 7'= 1500 days
(or 1500 x 86400 = 1.3 x 10* s), we find

3
m,

=1.06 x 10> kg .

0.9M, +m,)

Sun

Since Mgy, = 2.0 X 10°° kg, we find m; = 7.0 X 10% kg. Dividing by the mass of Jupiter
(see Appendix C), we obtain m = 3.7m,.

(b) Since v =2mnr/T is the speed of the star, we find

_ VI _ (70m/s)(1.3x10%s)

- =1.4x%x10°m
2w 2

1

for the star’s orbital radius. If  is the distance between the star and the planet, then r, = r
— r 1s the orbital radius of the planet, and is given by

r :H(M—I]:nﬂ:3.7x10”m.

Dividing this by 1.5 x 10" m (Earth’s orbital radius, rz) gives r, = 2.5r%.



59. Each star is attracted toward each of the other two by a force of magnitude GM?*/L?,
along the line that joins the stars. The net force on each star has magnitude 2(GM?*/L?) cos
30° and is directed toward the center of the triangle. This is a centripetal force and keeps
the stars on the same circular orbit if their speeds are appropriate. If R is the radius of the
orbit, Newton’s second law yields (GM?/L?) cos 30° = Mv*/R.

The stars rotate about their center of mass (marked by a circled dot on the diagram above)
at the intersection of the perpendicular bisectors of the triangle sides, and the radius of the
orbit is the distance from a star to the center of mass of the three-star system. We take the
coordinate system to be as shown in the diagram, with its origin at the left-most star. The

altitude of an equilateral triangle is (\/g / 2)L , so the stars are located at x =0,y =0; x =
Liy=0;andx=1L/2, y= \/§L/2. The x coordinate of the center of mass is x. = (L +
L/2)/3 = L/2 and the y coordinate is y, = (\/§L/ 2)/ 3=1/2+/3. The distance from a star

to the center of mass is

R=\[x2+y: = (2 14)+(£2 12) =L/\3.

Once the substitution for R 1s made Newton’s second law becomes
(2GM? / 7 ) cos 30° = V3Mv? /L . This can be simplified somewhat by recognizing that

cos 30°=~/3/2 , and we divide the equation by M. Then, GM/L* = V*/L and
v=GM /L.



60. Although altitudes are given, it is the orbital radii which enter the equations. Thus, 74
= (6370 + 6370) km = 12740 km, and 5 = (19110 + 6370) km = 25480 km

(a) The ratio of potential energies is

U, -GmM/r, 7,

1
u, -GmMI/r, r, 2
(b) Using Eq. 13-38, the ratio of kinetic energies is

K, GmM/2r, r,

1
K, _GmM/ZrA _rB 2

(c) From Eq. 13-40, it is clear that the satellite with the largest value of » has the smallest
value of |E| (since r is in the denominator). And since the values of £ are negative, then
the smallest value of |E| corresponds to the largest energy E. Thus, satellite B has the
largest energy.

(d) The difference is

Being careful to convert the » values to meters, we obtain AE = 1.1 x 10° J. The mass M
of Earth is found in Appendix C.



61. (a) We use the law of periods: T* = (4n*/GM)r°, where M is the mass of the Sun (1.99
x 10* kg) and r is the radius of the orbit. The radius of the orbit is twice the radius of
Earth’s orbit: 7= 2r. = 2(150 x 10° m) = 300 x 10’ m. Thus,

2.3 2 9 3
T = \/4” L - GO0 _gg6x107 s,
GM \(6.67x10" " m’ /s kg)(1.99 x 10"kg)

Dividing by (365 d/y) (24 h/d) (60 min/h) (60 s/min), we obtain 7= 2.8 y.

(b) The kinetic energy of any asteroid or planet in a circular orbit of radius 7 is given by
K = GMm/2r, where m is the mass of the asteroid or planet. We note that it is
proportional to m and inversely proportional to r. The ratio of the kinetic energy of the
asteroid to the kinetic energy of Earth is K/K, = (m/m,) (r./r). We substitute m = 2.0 X
10~*m, and » = 27, to obtain K/K, = 1.0 x 107,



62. (a) Circular motion requires that the force in Newton’s second law provide the
necessary centripetal acceleration:

2

GmM %
— =m—.

r r

Since the left-hand side of this equation is the force given as 80 N, then we can solve for
the combination mv* by multiplying both sides by » = 2.0 x 10’ m. Thus, mv* = (2.0 x 10’
m) (80 N) = 1.6 x 10’ J. Therefore,

K:lmv2 =l(1.6x10"1):8.0x108J.
2 2

(b) Since the gravitational force is inversely proportional to the square of the radius, then

Thus, F’ = (80 N) (2/3)*=36 N.



63. The energy required to raise a satellite of mass m to an altitude 4 (at rest) is given by

E, =AU = GM m L ,
R, R, +h

and the energy required to put it in circular orbit once it is there is

1 GM  m
E =—mhi =——"£"
27 ™ TR, + )

Consequently, the energy difference is

AE=E—E =GMm|——— 3 |
R, 2(R, +h)

(a) Solving the above equation, the height 4, at which AE =0 is given by

L3 o op=R_ 31000 m
R, 2(R, + hy) 2

(b) For greater height 2>h,, AE>0 implying E, >E,. Thus, the energy of lifting is
greater.



64. (a) From Eq. 13-40, we see that the energy of each satellite is —GMgm/2r. The total
energy of the two satellites is twice that result:

_GMm _ (6.67x10""" m’/kg-s”)(5.98x10*'kg)(125 kg)

E=E +E, =
a0 r 7.87x10° m

=—6.33x10°7.

(b) We note that the speed of the wreckage will be zero (immediately after the collision),
so it has no kinetic energy at that moment. Replacing m with 2m in the potential energy
expression, we therefore find the total energy of the wreckage at that instant is

_ GM,(2m) _ (6.67x10"" m*/kg-s*)(5.98x10*'kg)2(125 kg) _
2r 2(7.87x10° m)

E= —6.33x10°].

(c) An object with zero speed at that distance from Earth will simply fall towards the
Earth, its trajectory being toward the center of the planet.



65. (a) From Kepler’s law of periods, we see that 7 is proportional to 2,
(b) Eq. 13-38 shows that K is inversely proportional to r.

(c) and (d) From the previous part, knowing that K is proportional to v*, we find that v is
proportional to 1/ Jr . Thus, by Eq. 13-31, the angular momentum (which depends on the
product rv) is proportional to #/~/r = r .



66. (a) The pellets will have the same speed v but opposite direction of motion, so the
relative speed between the pellets and satellite is 2v. Replacing v with 2v in Eq. 13-38 is
equivalent to multiplying it by a factor of 4. Thus,

=4.6x10 J.

GMEmJ 2(6.67 x 10" m’ /kg-s”) (5.98 x 10** kg)(0.0040 kg)

Krel = 4 ( 3
2r (6370 + 500) x 10° m

(b) We set up the ratio of kinetic energies:

5
_ 4.6x10°J — 9 6x10.

Ky 1(0.0040kg) (950 m/s)’

K

rel




67. (a) The force acting on the satellite has magnitude GMm/+*, where M is the mass of
Earth, m is the mass of the satellite, and r is the radius of the orbit. The force points
toward the center of the orbit. Since the acceleration of the satellite is v*/r, where v is its
speed, Newton’s second law yields GMm/r* = mv*/r and the speed is given by v =

~GM /r . The radius of the orbit is the sum of Earth’s radius and the altitude of the
satellite: 7= (6.37 x 10° + 640 x 10*) m = 7.01 x 10° m. Thus,

=7.54 x10* m/s.

(6.67 x 107" m* /s” -kg)(5.98 x 10** kg)
"o 7.01x10° m

(b) The period is
T=2mr/v=2m(7.01 x 10° m)/(7.54 x 10° m/s) = 5.84 x 10> s = 97 min.

(c) If Ey is the initial energy then the energy after n orbits is £ = Ey — nC, where C = 1.4 X
10° J/orbit. For a circular orbit the energy and orbit radius are related by E = —GMm/2r,
so the radius after n orbits is given by » = —-GMm/2E.

The initial energy is

6.67 x 10" m?/s? - ke) (5.98 x 10** kg)(220 k
E, _ ! 9 - 2)l 2) =-6.26x10°J,
2(7.01 x 10° m)

the energy after 1500 orbits is
E=E,—nC=-626x10"J — (1500 orbit)(1.4 x 10° J/orbit) = —6.47 x 10’ J,
and the orbit radius after 1500 orbits is

(6.67x107" ' m’ /s> -kg) (5.98 x 10** kg)(220 kg)
2(=6.47 x 10° J)

= 6.78x10°m.

=

The altitude is 7 = — R = (6.78 x 10° m — 6.37 x 10° m) = 4.1 x 10° m. Here R is the
radius of Earth. This torque is internal to the satellite-Earth system, so the angular
momentum of that system is conserved.

(d) The speed is
6.67 x 107" m’ /s* -kg) (5.98 x 10** k
v=,/GM= ( gi( ) = 7.67x10°m/s = 7.7 km/s.
r 6.78 x10° m
(e) The period is

2zr  27(6.78 x 10° m)

X1 =5.6%x10° s =93 min.
v 67 X S

T =




(f) Let F be the magnitude of the average force and s be the distance traveled by the
satellite. Then, the work done by the force is W = —Fs. This is the change in energy: —Fs
= AE. Thus, F = —AE/s. We evaluate this expression for the first orbit. For a complete
orbit s = 2mr = 2m(7.01 x 10° m) = 4.40 x 10" m, and AE = —1.4 x 10’ J. Thus,

5
e AE_ 1AXI0T 550000 N
s 4.40x10" m

(g) The resistive force exerts a torque on the satellite, so its angular momentum is not
conserved.

(h) The satellite-Earth system is essentially isolated, so its momentum is very nearly
conserved.



68. The orbital radius is 7 = R, + = 6370 km +400 km = 6770 km = 6.77x10° m.

(a) Using Kepler’s law given in Eq. 13-34, we find the period of the ships to be

2.3 2 6 3
T0=\/4’” - AT OTTXATM) 5 54510° ~92.3 min.
GM  \(6.67x10" " m’ /5" kg)(5.98 x 10”kg)

(b) The speed of the ships 1s

27zr  27(6.77x10° m)

———=7.68x10" m/s’.
T, 5.54x10° s

Vo =

(c) The new kinetic energy is

K= %mvz = %;11(0.99%)2 = %(2000 kg)(0.99)*(7.68x10° m/s)* =5.78x10" J.

(d) Immediately after the burst, the potential energy is the same as it was before the burst.
Therefore,

-11__ 3 2 24
U:_GMm :_(6.67 X107 ' m’ /s kg)(5.968 x 107kg)(2000 kg) —_1.18%10" T.
r 6.77 x 10° m

(e) In the new elliptical orbit, the total energy is
E=K+U=5.78%10" J+(~1.18x10" J)=—6.02x10" J.

(f) For elliptical orbit, the total energy can be written as (see Eq. 13-42) E=-GMm/2a,
where a is the semi-major axis. Thus,

—11 3 2‘ 24
L __GMm __(6:67x10"'m’/s kg)(5.921§0><10 kg)(2000k®) _ 2 100 m
2E 2(=6.02x10" J)

(g) To find the period, we use Eq. 13-34 but replace » with a. The result is

=5.37%x10’ s = 89.5 min.

- \/4752613 ~ 47 (6.63 x 10° m)’
GM (6.67 x107"'m’ /s” -kg) (5.98 x 10**kg)

(h) The orbital period T for Picard’s elliptical orbit is shorter than Igor’s by
AT =T,-T =55405-5370s=170s.

Thus, Picard will arrive back at point P ahead of Igor by 170 s — 90 s = 80 s.



69. We define the “effective gravity” in his environment as g.;= 220/60 = 3.67 m/s.
Thus, using equations from Chapter 2 (and selecting downwards as the positive
direction), we find the “fall-time” to be

1 22.1m)
Av=vg+og f =>it= oo™ g
VE T S 3.67 m/s’



70. We estimate the planet to have radius » = 10 m. To estimate the mass m of the planet,
we require its density equal that of Earth (and use the fact that the volume of a sphere is
41 /3):
3
M
n: = = = m=M, -
4mr' /3 4mR; /3 R,

which yields (with Mz = 6 x 10** kg and Rz = 6.4 x 10° m) m = 2.3 x 10’ kg.

(a) With the above assumptions, the acceleration due to gravity is

6.7x107" m’/s* -kg)(2.3x10” k
angan( me gz)( g)=1.5><10_5m/s2z2><10_5m/s2.
; (10 m)

(b) Eq. 13-28 gives the escape speed:

2Gm

r

=~ 0.02 m/s .




71. Using energy conservation (and Eq. 13-21) we have

GMm GMm

L

Plugging in two pairs of values (for (K ,7;) and (K> ,72)) from the graph and using the
value of G and M (for earth) given in the book, we find

(a) m~1.0x 10’ kg.

(b) Similarly, v = 2K/m) ? = 1.5 x 10° m/s (at = 1.945 x 10" m).



72. (a) The gravitational acceleration a, is defined in Eq. 13-11. The problem is
concerned with the difference between a, evaluated at » = 50R;, and a, evaluated at » =
S0Ry, + h (where 4 is the estimate of your height). Assuming /4 is much smaller than S0Ry
then we can approximate % as the dr which is present when we consider the differential of
Eq. 13-11:
2GM 2GM 2GM
ldag| =57 dr = 53R 3" =3P306M/P)

3h.

If we approximate |dag| = 10 m/s* and / = 1.5 m, we can solve this for M. Giving our
results in terms of the Sun’s mass means dividing our result for M by 2 x 10°° kg. Thus,
admitting some tolerance into our estimate of # we find the “critical” black hole mass
should in the range of 105 to 125 solar masses.

(b) Interestingly, this turns out to be lower limit (which will surprise many students) since
the above expression shows |da,| is inversely proportional to M. It should perhaps be
emphasized that a distance of 50R, from a small black hole is much smaller than a
distance of 50R;, from a large black hole.



73. The magnitudes of the individual forces (acting on mc, exerted by my, and mgp
respectively) are

F,= % —27x10°N and F,, = MM

uC Tzc

=3.6x10°N

where r4¢ = 0.20 m and 3¢ = 0.15 m. With 45 = 0.25 m, the angle FA makes with the x
axis can be obtained as

2 + 2 _ 2
0,=m+cos (Mj = +cos ' (0.80)=217°.
28yl

Similarly, the angle F, makes with the x axis can be obtained as

2

2 L2 _
6,=—cos' (M =—cos'(0.60)=-53°.

2VABVBC

The net force acting on m¢ then becomes

F.=F,.(cosf,i+sin@, )+ F,.(cos8, i+sin b, j)
=(F,.cos@,+F,.cos 63)§+(FAC sin@, + F,. sin 673)3
=(—4.4x10* N)j



74. The key point here is that angular momentum is conserved:
L,w,= 1,0,

which leads to @, = (7, /rp)2 w,,but r, = 2a — r, where a is determined by Eq. 13-34
(particularly, see the paragraph after that equation in the textbook). Therefore,

B rd W,
T (GMT*41H)'"> — 1)

o, 5 =9.24 % 107 rad/s .



75. (a) Using Kepler’s law of periods, we obtain

2
7= Y1 Z015%10%s.
GM

(b) The speed is constant (before she fires the thrusters), so v, = 27/T = 1.23 x 10* mys.
(c) A two percent reduction in the previous value gives v =0.98v, = 1.20 x 10" m/s.

(d) The kinetic energy is K = Vamv* =2.17 x 10" J.

(e) The potential energy is U =—-GmM/r = —4.53 X 10" 7.

(f) Adding these two results gives E=K + U=-2.35x 10" J.

(g) Using Eq. 13-42, we find the semi-major axis to be

_ZOMm _ 4 0ax10"m.

a

(h) Using Kepler’s law of periods for elliptical orbits (using a instead of ) we find the
new period is

2
T = (4” jcf =2.03x10%s .
GM

This is smaller than our result for part (a) by 7— 7" = 1.22 X 10° s.

(1) Elliptical orbit has a smaller period.



76. (a) With M =2.0x10*° kg and » = 10000 m, we find

_GM

2
& r

=1.3x10% m/s* .

a

(b) Although a close answer may be gotten by using the constant acceleration equations
of Chapter 2, we show the more general approach (using energy conservation):

K, +U, =K+U

where K, = 0, K = Ysmv* and U given by Eq. 13-21. Thus, with 7, = 10001 m, we find

_JMM[A_LJ:LM(MS.

r I

o



77. We note that r4 (the distance from the origin to sphere 4, which is the same as the
separation between 4 and B) is 0.5, ¢ = 0.8, and rp = 0.4 (with SI units understood). The

force F, that the k™ sphere exerts on mp has magnitude Gm,m, /r; and is directed from

the origin towards m so that it is conveniently written as

= Gmm, | x,~» y,~|_ Gmm 2 A
P = ’ZB[—WF—"J): r’ég(xkﬁykJ)-

Ty Ty 3

Consequently, the vector addition (where & equals 4,B and D) to obtain the net force on
mp becomes

F, =Y F,=Gm, ([Z m"f"Jﬁ(Z m;fkjjjz(svxm-m)j.
k

k h k k



78. (a) We note that ¢ (the distance from the origin to sphere C, which is the same as the
separation between C and B) is 0.8, rp = 0.4, and the separation between spheres C and D
is r¢p = 1.2 (with SI units understood). The total potential energy is therefore

 GM,M. GM,M, GM.M,

2 2 2
e "p Fep

=-1.3%x10"7J

using the mass-values given in the previous problem.

(b) Since any gravitational potential energy term (of the sort considered in this chapter) is
necessarily negative (-GmM/r* where all variables are positive) then having another mass
to include in the computation can only lower the result (that is, make the result more
negative).

(c) The observation in the previous part implies that the work I do in removing sphere 4
(to obtain the case considered in part (a)) must lead to an increase in the system energy;
thus, I do positive work.

(d) To put sphere 4 back in, I do negative work, since I am causing the system energy to
become more negative.



79. We use F = Gmsmm/rz, where my 1s the mass of the satellite, m,, is the mass of the
meteor, and 7 is the distance between their centers. The distance between centers is 7 = R
+d=15m+ 3 m= 18 m. Here R is the radius of the satellite and d is the distance from
its surface to the center of the meteor. Thus,

6.67x107"N-m? /kg? ) (20kg)(7.0k
F:( ( g;z)( g)( g) =2.9x107"'N.
18m




80. (a) Since the volume of a sphere is 4TR”/3, the density is

M IM

p — total _ total

iR 4zR

When we test for gravitational acceleration (caused by the sphere, or by parts of it) at
radius » (measured from the center of the sphere), the mass M which is at radius less than
r is what contributes to the reading (GM/*). Since M = p(4mr°/3) for r < R then we can

write this result as
G ( 3M ) 4rr’
4ﬂ-R3 3 _ GMtotalr

2
r R’

when we are considering points on or inside the sphere. Thus, the value a, referred to in
the problem is the case where » = R:
GMtotal

TR

and we solve for the case where the acceleration equals a/3:

GM GM ..v

3R? R® 3

total __

(b) Now we treat the case of an external test point. For points with » > R the acceleration
18 GMtotal/rz, so the requirement that it equal a,/3 leads to

GMttl GMttl
o - Mo, _ R
3R? P




81. Energy conservation for this situation may be expressed as follows:

K +U =K,+U, = lmvf—GmM=lmv§—GMM
2 ”1 2 7

where M = 5.98 x 10** kg, r; = R = 6.37 x 10° m and v, = 10000 m/s. Setting v, = 0 to
find the maximum of its trajectory, we solve the above equation (noting that m cancels in
the process) and obtain r, = 3.2 X 10’ m. This implies that its altitude is r, — R =2.5 X 10’
m.



82. (a) Because it is moving in a circular orbit, F/m must equal the centripetal
acceleration:

80N v
50kg

But v =2m/T, where T = 21600 s, so we are led to

47°

T2

1.6m/s* =

r

which yields »=1.9 x 10’ m.

(b) From the above calculation, we infer v* = (1.6 m/s”)r which leads to v* = 3.0 x 10’
m?/s”. Thus, K = Ysmv* = 7.6 X 10° J.

(c) As discussed in § 13-4, F/m also tells us the gravitational acceleration:

GM
2
a, =1.6 m/s" = >

We therefore find M = 8.6 x 10** kg.



83. (a) We write the centripetal acceleration (which is the same for each, since they have
identical mass) as r& where @is the unknown angular speed. Thus,

GUDM) _ GM” _ v
(2r) 4

which gives @ = )4\ MG /r’ =2.2x107"rad/s.

(b) To barely escape means to have total energy equal to zero (see discussion prior to Eq.
13-28). If m is the mass of the meteoroid, then

%mvz—GmM—GmMzo - v:‘/4GM —8.9%10* m/s .
r r r




84. See Appendix C. We note that, since v = 2ntr/T, the centripetal acceleration may be
written as a = 4n’r/T". To express the result in terms of g, we divide by 9.8 m/s”.

(a) The acceleration associated with Earth’s spin (7= 24 h = 86400 s) is

. 47°(6.37 x 10°m)
& (864005) (9.8m/s’)

=3.4x107g .

(b) The acceleration associated with Earth’s motion around the Sun (77=1y = 3.156 X
107 s) is
47°(1.5%x 10" m)

a- — 6.1x10™ g .
£ 3156 x 107 s)* (9.8 m/s’) &

(c) The acceleration associated with the Solar System’s motion around the galactic center
(T=25%x10y=7.9%x10"s)is

2 20
a=g 2 22XI0Tm) gy,
(7.9 % 107 5)? (9.8 m/s?)




85. We use m; for the 20 kg of the sphere at (x;, ;) = (0.5, 1.0) (SI units understood), m,
for the 40 kg of the sphere at (x», ) = (—1.0, —1.0), and m3 for the 60 kg of the sphere at
(x3, ¥3) = (0, —=0.5). The mass of the 20 kg object at the origin is simply denoted m. We

note that , =+/1.25,r, = V2,andr5=0.5 (again, with SI units understood). The force F,
that the n™ sphere exerts on m has magnitude Gm,m/r} and is directed from the origin

towards m,, so that it is conveniently written as

= Gmm(x, -~ y~|_Gmm@ - A
F;l: ]"2 LF_I+V_JJZ 3 (xn1+ynJ)'

n n n n

Consequently, the vector addition to obtain the net force on m becomes

= 5 - Smx, | [my, | o A
Fnet = ZlEl :Gm[[;%)l+(;;—3‘)}nJJJ=_93XIO 91—32X10 7.]

—

F

net

=3.2x107N.

in SI units. Therefore, we find the net force magnitude is



86. We apply the work-energy theorem to the object in question. It starts from a point at
the surface of the Earth with zero initial speed and arrives at the center of the Earth with
final speed v The corresponding increase in its kinetic energy, %myfz, is equal to the

work done on it by Earth’s gravity: J.F dr = J.(—Kr)dr (using the notation of that Sample

Problem referred to in the problem statement). Thus,

15 _ ) .
Smv; = [[Far= E(—Kr)dr—EKR

where R is the radius of Earth. Solving for the final speed, we obtain v/=R VK /m . We
note that the acceleration of gravity a, =g=9.8 m/s” on the surface of Earth is given by

ag = GM/R* = G(4nR*/3)p/R’,

where p is Earth’s average density. This permits us to write K/m = 4nGp/3 = g/R.
Consequently,

v, :R\/K :R\/% =/gR :\/(9.8 m/s*)(6.37 x10° m) = 7.9 x 10° m/s .
; m




87. (a) The total energy is conserved, so there is no difference between its values at
aphelion and perihelion.

(b) Since the change is small, we use differentials:

-11 30 24
dUz(GMEZMSJdrz (6.67x107") (1.99 x 10 (5.98 x 10**) (5x10°)

r (15x10")

which yields AU = 1.8 x 10°* J. A more direct subtraction of the values of the potential
energies leads to the same result.

(c) From the previous two parts, we see that the variation in the kinetic energy AK must
also equal 1.8 x 10°* J.

(d) With AK = dK = mv dv, where v = 2ntR/T, we have

2 (1.5><10”)} .
)

1.8x10™ = (5.98 x10) :
3.156 X 10

which yields a difference of Av = 0.99 km/s in Earth’s speed (relative to the Sun) between
aphelion and perihelion.



88. Let the distance from Earth to the spaceship be 7. R.,, = 3.82 X 10® m is the distance
from Earth to the moon. Thus,

GM, m .  GM,m
E- T2 >

F,=—"n"_=

m

where m is the mass of the spaceship. Solving for », we obtain

8
Re, 382x10 m =3.44x10°m.

r= =
IM, IM, +1 \[(7.36%10%kg)/(5.98x10*kg) +1




89. We integrate Eq. 13-1 with respect to » from 3Rg to 4Rg and obtain the work equal



90. If the angular velocity were any greater, loose objects on the surface would not go
around with the planet but would travel out into space.

(a) The magnitude of the gravitational force exerted by the planet on an object of mass m
at its surface is given by F = GmM / R*, where M is the mass of the planet and R is its
radius. According to Newton’s second law this must equal mv* / R, where v is the speed
of the object. Thus,

GM v
R® R

Replacing M with (47/3) pR® (where p is the density of the planet) and v with 2rR/T
(where T is the period of revolution), we find

4 4’ R
—GpR= .
3 P T
We solve for T and obtain
7o |37
Gp

(b) The density is 3.0 x 10° kg/m’. We evaluate the equation for 7T

T= 57 =6.86x10°s =1.9h.
(6.67x107"'m’ /s -kg)(3.0x10’kg/m’)



91. (a) It is possible to use v’ =v; +2a A y as we did for free-fall problems in Chapter 2
0 p

because the acceleration can be considered approximately constant over this interval.
However, our approach will not assume constant acceleration; we use energy

conservation:
1 , GMm 1 , GMm 2GM(r, —r)
—my, — =—my° — = v= [——M—
2 A 2 7 Ty r

which yields v = 1.4 x 10° m/s.

(b) We estimate the height of the apple to be # =7 cm = 0.07 m. We may find the answer
by evaluating Eq. 13-11 at the surface (radius » in part (a)) and at radius » + A, being
careful not to round off, and then taking the difference of the two values, or we may take
the differential of that equation — setting dr equal to 4. We illustrate the latter procedure:

GM

3
r

GM

dr| =~ 2——h=3x10°m/s’.

|da, | = ‘—2

r



92. (a) The gravitational force exerted on the baby (denoted with subscript ») by the
obstetrician (denoted with subscript o) is given by

6.67x107"'N-m? /kg?)(70kg) (3k
F, =[S0 ( zg)( 2)Bk) | oen
T (Im)

(b) The maximum (minimum) forces exerted by Jupiter on the baby occur when it is
separated from the Earth by the shortest (longest) distance 7min (7max), respectively. Thus

/ 6.67x107""N-m? /kg? )(2x10*"kg)(3k
F};‘lax — Gmi]mb — ( g )( g)( g) :1X10_6N.
rmin

(6x10'"'m)’

(c) And we obtain

_ 6.67x107"N-m? /keg? )(2x10"" kg ) (3k
11‘}““=,/sz’m”= ( /e’ z) g)=5><10‘7N.
rmax

(910" m)’

(d) No. The gravitational force exerted by Jupiter on the baby is greater than that by the
obstetrician by a factor of up to 1 x 107° N/1 x 107 N = 100.



93. The magnitude of the net gravitational force on one of the smaller stars (of mass m) is

1)

GMm Gmm Gm m
2 + 2 2 M
r (2r) r

This supplies the centripetal force needed for the motion of the star:

2
G—T M+ =mX where v:_Zpr.
r 4 r T
Plugging in for speed v, we arrive at an equation for period 7

271

JGM +m/4)

T =




94. (a) We note that height = R — Rpars, where Rpar, = 6.37 X 10° m. With M = 5.98 x 10**
kg, Ro=6.57 x 10° m and R = 7.37 x 10° m, we have

1 M M
K +U =K+U=-m@oxioy -9 _x _GmM
2 R, R

which yields K = 3.83 x 10" J.

(b) Again, we use energy conservation.

_GmM_O_GmM

K +U =K, +U, = L 70x10°y
f 72 R, R

g

Therefore, we find Ry= 7.40 x 10° m. This corresponds to a distance of 1034.9 km =~ 1.03
x 10° km above the Earth’s surface.



95. Energy conservation for this situation may be expressed as follows:

1 M 1 M
K +U =K,+U, = Emvf—Gm :—mvzz—Gm
h

n

where M=7.0 x 10** kg, r» = R = 1.6 x 10° m and r, = o (which means that U, = 0). We
are told to assume the meteor starts at rest, so vi = 0. Thus, K; + U; = 0 and the above
equation is rewritten as

2 n VR




96. The initial distance from each fixed sphere to the ball is 7y = oo, which implies the
initial gravitational potential energy is zero. The distance from each fixed sphere to the
ball when it is at x = 0.30 m is » = 0.50 m, by the Pythagorean theorem.

(a) With M =20 kg and m = 10 kg, energy conservation leads to
GmM

r

K+U =K+U = 0+0=K-2

which yields K = 2GmM/r=5.3x 107 J.

(b) Since the y-component of each force will cancel, the net force points in the —x
direction, with a magnitude 2F, = 2 (GmM/r*) cos 6, where 8 = tan™" (4/3) = 53°. Thus,

the result is £, = (=6.4x10"* N)i.



1
97. The kinetic energy in its circular orbit is 5 mv* where v = 2m/T. Using the values

stated in the problem and using Eq. 13-41, we directly find £= —1.87 x 10°7.



98. (a) From Ch. 2, we have v’ =1 +2aAx , where a may be interpreted as an average

acceleration in cases where the acceleration is not uniform. With vy =0, v = 11000 m/s
and Ax =220 m, we find a = 2.75 x 10° m/s*. Therefore,

5 2
. :(2.7321;;;1/8 jg =28x10"g.

(b) The acceleration is certainly deadly enough to kill the passengers.

(c) Again using v’ =v; +2aAx, we find

2
a= (7000 m/s)” = 7000 m/s* = 714g .
2(3500 m)
(d) Energy conservation gives the craft’s speed v (in the absence of friction and other
dissipative effects) at altitude # = 700 km after being launched from R = 6.37 x 10° m
(the surface of Earth) with speed vo = 7000 m/s. That altitude corresponds to a distance
from Earth’s center of »=R + h =7.07 x 10° m.

V,
2" R 2 r

1 5, GMm _1 , GMm

With M = 5.98 x 10** kg (the mass of Earth) we find v = 6.05 x 10° m/s. But to orbit at
that radius requires (by Eq. 13-37)

v =GM /r =751 % 10° m/s.

The difference between these is v/ — v = 1.46 x 10° m/s =1.5x10° m/s , which
presumably is accounted for by the action of the rocket engine.



99. (a) All points on the ring are the same distance (» =+/x" + R* ) from the particle, so

the gravitational potential energy is simply U = —GMm/\/x2 +R* , from Eq. 13-21. The
corresponding force (by symmetry) is expected to be along the x axis, so we take a

(negative) derivative of U (with respect to x) to obtain it (see Eq. 8-20). The result for the

magnitude of the force is GMmx(x* + R*) ™.

(b) Using our expression for U, then the magnitude of the loss in potential energy as the
particle falls to the center is GMm(1/R —1/\/x2 +R%). This must “turn into” kinetic

1 .
energy (5 mv*), so we solve for the speed and obtain

Y= [2GM(R—1 . (RZ + x2)—1/2)]1/2 )



100. Consider that we are examining the forces on the mass in the lower left-hand corner
of the square. Note that the mass in the upper right-hand corner is 2()\/5 =28 cm =0.28
m away. Now, the nearest masses each pull with a force of GmM /> =3.8 x 107" N, one
upward and the other rightward. The net force caused by these two forces is (3.8 x 107,
3.8 % 107°) — (5.3 x 107 £ 45°), where the rectangular components are shown first --
and then the polar components (magnitude-angle notation). Now, the mass in the upper
right-hand corner also pulls at 45°, so its force-magnitude (1.9 x 10™%) will simply add to
the magnitude just calculated. Thus, the final result is 7.2 x 10~ N.



101. (a) Their initial potential energy is —Gm?*/R; and they started from rest, so energy
conservation leads to

R total_mj total_T

l 1

Gm’* Gm* Gm*

(b) They have equal mass, and this is being viewed in the center-of-mass frame, so their
speeds are identical and their kinetic energies are the same. Thus,

1 Gm®
K = _Ktotal =< -
2 2R,

1

(c) With K = 5 mv*, we solve the above equation and find v = /Gm / R .

(d) Their relative speed is 2v =2 /Gm/ R, . This is the (instantaneous) rate at which the

gap between them is closing.

(e) The premise of this part is that we assume we are not moving (that is, that body 4
acquires no kinetic energy in the process). Thus, Ko = Kp and the logic of part (a) leads
to Kz = Gm*/R,.

(f) And Jymv; = K, yields vg= \/2Gm/R, .

(g) The answer to part (f) is incorrect, due to having ignored the accelerated motion of
“our” frame (that of body A). Our computations were therefore carried out in a
noninertial frame of reference, for which the energy equations of Chapter 8 are not
directly applicable.



102. Gravitational acceleration is defined in Eq. 13-11 (which we are treating as a
positive quantity). The problem, then, is asking for the magnitude difference of ag net
when the contributions from the Moon and the Sun are in the same direction (@g net = dgsun
+ agMmoon) as opposed to when they are in opposite directions (dg net = dgSun — dgMoon). The
difference (in absolute value) is clearly 2amoon. In specifically wanting the percentage
change, the problem is requesting us to divide this difference by the average of the two ag
net Values being considered (that average is easily seen to be equal to agsun), and finally
multiply by 100% in order to quote the result in the right format. Thus,

2oMoon Mitoon) ( 7Sun to Eemh")z (7.36 X 1022j (1.50 X 10“)2
=>~ghvloon _ _ _
AgSun a 2( IMSun) (”'Moon to Eart =2 1.99 x 1030 3.82 x 108 - 001 =1.1%.




103. (a) Kepler’s law of periods is

Tzz(é;[;jf.

With M = 6.0 x 10°° kg and 7= 300(86400) = 2.6 x 10’ s, we obtain »= 1.9 x 10" m.
(b) That its orbit is circular suggests that its speed is constant, so

v=%=4.6x104m/s.



104. Using Eq. 13-21, the potential energy of the dust particle is

U=-GmMg/R — GmM,,/r = —Gm(Mg/R + M,,/r) .



Chapter 14
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1. The pressure increase is the applied force divided by the area: Ap = F/4 = F/mr*, where
r is the radius of the piston. Thus

Ap = (42 N)/r(0.011 m)* = 1.1 x 10° Pa.

This is equivalent to 1.1 atm.


http://www.a-pdf.com/?product-split-demo

2. We note that the container is cylindrical, the important aspect of this being that it has a
uniform cross-section (as viewed from above); this allows us to relate the pressure at the
bottom simply to the total weight of the liquids. Using the fact that 1L = 1000 cm’, we
find the weight of the first liquid to be

W, =mg=pV,g=(2.6 g/cm>)(0.50 L)(1000 cm’ /L)(980 cm/s*) =1.27x10°g - cm/s”
=12.7 N.

In the last step, we have converted grams to kilograms and centimeters to meters.
Similarly, for the second and the third liquids, we have

W, =m,g = p,V,g = (1.0 g/em®)(0.25 L)(1000 cm’/L)(980 cm/s*)=2.5N

and
W, =m,g = p;V;g =(0.80 g/cm’)(0.40 L)(1000 cm’ / L)(980 cm/s*)=3.1 N.

The total force on the bottom of the container is therefore F= W, + W, + W3 =18 N.



3. The air inside pushes outward with a force given by p;4, where p; is the pressure inside
the room and 4 is the area of the window. Similarly, the air on the outside pushes inward
with a force given by p,4, where p, is the pressure outside. The magnitude of the net

force is F'= (p; — p,)A. Since 1 atm = 1.013 X 10° Pa,

F =(1.0 atm —0.96 atm)(1.013x10° Pa/atm)(3.4 m)(2.1 m) = 2.9 x 10* N.



4. Knowing the standard air pressure value in several units allows us to set up a variety of
conversion factors:

1.01x10° Pa

(a) P=(28 Ib/in. )( YRETS

J:190 kPa.

1.01x10°Pa
760 mmHg

1.01x10° Pa

(b) (120 mmHg)[ 760 mmHeg

] =159 kPa, (80 mmHg)( J =10.6 kPa.



5. Let the volume of the expanded air sacs be V, and that of the fish with its air sacs
collapsed be V. Then

Mgy, 3 Men 3
=—Ih =108 g/cm’ and =—5=1.00 g/cm
Prish % g P Vv g

where p,, is the density of the water. This implies
pﬁshV= pW(V+ Va) or (V+ Va)/V= 108/100,

which gives V,/(V + V,) = 0.074 = 7.4%.



6. The magnitude F of the force required to pull the lid off is F' = (p, — p:)A, where p, is
the pressure outside the box, p; is the pressure inside, and A is the area of the lid.
Recalling that IN/m? = 1 Pa, we obtain

F 480 N

=p ——=1.0x10° Pa————— =3.8x10" Pa.
Pr=Po 77x10~ m?



7. (a) The pressure difference results in forces applied as shown in the figure. We
consider a team of horses pulling to the right. To pull the sphere apart, the team must
exert a force at least as great as the horizontal component of the total force determined by
“summing” (actually, integrating) these force vectors.

We consider a force vector at angle 6. Its leftward component is Ap cos 8dA, where dA is
the area element for where the force is applied. We make use of the symmetry of the
problem and let d4 be that of a ring of constant & on the surface. The radius of the ring is
r = R sin 6, where R is the radius of the sphere. If the angular width of the ring is d6, in
radians, then its width is R d@ and its area is d4 = 27R? sin 6 d6. Thus the net horizontal
component of the force of the air is given by

F,=27R*Ap f;/z sin@ cos0d6 = R*Ap sin’ @ :/2 =TR*Ap.

(b) We use 1 atm = 1.01 x 10° Pa to show that Ap = 0.90 atm = 9.09 x 10" Pa. The sphere
radius is R = 0.30 m, so

F, = 70.30 m)*(9.09 x 10* Pa) = 2.6 x 10* N.

(c) One team of horses could be used if one half of the sphere is attached to a sturdy wall.
The force of the wall on the sphere would balance the force of the horses.



8. We estimate the pressure difference (specifically due to hydrostatic effects) as follows:

Ap = pgh=(1.06 % 10° kg/m*)(9.8 m/s*)(1.83 m) = 1.90 x 10* Pa.



9. Recalling that 1 atm = 1.01 x 10° Pa, Eq. 14-8 leads to

1 atm

h = (1024 kg/m’) (9.80 m/s*) 109 x10°m) | —
pgh = (1024 kg/m’) ( ) ( )(1.01x105Pa

j ~1.08x10° atm.



10. Note that 0.05 atm equals 5065 Pa. Application of Eq. 14-7 with the notation in this

problem leads to
d = p _0.05atm 5065 Pa

max
Piiquia& Piquia& Piiquia&

Thus the difference of this quantity between fresh water (998 kg/m’) and Dead Sea water
(1500 kg/m’) is

5065 Pa| 1 1 5065 Pa 1 1
Admax = - = ) 3 3 =0.17 m.
g Pr  Po ) 9.8m/s”| 998 kg/m” 1500 kg/m




11. The pressure p at the depth d of the hatch cover is po + pgd, where p is the density of
ocean water and p, is atmospheric pressure. The downward force of the water on the

hatch cover is (po + pgd)A, where A is the area of the cover. If the air in the submarine is
at atmospheric pressure then it exerts an upward force of pp4. The minimum force that

must be applied by the crew to open the cover has magnitude

F=(po+ pagd)4 — pod = pgdA = (1024 kg/m>)(9.8 m/s*)(100 m)(1.2 m)(0.60 m)
=7.2x10°N.



12. With 4 = 0.000500 m” and F = pA (with p given by Eq. 14-9), then we have pghA =
9.80 N. This gives & = 2.0 m, which means d + 7 =2.80 m.



13. In this case, Bernoulli’s equation reduces to Eq. 14-10. Thus,

p, = pg(=h) = —(1800kg/m*) (9.8 m/s*)(1.5 m) = —2.6 x 10* Pa .



14. Using Eq. 14-7, we find the gauge pressure to be p,,.. =pgh, where p is the

density of the fluid medium, and /4 is the vertical distance to the point where the pressure
is equal to the atmospheric pressure.

The gauge pressure at a depth of 20 m in seawater is
P, = p.,gd = (1024 kg/m*)(9.8 m/s*)(20 m) = 2.00x10° Pa.
On the other hand, the gauge pressure at an altitude of 7.6 km is

p, = p.gh=(0.87 kg/m*)(9.8 m/s?)(7600 m) = 6.48x10* Pa.

Therefore, the change in pressure is

Ap=p,—p, =2.00x10° Pa—6.48x10* Pa=1.4x10’ Pa.



15. The hydrostatic blood pressure is the gauge pressure in the column of blood between
feet and brain. We calculate the gauge pressure using Eq. 14-7.

(a) The gauge pressure at the brain of the giraffe is

Do = po = pgh =250 torr—(1.06x10° kg/m*)(9.8 m/s*)(2.0 m)——2T_ _ 94 torr.
133.33 Pa
(b) The gauge pressure at the feet of the giraffe is
5 N ) 1 torr
Prect = Prean T PH =250 torr +(1.06x10” kg/m”)(9.8 m/s™)(2.0 m)m =406 torr
.33 Pa

~4.1x10? torr.

(c) The increase in the blood pressure at the brain as the giraffe lower is head to the level
of its feet is

AP = Pry — P = 406 torr —94 torr =312 torr = 3.1x10” torr.



16. Since the pressure (caused by liquid) at the bottom of the barrel is doubled due to the
presence of the narrow tube, so is the hydrostatic force. The ratio is therefore equal to 2.0.
The difference between the hydrostatic force and the weight is accounted for by the
additional upward force exerted by water on the top of the barrel due to the increased

pressure introduced by the water in the tube.



17. The hydrostatic blood pressure is the gauge pressure in the column of blood between
feet and brain. We calculate the gauge pressure using Eq. 14-7.

(a) The gauge pressure at the heart of the Argentinosaurus is

1 torr

Diear = Porain + P h =80 torr +(1.06x10° kg/m’)(9.8 m/s*)(21 m—9.0 m)——
133.33 Pa .

=1.0x10° torr.

(b) The gauge pressure at the feet of the Argentinosaurus is

1 torr

=p._ .+ poh’ =80 torr + (1.06x10* kg/m*)(9.8 m/s*)(21 m) ——M
pfeet pbram pg ( g )( )( )13333 Pa

=80 torr +1642 torr =1722 torr = 1.7x10’ torr.



18. At a depth h without the snorkel tube, the external pressure on the diver is
p=p,+pgh

where p, is the atmospheric pressure. Thus, with a snorkel tube of length 4, the pressure
difference between the internal air pressure and the water pressure against the body is

Ap=p=p,=pgh.
(a) If £=0.20 m, then

1 atm
Ap = pgh=(998 kg/m’)(9.8 m/s*)(0.20 m) ——————=0.019 atm .
p = pgh = (998 kg/m")( 5°)( m)1.01><105 Pa
(b) Similarly, if 2 =4.0 m, then
Ap = pgh = (998 kg/m’)(9.8 m/s*)(4.0 m)ﬂ ~0.39 atm.

1.01x10° Pa



19. When the levels are the same the height of the liquid is # = (h; + h,)/2, where h; and
h, are the original heights. Suppose 4, is greater than /,. The final situation can then be

achieved by taking liquid with volume A(4; — h) and mass pA(h — h), in the first vessel,
and lowering it a distance 4 — h,. The work done by the force of gravity is
W= pA(hy — h)g(h — hy).

We substitute 4 = (h; + hy)/2 to obtain

w :%pgA(hl —h)’ =%(l.30><103kg/m3)(9.80 m/s”)(4.00x10™*m>)(1.56 m—0.854 m)’

=0.635]



20. To find the pressure at the brain of the pilot, we note that the inward acceleration can
be treated from the pilot’s reference frame as though it is an outward gravitational
acceleration against which the heart must push the blood. Thus, with a =4g , we have

1 torr
133 Pa

Porain = Prearn — L7 =120 torr — (1.06x10° kg/m*)(4x9.8 m/s*)(0.30 m)

=120 torr —94 torr = 26 torr.



21. Letting p, = p», we find

£:£(6.0 km + 32 km + D) + p,(y — D) = p.g(32 km) + p,,y

and obtain

6.0km)(2.9 ’
D:(6.0km)pc _ ( )(29g/em’) — 44km.
pu=p.  33g/em’ ~29g/em’




22. (a) The force on face 4 of area 4,4 due to the water pressure alone is

F,=p,A,=p,ghd,=p,gQd)d =2(1.0x10’kg/m*)(9.8m/s*)(5.0m)’
=2.5%10° N.

Adding the contribution from the atmospheric pressure,
Fo= (1.0 x 10° Pa)(5.0 m)* = 2.5 x 10° N,
we have
F,'=F+F,=25x10° N + 2.5x10° N=5.0x10° N.
(b) The force on face B due to water pressure alone is

Fy = PuesAs = Pog (%} d* :%pwgaﬁ = % (1.0x10° kg/m*)(9.8m/s* ) (5.0m)’

=3.1x10° N.

Adding the contribution from the atmospheric pressure,

Fo=(1.0 x 10° Pa)(5.0 m)* = 2.5 x 10° N,
we obtain
F,'=F, +F,=2.5x10° N + 3.1x10° N=5.6x10° N.



23. We can integrate the pressure (which varies linearly with depth according to Eq. 14-7)
over the area of the wall to find out the net force on it, and the result turns out fairly
intuitive (because of that linear dependence): the force is the “average” water pressure
multiplied by the area of the wall (or at least the part of the wall that is exposed to the

water), where “average” pressure is taken to mean%(pressure at surface + pressure at
bottom). Assuming the pressure at the surface can be taken to be zero (in the gauge
pressure sense explained in section 14-4), then this means the force on the wall is % pgh
multiplied by the appropriate area. In this problem the area is Aw (where w is the 8.00 m
width), so the force is % pgh*w, and the change in force (as % is changed) is

2

Logw (h” =) = 1998 kg/m®)(9.80 m/s>)(8.00 m)(4.00° — 2.00")m* =4.69 x 10° N.



24. (a) At depth y the gauge pressure of the water is p = pgy, where p is the density of the
water. We consider a horizontal strip of width W at depth y, with (vertical) thickness dy,
across the dam. Its area is d4 = W dy and the force it exerts on the dam is dFF = p dA =
pgyW dy. The total force of the water on the dam is

F= LD pyW dy:%ngDz =%(1.00><103 kg/m®)(9.80m/s*)(314m)(35.0m)’
=1.88x10°N.

(b) Again we consider the strip of water at depth y. Its moment arm for the torque it
exerts about O is D — y so the torque it exerts is

dv=dF(D —y) = pgyW (D — y)dy

and the total torque of the water is
? 1 3 1 3 1 3
2 3 6
:%(1-00“03 kg/m’)(9.80m/s*)(314m)(35.0m)’ =2.20x10" N-m.

(c) We write T = rF, where r is the effective moment arm. Then,

1 D3 )
p=loop8D D _350m_yy 5
F lpegwD’> 3 3




25. As shown in Eq. 14-9, the atmospheric pressure p, bearing down on the barometer’s

mercury pool is equal to the pressure pgh at the base of the mercury column: p, = pgh .
Substituting the values given in the problem statement, we find the atmospheric pressure

to be

. = pah=(13608x10* kg/m’)(9.7835 m/s>)(0.74035 m)— 2" = 73926 torr.
0 =P 133.33 Pa



26. The gauge pressure you can produce is

(1000kg/m’*)(9.8m/s*)(4.0x107m)

- =-3.9%x10atm
1.01x10° Pa/atm

p=—pgh=-

where the minus sign indicates that the pressure inside your lung is less than the outside
pressure.



27. (a) We use the expression for the variation of pressure with height in an
incompressible fluid: p» = p; — pg()> — y1). We take y; to be at the surface of Earth, where
the pressure is p; = 1.01 x 10° Pa, and y, to be at the top of the atmosphere, where the
pressure is p, = 0. For this calculation, we take the density to be uniformly 1.3 kg/m’.
Then,

5
v—y =Ll = 1'01X310 Pa —=79x10° m =7.9 km.
pg (1.3 kg/m’)(9.8m/s”)

(b) Let 4 be the height of the atmosphere. Now, since the density varies with altitude, we
integrate

pr=p - fpg dy .

Assuming p = py (1 - y/h), where py is the density at Earth’s surface and g = 9.8 m/s” for
0 <y < h, the integral becomes

5 1
P, =P - Lpog (1_ %j dy = p, _Epogh-

Since p, = 0, this implies

2p, _ 2(1.01x10° Pa)

= =16 x10° m = 16 km.
0,g (1.3 kg/m’)(9.8 m/s®)




28. (a) According to Pascal’s principle F/4 = fla — F = (A/a)f.

(b) We obtain
a4 p_ (3.80 cm)’

y 53.0 om)’ (20.0 x10° N) =103 N.
.U cm

f =

The ratio of the squares of diameters is equivalent to the ratio of the areas. We also note
that the area units cancel.



29. Eq. 14-13 combined with Eq. 5-8 and Eq. 7-21 (in absolute value) gives
mg = kx A712 .

With 4,= 184, (and the other values given in the problem) we find m = 8.50 kg.



30. (a) The pressure (including the contribution from the atmosphere) at a depth of /.y =
L/2 (corresponding to the top of the block) is

Proy = Pam + PN, =1.01x 10° Pa + (1030 kg/m’) (9.8 m/s”)(0.300 m) =1.04 X 10° Pa

where the unit Pa (Pascal) is equivalent to N/m”. The force on the top surface (of area 4
=[*=0.36m’) is
Flop = Prop A =375 x 10* N,

(b) The pressure at a depth of /o = 3L/2 (that of the bottom of the block) is

Dot = Pamn + PG, =1.01x10° Pa + (1030 kg/m*) (9.8 m/s*)(0.900 m)=1.10 x 10° Pa

where we recall that the unit Pa (Pascal) is equivalent to N/m*. The force on the bottom
surface is
Fot = poot A =3.96 x 10* N.

(c) Taking the difference Fyo — Fiop cancels the contribution from the atmosphere
(including any numerical uncertainties associated with that value) and leads to

F

bt = Frop = PG (I — ) A = pgl’ =2.18x10° N

which is to be expected on the basis of Archimedes’ principle. Two other forces act on
the block: an upward tension 7 and a downward pull of gravity mg. To remain stationary,
the tension must be

T =mg — (F

bot

~ F,,) = (450 kg)(9.80 m/s*) — 2.18x10° N = 2.23x10°* N.

(d) This has already been noted in the previous part: F, =2.18x10° N, and T + F}, = mg.



31. (a) The anchor is completely submerged in water of density p,. Its effective weight is
Wese= W — p,, gV, where W is its actual weight (mg). Thus,

V=V _ 200 N =2.04%107 m’.
£.8 (1000 kg/m*) (9.8 m/s?)

(b) The mass of the anchor is m = pV, where p is the density of iron (found in Table
14-1). Its weight in air is

W =mg = pVg = (7870 kg/m*) (2.04 x 107 m*) (9.80 m/s?) =1.57 x 10° N .



32. (a) Archimedes’ principle makes it clear that a body, in order to float, displaces an
amount of the liquid which corresponds to the weight of the body. The problem
(indirectly) tells us that the weight of the boat is W = 35.6 kN. In salt water of density
p'= 1100 kg/m’, it must displace an amount of liquid having weight equal to 35.6 kN.

(b) The displaced volume of salt water is equal to

w 3.56x10°N \
= = . : —=330m’.
p'g  (1.10x10° kg/m®)(9.80 m/s?)

'

In freshwater, it displaces a volume of ¥ = W/pg = 3.63 m’, where p = 1000 kg/m’. The
difference is V' — ¥ '=0.330 m’.



33. The problem intends for the children to be completely above water. The total
downward pull of gravity on the system is

3(356N)+ NP8V

where N is the (minimum) number of logs needed to keep them afloat and V is the
volume of each log: ¥ = m(0.15 m)* (1.80 m) = 0.13 m’. The buoyant force is Fj, =
Pwater€ Vsubmerged Where we require Voumerged < NV. The density of water is 1000 kg/m3 .To
obtain the minimum value of N we set Vipmerged = NV and then round our “answer” for N
up to the nearest integer:

3(356N)
gV(pwater _pwood)

3(356N)+ NP8V = Puua8NV = N=

which yields N =4.28 — 5 logs.



34. Taking “down” as the positive direction, then using Eq. 14-16 in Newton’s second
law, we have 5g — 3g = 5a (where “5” = 5.00 kg, and “3” = 3.00 kg and g = 9.8 m/s?).

This gives a = % g. Then (see Eq. 2-15) %at2 =0.0784 m (in the downward direction).



35. (a) Let ¥ be the volume of the block. Then, the submerged volume is V; = 2V/3. Since
the block is floating, the weight of the displaced water is equal to the weight of the block,
so pw Vs = pp V, where p, is the density of water, and p is the density of the block. We
substitute V; = 2V/3 to obtain

P =2p,/3 =2(1000 kg/m*)/3 = 6.7 x10* kg/m’.

(b) If p, is the density of the oil, then Archimedes’ principle yields p, Vi = p,V. We
substitute ¥, = 0.90V to obtain p, = p,/0.90 = 7.4 x10* kg/m".



36. Work is the integral of the force (over distance — see Eq. 7-32), and referring to the
equation immediately preceding Eq. 14-7, we see the work can be written as

w= Ipwater gA (_y) dy
where we are using y = 0 to refer to the water surface (and the +y direction is upward).
Let #=0.500 m. Then, the integral has a lower limit of —4 and an upper limit of y,, with

Yr/h == Peylinder /Pwater = — 0.400. The integral leads to

W=3 Paaegdh’(1 - 0.4%) = 4.11kJ.



37. (a) The downward force of gravity mg is balanced by the upward buoyant force of the
liquid: mg = pg V,. Here m is the mass of the sphere, p is the density of the liquid, and V;
is the submerged volume. Thus m = pV;. The submerged volume is half the total volume
of the sphere, so V, =1(4mn/3)r;], where r, is the outer radius. Therefore,

m = 2?” pr} = (%”) (800 kg/m®*) (0.090 m)* = 1.22 kg.

(b) The density p,, of the material, assumed to be uniform, is given by p,, = m/V, where m
is the mass of the sphere and V is its volume. If 7; is the inner radius, the volume is

- r) = 47” ((0.090 m)* - (0.080 m)’) = 9.09 x 10™* m’ .

The density is
1.22 kg

Pr = 50010~ m’

=13x10° kg/m’.



38. If the alligator floats, by Archimedes’ principle the buoyancy force is equal to the
alligator’s weight (see Eq. 14-17). Therefore,

F,=F, = My,08 = (pHZOAh)g .
If the mass is to increase by a small amount m — m’ = m+ Am , then
F,—>F= pHZOA(h +Ah)g .

With AF, = F/—F, =0.010mg , the alligator sinks by

apo AF, _0.0lmg _ 00100130 kg)

= = =6.5x10° m=6.5mm.
Puodg  Puodg  (998kg/m’)(0.20 m*)



39. Let V; be the total volume of the iceberg. The non-visible portion is below water, and
thus the volume of this portion is equal to the volume V', of the fluid displaced by the

iceberg. The fraction of the iceberg that is visible is

V. : V.
frac=——L=1--L.
4

Since iceberg is floating, Eq. 14-18 applies:
F,=mg=m_g = m=m,.

Since m = pV , the above equation implies

PV :prf = —=-".
Thus, the visible fraction is

V .
frac=l——f:1—&
4 Py

a) If the iceberg (p, =917 kg/m’) floats in saltwater with p, =1024 kg/m’, then the
pl pf

fraction would be

3
frac=1- Lo =1 - 217K _ 16100
p,  1024kg/m

(b) On the other hand, if the iceberg floats in fresh water (o, =1000 kg/m’), then the

fraction would be
3
frac=1- Lo =1 - 2LTKEM 5058 305
Py 1000 kg/m



40. (a) An object of the same density as the surrounding liquid (in which case the
“object” could just be a packet of the liquid itself) is not going to accelerate up or down
(and thus won’t gain any kinetic energy). Thus, the point corresponding to zero K in the
graph must correspond to the case where the density of the object equals piiquid.
Therefore, poan = 1.5 g/em’ (or 1500 kg/m”).

(b) Consider the piiquia = 0 point (Where Kgained = 1.6 J). In this case, the ball is falling
through perfect vacuum, so that v> = 2gh (see Eq. 2-16) which means that K = %mv2 =1.6

J can be used to solve for the mass. We obtain mp, = 4.082 kg. The volume of the ball
is then given by mpan/poan = 2.72 X 107 m®.



41. For our estimate of Vubmerged W€ Interpret “almost completely submerged” to mean

AN

3

Vbmerged = Eﬂ-r(’ where 7, = 60 cm .

Thus, equilibrium of forces (on the iron sphere) leads to

4 4
F;) = mirong = pwatergl/submerged = pirong (57[7'03 - 57[’/;3)

where 7; is the inner radius (half the inner diameter). Plugging in our estimate for
Vsubmerged as well as the densities of water (1.0 g/cm’) and iron (7.87 g/cm’), we obtain the
inner diameter:

1.0 g/em’

1/3
2r,=2r|1-———| =573cm.
7.87 g/cm



42. From the “kink™ in the graph it is clear that d = 1.5 cm. Also, the 4 = 0 point makes it
clear that the (true) weight is 0.25 N. We now use Eq. 14-19 at # = d = 1.5 cm to obtain

Fy=(025N-0.10N)=0.15N.

Thus, Priquiag ¥ = 0.15, where ¥ = (1.5 cm)(5.67 cm®) = 8.5 x 10 m’. Thus, priquia =
1800 kg/m’ = 1.8 g/em’.



43. The volume V., of the cavities is the difference between the volume V., of the
casting as a whole and the volume Vi, contained: Veay = Veast — Viron. The volume of the
iron is given by Vion = W/gpiron, Where W is the weight of the casting and pion is the
density of iron. The effective weight in water (of density p,,) is Wesr = W — gpyw Veast. Thus,
Veast = (W* Weff)/ EPw and

W -Wu W 6000N-4000N 6000 N
2P,  EP.. (9.8 m/s?)(1000kg/m’) (9.8 m/s’)(7.87 x 10° kg/m’)
=0.126 m® .

4

cav




44. Due to the buoyant force, the ball accelerates upward (while in the water) at rate a
given by Newton’s second law:

pwaterVg - pballVg = Prall Va = Plrall = Pwater (1 + “a”)

where — for simplicity — we are using in that last expression an acceleration “a” measured
in “gees” (so that “a” = 2, for example, means that a = 2(9.80 m/s*) = 19.6 m/s®). In this
problem, with ppa = 0.300 pyater, We find therefore that “a” = 7/3. Using Eq. 2-16, then
the speed of the ball as it emerges from the water is

v =\/2aA ,

were a = (7/3)g and Ay = 0.600 m. This causes the ball to reach a maximum height /.
(measured above the water surface) given by /ma = v/2g (see Eq. 2-16 again). Thus,
hmax = (7/3)Ay = 1.40 m.



45. (a) If the volume of the car below water is V; then F}, = p,, V12 = Wear, which leads to

w,  (1800kg)(9.8m/s’)

_ _ _ 3
pg (1000kg/m*)(9.8m/s?) 180

1

(b) We denote the total volume of the car as V" and that of the water in it as V. Then

F,=pVg=Wu+tp),g
which gives

v, = V—@:(0.750m3 +5.00m’ +0.800m” ) - 1800kg

475w,



46. (a) Since the lead is not displacing any water (of density p,,), the lead’s volume is not
contributing to the buoyant force F}. If the immersed volume of wood is V;, then

F, = pVg =0.900p,V, g =0900p,¢g [mWOOdJ ’

wood

which, when floating, equals the weights of the wood and lead:

m
F, =0.900p,g (—dj = (Mg + Mieyg)g-

wood

Thus,

3
., = 0.900p, Myood | m, = (0.900)(1000kg/m 3) (3.67kg)
600 kg/m

wood

—3.67kg=1.84kg .

(b) In this case, the volume Vicad = Miead/ Pread also contributes to F. Consequently,

m
F; = 0'900pwg ( WOOdJ " ( - ] Meaa& = (mwood + mlead)g,
pwood plead

which leads to

m — 0900 (pw /pwood)mwood - mwood — 184 kg
fend 19,/ P 1 - (1.00 x 10’ kg/m® /1.13 x 10* kg/m’)




47. (a) When the model is suspended (in air) the reading is Fy (its true weight, neglecting
any buoyant effects caused by the air). When the model is submerged in water, the
reading is lessened because of the buoyant force: Fy, — F,. We denote the difference in
readings as Am. Thus,

F, —=(F, -F,) =Amg

which leads to F;, = Amg. Since F), = p,gV., (the weight of water displaced by the model)
we obtain
Am  0.63776kg

g = ~6.378 x 107 m’.
p, 1000 kg/m

(b) The -5 scaling factor is discussed in the problem (and for purposes of significant
figures is treated as exact). The actual volume of the dinosaur is

|4

dino

=20V, =5.102m’ .

(¢) Using p = p,, = 1000 kg/m’, we find

p="Tdme = = (1000kg/m’) (5.102 m)

dino

which yields 5.102 x 10° kg for the 7. rex mass.



48. Let p be the density of the cylinder (0.30 g/cm’ or 300 kg/m®) and pg. be the density
of the iron (7.9 g/cm’ or 7900 kg/m’). The volume of the cylinder is

V.= (6x12) cm’ = 72 cm’ = 0.000072 m’,

and that of the ball is denoted V. The part of the cylinder that is submerged has volume
V= (4% 12) cm’ = 48 cm’ = 0.000048 m’.

Using the ideas of section 14-7, we write the equilibrium of forces as

pgVe + PregVo = pwgVs + pwgVs = Vp=38cm’

where we have used p,, = 998 kg/m’ (for water, see Table 14-1). Using ¥} =§Tr,r3 we

find » =9.7 mm.



49. We use the equation of continuity. Let v; be the speed of the water in the hose and v,
be its speed as it leaves one of the holes. 4| = TR? is the cross-sectional area of the hose.
If there are N holes and A4, is the area of a single hole, then the equation of continuity
becomes
A R’
vid =v, (NAz) = W :N_/llzvl :W‘ﬁ

where R is the radius of the hose and r is the radius of a hole. Noting that R/r = D/d (the
ratio of diameters) we find

D? (1.9¢m)’
v, =
Nd* " 24(0.13cm)’

(0.91m/s) =8.1m/s.

v, =



50. We use the equation of continuity and denote the depth of the river as 4. Then,

(8.2m)(3.4m)(2.3m/s)+(6.8m)(3.2m)(2.6m/s) =/ (10.5m)(2.9m/s)

which leads to 2 = 4.0 m.



51. This problem involves use of continuity equation (Eq. 14-23): Av, = A4,v,.

(a) Initially the flow speed is v, =1.5m/s and the cross-sectional area is 4, = HD. At
point a, as can be seen from Fig. 14-47, the cross-sectional area is

A =(H-h)D-(b-hyd.

Thus, by continuity equation, the speed at point a is

b = Av, HDpv, B (14 m)(55 m)(1.5 m/s)
“ 4 (H-h)D—(b—h)d (14 m—0.80 m)(55 m)—(12 m—0.80 m)(30 m)

a

=3.0 m/s.

=296 m/s

(b) Similarly, at point b, the cross-sectional area is 4, = HD—bd , and therefore, by
continuity equation, the speed at point b is

_Av,  HDv, _ (14m)(55m)(1.5 m/s)

v, = = =2.8m/s.
A HD—bd  (14m)(55 m)—(12 m)30 m)




52. The left and right sections have a total length of 60.0 m, so (with a speed of 2.50 m/s)
it takes 60.0/2.50 = 24.0 seconds to travel through those sections. Thus it takes (88.8 —
24.0) s = 64.8 s to travel through the middle section. This implies that the speed in the
middle section is viig = (110 m)/(64.8 s) = 0.772 m/s. Now Eq. 14-23 (plus that fact that
A = m?) implies rmia = rx\[(2.5 m/s)/(0.772 m/s) where 7, = 2.00 cm. Therefore, rpig =
3.60 cm.




53. Suppose that a mass Am of water is pumped in time At. The pump increases the
potential energy of the water by Amgh, where 4 is the vertical distance through which it is
lifted, and increases its kinetic energy by 1+ Amv*, where v is its final speed. The work it

does is AW = Amgh++Amv® and its power is

P:M:A—m gh+lv2 .
At At 2

Now the rate of mass flow i1s Am/ At = p,.Av, where p,, is the density of water and 4 is the
area of the hose. The area of the hose is 4 = m” = 1(0.010 m)* =3.14 x 10* m* and

PuAv = (1000 kg/m’) (3.14 x 10* m?) (5.00 m/s) = 1.57 kg/s.
Thus,

P:pAv(gh +%sz :(1.57kg/s)[(9.8m/s2)(3.0m)+MJ =66 W.



54. (a) The equation of continuity provides (26 + 19 + 11) L/min = 56 L/min for the flow
rate in the main (1.9 cm diameter) pipe.

(b) Using v = R/A and A4 = id */4, we set up ratios:

v _56/(L9) /4 o
vye  26/m(1.3)*/4



55. (a) We use the equation of continuity: 4;v; = A>v,. Here A, is the area of the pipe at
the top and v, is the speed of the water there; 4, is the area of the pipe at the bottom and
v, 1s the speed of the water there. Thus

va = (41/42)v; = [(4.0 cm?)/(8.0 cm?)] (5.0 m/s) = 2.5my/s.
(b) We use the Bernoulli equation:
Pty v+ pgh = p,+3pv; + pah,
where p is the density of water, 4, is its initial altitude, and /4, is its final altitude. Thus
P=p +%p(v|2 —v; )+ pg(h—h,)

=1.5%10°Pa +%(1000kg/m3)[(5.0m/s)2 —(2.5m/s)’ | +(1000kg/m")(9.8m/s*)(10 m)

=2.6X10’ Pa.



56. We use Bernoulli’s equation:
_ 1 2 2
p— P = ,OgD+5,0(v1 _Vz)

where p = 1000 kg/m3, D =180 m, v; = 0.40 m/s and v, = 9.5 m/s. Therefore, we find Ap
= 1.7 % 10° Pa, or 1.7 MPa. The SI unit for pressure is the Pascal (Pa) and is equivalent to
N/m?.



57. (a) The equation of continuity leads to

2

7,

— _ 1
w4, =vi4 = v,=y (r_zJ
2

which gives v, = 3.9 m/s.

(b) With 2 =7.6 m and p; = 1.7 x 10° Pa, Bernoulli’s equation reduces to

P, =D —Pgh'i‘%p(vf —vf) =8.8%x10"Pa.



58. (a) We use Av = const. The speed of water is

_ (25.0cm)” =(5.00cm)’ m/s) =2 40m/s
. (25.0cm)’ (2.50m/s)=2.40m/s.

(b) Since p+1 pv’ =const., the pressure difference is

Ap = %psz _ %(1000kg/m3)[(2.50m/s)2 ~(240m/s)’ |=245Pa



59. (a) We use the Bernoulli equation:
Pi+ipv +pgh = p,+1pv; + pghy,

where 4, is the height of the water in the tank, p; is the pressure there, and v, is the speed
of the water there; &, is the altitude of the hole, p;, is the pressure there, and v, is the speed
of the water there. p is the density of water. The pressure at the top of the tank and at the
hole is atmospheric, so p; = p». Since the tank is large we may neglect the water speed at
the top; it is much smaller than the speed at the hole. The Bernoulli equation then

becomes pgh =1 pvi + pgh, and

v, =g (h—hy) = \/2(9.8m/sz)(0.30m) —2.42m/s.

The flow rate is 4ov; = (6.5 x 10* m?)(2.42 m/s) = 1.6 x 10> m’/s.

(b) We use the equation of continuity: 4>v, = A3v3, where 4, =1 4, and v; is the water
speed where the area of the stream is half its area at the hole. Thus

V3 = (Az/A3)V2 = 2\/’2 =4.84 m/s.

The water is in free fall and we wish to know how far it has fallen when its speed is
doubled to 4.84 m/s. Since the pressure is the same throughout the fall,

3PV, +pgh, =% pvi + pgh; . Thus

2_y2 (4.84m/s)’ —(2.42m/s)
hy—hy =22 v (484m)s) ~(242ms) o0
2g 2(9.8m/s?)




60. (a) The speed v of the fluid flowing out of the hole satisfies + pv’ = pgh or v=/2gh .
Thus, p1vi4; = pav2A4,, which leads to

p2ghA = p,\2ghd, = &zfzz.
pZ 1

(b) The ratio of volume flow is

R w4 4 _1
R, A 4 2
(c) Letting R\/R, = 1, we obtain vl/v2 = AZ/A1 =2=./h /h, Thus

h,=h /4=(12.0 cm)/4=3.00 cm.



61. We rewrite the formula for work # (when the force is constant in a direction parallel
to the displacement d) in terms of pressure:

F
W = Fd —(gj (Ad) = pV

where V' is the volume of the water being forced through, and p is to be interpreted as the
pressure difference between the two ends of the pipe. Thus,

W =(1.0x10° Pa) (1.4 m’) =1.4x10° J.



62. (a) The volume of water (during 10 minutes) is
V=(vwt)4 = (lSm/s)(lOmin)(60s/min)(§)(0.03 m)’ =6.4m’,
(b) The speed in the left section of pipe is
A d\ 3.00m )
v, =v,| = |=y| = | =(15m/s)| = ‘= 5.4m/s.
4, d, 5.0cm

(c) Since p,+1pvi+pgh =p,+Lpvi+pgh andh=h,p =p, , which is the

atmospheric pressure,

P>=D, +%p(v12 —v;) =1.01><105Pa+%(1.0><103 kg/nf’)[(lsm/s)2 —(5.4m/s)2J

=1.99x10°Pa =1.97 atm.

Thus, the gauge pressure is (1.97 atm — 1.00 atm) = 0.97 atm = 9.8 x 10* Pa.



63. (a) The friction force is

f=AAp = p,gdA=(1.0x10" kg/m’) (9.8 m/s*) (6.0m) (g] (0.040 m)* =74 N.

(b) The speed of water flowing out of the hole is v = \/2gd. Thus, the volume of water
flowing out of the pipe in #=3.0 h is

2
V= Avt = %(0.040 m)?{/2(9.8 m/s?) (6.0 m) (3.0 h) (3600 s/h) =1.5x10°m’.



64. (a) We note (from the graph) that the pressures are equal when the value of inverse-
area-squared is 16 (in SI units). This is the point at which the areas of the two pipe
sections are equal. Thus, if 4, = 1A[16 when the pressure difference is zero, then 4, is
0.25 m’.

(b) Using Bernoulli’s equation (in the form Eq. 14-30) we find the pressure difference
may be written in the form a straight line: mx + b where x is inverse-area-squared (the
horizontal axis in the graph), m is the slope, and b is the intercept (seen to be —300

kN/m?). Specifically, Eq. 14-30 predicts that b should be —3p v,*. Thus, with p = 1000
kg/m’® we obtain v,=+/600 m/s. Then the volume flow rate (see Eq. 14-24) is

R= A, v,=(0.25 m*)(/600 m/s)= 6.12 m’/s.

If the more accurate value (see Table 14-1) p = 998 kg/m’ is used, then the answer is 6.13
3
m’/s.



65. (a) Since Sample Problem 14-8 deals with a similar situation, we use the final
equation (labeled “Answer”) from it:

v=4/2gh = v=y, for the projectile motion.

The stream of water emerges horizontally (& = 0° in the notation of Chapter 4), and
setting y — yo = —(H — h) in Eq. 4-22, we obtain the “time-of-flight”

t:\/ﬂz\/z([_]_h).
-8 g

Using this in Eq. 4-21, where x¢ = 0 by choice of coordinate origin, we find

x=v,t=+/2gh 2H=h) :2\/h(H—h) = 2\/(10 cm)(40 cm—10 cm) =35 cm.
g

(b) The result of part (a) (which, when squared, reads x* = 4h(H - h)) is a quadratic
equation for 4 once x and H are specified. Two solutions for /4 are therefore
mathematically possible, but are they both physically possible? For instance, are both
solutions positive and less than H? We employ the quadratic formula:

2 g2
h2_Hh+%:0:>h:w

which permits us to see that both roots are physically possible, so long as x < H. Labeling
the larger root /; (where the plus sign is chosen) and the smaller root as 4, (where the
minus sign is chosen), then we note that their sum is simply

H+~NH? -x LH- H>-x"
: =

h+h, = 5

H.

Thus, one root is related to the other (generically labeled 4" and h) by h' = H — h. Its
numerical value is #'=40cm— 10 cm =30 cm.

(c) We wish to maximize the function /= x* = 4h(H — h). We differentiate with respect to
h and set equal to zero to obtain

T a4 —gh=0=n="
dh 2

or h = (40 cm)/2 = 20 cm, as the depth from which an emerging stream of water will
travel the maximum horizontal distance.



66. By Eq. 14-23, we note that the speeds in the left and right sections are %Vmid and é

Vmid, respectively, where viig = 0.500 m/s. We also note that 0.400 m® of water has a
mass of 399 kg (see Table 14-1). Then Eq. 14-31 (and the equation below it) gives

W=5mvmid (G-3) = 2501



67. (a) The continuity equation yields Av = aV, and Bernoulli’s equation yields
Ap+1pv' =1 pV?, where Ap = p| — p>. The first equation gives V' = (4/a)v. We use this

to substitute for ¥ in the second equation, and obtain Ap+1pv* =1 ,O(A/a)2 v . We

. 2Ap _ | 2a’p
p((d/ay -1) \p(4-d’)

(b) We substitute values to obtain

solve for v. The result is

=3.06m/s.

Lo | 262x 10 m?)*(55 x 10°Pa— 41 x 10’ Pa)
(1000kg/m*)((64 x 10" m*)* = (32 x 10" m*)* )

Consequently, the flow rate is

Av=(64%10"m?)(3.06 m/s)=2.0x 10>m’ /s.



68. We use the result of part (a) in the previous problem.

(a) In this case, we have Ap = p; = 2.0 atm. Consequently,

— 4. 1m/s.
(1000 kg/m®) [(5a/ @)’ —1] °

200 _ \/ 4(1.01 x 10° Pa)
p((Alay —1)

(b) And the equation of continuity yields V' = (4/a)v = (Sa/a)v = 5v =21 m/s.

(c) The flow rate is given by

Av=§ (5.0 x 10 m?) (4.1 m/s) =8.0 x 10~ m* /.



69. (a) This is similar to the situation treated in Sample Problem 14-7, and we refer to
some of its steps (and notation). Combining Eq. 14-35 and Eq. 14-36 in a manner very
similar to that shown in the textbook, we find

2Ap

R=AA, o)

for the flow rate expressed in terms of the pressure difference and the cross-sectional
areas. Note that this reduces to Eq. 14-38 for the case 4, = 4,/2 treated in the Sample

Problem. Note that Ap = p; — py = 7.2 x 10’ Pa and 47 — 4> =-8.66x10° m*, so that
the square root is well defined. Therefore, we obtain R = 0.0776 m’/s.

(b) The mass rate of flow is pR = 69.8 kg/s.



70. (a) Bernoulli’s equation gives p, = p, +3 .V -ButAp=p,—p, = pghin order to

balance the pressure in the two arms of the U-tube. Thus pgh =1 p,v*, or

V= ’—2pgh .
pair

(b) The plane’s speed relative to the air is

2(810kg/m*)(9.8m/s*)(0.260m
y- [2pgh _ [2(810kem)( ) ) 63.3ms.
Pair 1.03kg/m




71. We use the formula for v obtained in the previous problem:

y= 2P | 2080Pa) gy gy
pu \0.031kg/m




72. We use Bernoulli’s equation p, +1 pv} + pgh = p, +1 pv; + pgh, .

When the water level rises to height 4, just on the verge of flooding, v,, the speed of

water in pipe M , is given by
1
pg(h _h2)25'0v§ = v, =4J2g(h—h,)=13.86 m/s.
By continuity equation, the corresponding rainfall rate is

2
y=| Aoy, = ZO00M) 43 g6 6 =2.177x107 mis=~7.8 cvh.
4 ) (30 m)(60 m)



73. The normal force FN exerted (upward) on the glass ball of mass m has magnitude
0.0948 N. The buoyant force exerted by the milk (upward) on the ball has magnitude

Fy=pmikg V

where V=§ n is the volume of the ball. Its radius is 7 = 0.0200 m. The milk density is

Pmitk = 1030 kg/m’. The (actual) weight of the ball is, of course, downward, and has
magnitude F, = mgnss g Application of Newton's second law (in the case of zero
acceleration) yields

Fn+ Pmikg V —Mglass g =0

which leads to mgjass = 0.0442 kg. We note the above equation is equivalent to Eq.14-19
in the textbook.



74. The volume rate of flow is R = v4 where 4 = w/* and r = d/2. Solving for speed, we
obtain
R 4R

7d12)}  md®

R
4

(a) With R=7.0 x 10> m*/s and d = 14 x 10~ m, our formula yields v = 45 m/s, which is
about 13% of the speed of sound (which we establish by setting up a ratio: v/v; where vy =
343 m/s).

(b) With the contracted trachea (d = 5.2 x 10 m) we obtain v = 330 m/s, or 96% of the
speed of sound.



75. If we examine both sides of the U-tube at the level where the low-density liquid (with
p = 0.800 g/cm’ = 800 kg/m’) meets the water (with py, = 0.998 g/cm’ = 998 kg/m’), then
the pressures there on either side of the tube must agree:

pgh = pwghw
where 4 = 8.00 cm = 0.0800 m, and Eq. 14-9 has been used. Thus, the height of the

water column (as measured from that level) is 4y, = (800/998)(8.00 cm) = 6.41 cm. The
volume of water in that column is therefore

V=mrhy =m(1.50 cm)*(6.41 cm) = 45.3 cnr’.



76. Since (using Eq. 5-8) Fy =mg = psiierg V and (Eq. 14-16) the buoyant force is Fj, =
Psnow € V, then their ratio is

&— Psnow & V. _ Psnow _ 96 B .
Fo' paiergV  Pskier 1020 0.094 (or 9.4%).




77. (a) We consider a point D on the surface of the liquid in the container, in the same
tube of flow with points 4, B and C. Applying Bernoulli’s equation to points D and C, we
obtain

1 1
Pp t+ E pvé + pghy, = pc + Epvé + pghe

which leads to

VC:\/z(pr_pC)+2g(hD—hc)+V12J ~2g(d+h)

where in the last step we set pp = pc = pair and vp/ve = 0. Plugging in the values, we
obtain

v, =/2(9.8 m/s>)(0.40 m + 0.12 m) =3.2 m/s.

(b) We now consider points B and C:
[ 15
Pt EpVB + pghy=pc + Epvc + pghe .

Since vz = v¢ by equation of continuity, and pc = p.ir, Bernoulli’s equation becomes

Py =Pctpgh. —hy) = p.— pg(h + h, +d)
=1.0x10’ Pa—(1.0><103kg/m3)(9.8 m/sz)(0.25 m+ 040m + 0.12 m)
=9.2x10" Pa.

(c) Since pp = 0, we must let p,ir — pg(h1 +d + hy) = 0, which yields

n<h =P _g_p <Pic103m,
’ p



78. To be as general as possible, we denote the ratio of body density to water density as f
(so that f'= p/p,, = 0.95 in this problem). Floating involves equilibrium of vertical forces
acting on the body (Earth’s gravity pulls down and the buoyant force pushes up). Thus,

F,=F,=p,gV,=pgV
where V' is the total volume of the body and V,, is the portion of it which is submerged.

(a) We rearrange the above equation to yield

VP _
s

which means that 95% of the body is submerged and therefore 5.0% is above the water
surface.

(b) We replace p,, with 1.6p,, in the above equilibrium of forces relationship, and find

Vv, p _ f

vV 16p, 1.6

which means that 59% of the body is submerged and thus 41% is above the quicksand
surface.

(c) The answer to part (b) suggests that a person in that situation is able to breathe.



79. We note that in “gees” (where acceleration is expressed as a multiple of g) the given
acceleration is 0.225/9.8 = 0.02296. Using m = pV, Newton’s second law becomes

pWﬂth — Poub Vg = pbubVa = Poub = Pwat (1 + “a”)

where in the final expression “a” is to be understood to be in “gees.” Using pyar = 998
kg/m® (see Table 14-1) we find pou = 975.6 kg/m’. Using volume ¥V =§nr3 for the

bubble, we then find its mass: mpu, = 5.11 X 107”7 kg.



80. The downward force on the balloon is mg and the upward force is Fj = PouVg.
Newton’s second law (with m = p, V) leads to

pout Vg - pin Vg = pin VCZ = (&_ng =a.

in

The problem specifies pout / Pin = 1.39 (the outside air is cooler and thus more dense than
the hot air inside the balloon). Thus, the upward acceleration is (1.39 — 1.00)(9.80 m/ §%) =
3.82 m/s”.



81. We consider the can with nearly its total volume submerged, and just the rim above
water. For calculation purposes, we take its submerged volume to be V' = 1200 cm’. To
float, the total downward force of gravity (acting on the tin mass m, and the lead mass
m, ) must be equal to the buoyant force upward:

(m, +m,)g = p,Vg = m, = (1g/em’) (1200 cm®) — 130 g

which yields 1.07x10” g for the (maximum) mass of the lead (for which the can still
floats). The given density of lead is not used in the solution.



82. If the mercury level in one arm of the tube is lowered by an amount x, it will rise by x
in the other arm. Thus, the net difference in mercury level between the two arms is 2x,
causing a pressure difference of Ap = 2pp,gx, which should be compensated for by the
water pressure p,, = p,gh, where 7= 11.2 cm. In these units, p,, = 1.00 g/em’ and PHg =
13.6 g/em’ (see Table 14-1). We obtain

Lo p.gh (1.00 g/cm’) (11.2 cm)

3 = 0.412 cm.
204,8 2(13.6 g/cm’)



83. Neglecting the buoyant force caused by air, then the 30 N value is interpreted as the
true weight W of the object. The buoyant force of the water on the object is therefore
(30 —20) N =10 N, which means

F,=pVg = V= 103N —=1.02x10" m’
(1000 kg/m™)(9.8m/s”)

is the volume of the object. When the object is in the second liquid, the buoyant force is
(30 —24) N = 6.0 N, which implies

B 6.0 N
(9.8 m/s*)(1.02 x 107 m’)

yoX = 6.0x10" kg/m’ .



84. An object of mass m = pV floating in a liquid of density piquia is able to float if the
downward pull of gravity mg is equal to the upward buoyant force Fj = pPriquiagVsup Where
Vb 18 the portion of the object which is submerged. This readily leads to the relation:

P _ YV

Piiquid V

for the fraction of volume submerged of a floating object. When the liquid is water, as
described in this problem, this relation leads to

since the object “floats fully submerged” in water (thus, the object has the same density
as water). We assume the block maintains an “upright” orientation in each case (which is
not necessarily realistic).

(a) For liquid 4,

1
Pi 2
so that, in view of the fact that p = p,,, we obtain p,/p,, = 2.

(b) For liquid B, noting that two-thirds above means one-third below,

so that pp/p,, = 3.

(c) For liquid C, noting that one-fourth above means three-fourths below,

p_3

Pc
so that pc/p,, = 4/3.



85. Equilibrium of forces (on the floating body) is expressed as
Fy, =My, € = Priquia &V abmerged = Poody &V iotal

which leads to

I/submerged _ p body

v

total ,0 liquid

We are told (indirectly) that two-thirds of the body is below the surface, so the fraction
above is 2/3. Thus, with pyoqy = 0.98 g/cm3 , we find priquia = 1.5 g/cm3 — certainly much
more dense than normal seawater (the Dead Sea is about seven times saltier than the
ocean due to the high evaporation rate and low rainfall in that region).



Chapter 15
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1. The textbook notes (in the discussion immediately after Eq. 15-7) that the acceleration
amplitude is a, = @x,, where @ is the angular frequency (@ = 2nf since there are 21
radians in one cycle). Therefore, in this circumstance, we obtain

a, = @'x, =27 f) x, =(27(6.60 Hz)) (0.0220 m) =37.8 m/s’.


http://www.a-pdf.com/?product-split-demo

2. (a) The angular frequency wis given by @w= 2nf= 2n/T, where f'is the frequency and T
is the period. The relationship /= 1/T was used to obtain the last form. Thus

@=2m/(1.00 x 107 s) = 6.28 x 10° rad/s.
(b) The maximum speed v,, and maximum displacement x,, are related by v,, = @, so

3
x, = LOOAO IS ) 59,0107 4y
@ 6.28x10" rad/s




3. (a) The amplitude is half the range of the displacement, or x,, = 1.0 mm.

(b) The maximum speed v, is related to the amplitude x,, by v,, = @x,,, where @ is the
angular frequency. Since @w= 27f, where fis the frequency,

v, =27 fx, =27 (120 Hz)(1.0x10” m)=0.75 mvs.

(c) The maximum acceleration is

m

a,=wx, =(27f) x, =(27(120 Hz))* (1.0x10™ m)=5.7x10" mys’.



4. (a) The acceleration amplitude is related to the maximum force by Newton’s second
law: Fmax = ma,,. The textbook notes (in the discussion immediately after Eq. 15-7) that
the acceleration amplitude is a,, = @x,,, where @ 1is the angular frequency (@= 27/ since
there are 2w radians in one cycle). The frequency is the reciprocal of the period: = 1/T =
1/0.20 = 5.0 Hz, so the angular frequency is @ = 10w (understood to be valid to two
significant figures). Therefore,

F,. =ma*x, =(0.12 kg)(10m rad / 5)(0.085 m) =10 N.

(b) Using Eq. 15-12, we obtain

a):\/E = k=ma"=(0.12kg)(10z rad/s)’ =1.2x10* N/m.
m



5. (a) During simple harmonic motion, the speed is (momentarily) zero when the object is
at a “turning point” (that is, when x = +x,, or x = —x,,). Consider that it starts at x = +x,,
and we are told that # = 0.25 second elapses until the object reaches x = —x,,. To execute a
full cycle of the motion (which takes a period 7 to complete), the object which started at x
= +x,, must return to x = +x,, (which, by symmetry, will occur 0.25 second after it was at
X =-Xy). Thus, T=2¢=0.50s.

(b) Frequency is simply the reciprocal of the period: f=1/T=2.0 Hz.

(c) The 36 cm distance between x = +x,, and x = —x,, is 2x,,. Thus, x,, = 36/2 = 18 cm.



6. (a) Since the problem gives the frequency /= 3.00 Hz, we have @ = 2nf = 67 rad/s
(understood to be valid to three significant figures). Each spring is considered to support
one fourth of the mass m.,, so that Eq. 15-12 leads to

w=|—*_ = k=1(1450kg)(67 radss)’ =1.29x10° N/m.
m, /4 4

(b) If the new mass being supported by the four springs is m = [1450 + 5(73)] kg =
1815 kg, then Eq. 15-12 leads to

=2.68Hz.

a)new: : fnew =
27\ (1815/4) ke

k 1 [1.29%10° N/m
mtotal /4



7. (a) The motion repeats every 0.500 s so the period must be 7= 0.500 s.
(b) The frequency is the reciprocal of the period: /= 1/7= 1/(0.500 s) = 2.00 Hz.
(c) The angular frequency wis w=2nf=2n(2.00 Hz) = 12.6 rad/s.

(d) The angular frequency is related to the spring constant & and the mass m by
o = \/k/m . We solve for k and obtain

k=ma’ = (0.500 kg)(12.6 rad/s)* = 79.0 N/m.
(e) Let x,, be the amplitude. The maximum speed is

Vi = @ = (12.6 rad/s)(0.350 m) = 4.40 m/s.

(f) The maximum force is exerted when the displacement is a maximum and its
magnitude is given by F,, = kx,, = (79.0 N/m)(0.350 m) = 27.6 N.



8. (a) The problem describes the time taken to execute one cycle of the motion. The
periodis 7=0.75s.

(b) Frequency is simply the reciprocal of the period: f = 1/T = 1.3 Hz, where the SI unit
abbreviation Hz stands for Hertz, which means a cycle-per-second.

(c) Since 2w radians are equivalent to a cycle, the angular frequency @ (in radians-per-
second) is related to frequency f by @w= 2nf'so that w= 8.4 rad/s.



9. The magnitude of the maximum acceleration is given by a,, = @fx,,, where @ is the
angular frequency and x,, is the amplitude.

(a) The angular frequency for which the maximum acceleration is g is given by
g/ x, ,and the corresponding frequency is given by

f==Z= 1 |28 ms 08 M _ 408 .
or 2r\x, 27 \1.0x10°m

(b) For frequencies greater than 498 Hz, the acceleration exceeds g for some part of the
motion.



10. We note (from the graph) that x,, = 6.00 cm. Also the value at =0 is x, = — 2.00 cm.
Then Eq. 15-3 leads to

¢=cos '(-2.00/6.00) = +1.91 rad or — 4.37 rad.

The other “root” (+4.37 rad) can be rejected on the grounds that it would lead to a
positive slope at £ = 0.



11. (a) Making sure our calculator is in radians mode, we find
T
x=6.0 005(315(2.0) +§) =3.0m.

(b) Differentiating with respect to time and evaluating at = 2.0 s, we find

v=%=—3n(6.0)sin(37z(2.0)+§j=—49 m/s

(c) Differentiating again, we obtain
a="=-(3n) (6.0)003(31t(2.0) +§j =-2.7x10* m/s>.

(d) In the second paragraph after Eq. 15-3, the textbook defines the phase of the motion.
In this case (with £ = 2.0 s) the phase is 37(2.0) + ©/3 = 20 rad.

(e) Comparing with Eq. 15-3, we see that @= 3 rad/s. Therefore, /= @/2m = 1.5 Hz.

() The period is the reciprocal of the frequency: 7= 1/f= 0.67 s.



12. We note (from the graph) that vy, = @, = 5.00 cm/s. Also the value at t = 0 is v, =
4.00 cm/s. Then Eq. 15-6 leads to

¢ = sin”'(— 4.00/5.00) = — 0.927 rad or +5.36 rad.

The other “root” (+4.07 rad) can be rejected on the grounds that it would lead to a
positive slope at £ = 0.



13. When displaced from equilibrium, the net force exerted by the springs is —2kx acting
in a direction so as to return the block to its equilibrium position (x = 0). Since the

acceleration a =d’x/dt’, Newton’s second law yields

d’x
dt*

m =2kx.

Substituting x = x,, cos(ax + @) and simplifying, we find

where @ is in radians per unit time. Since there are 2x radians in a cycle, and frequency f
measures cycles per second, we obtain

f:ﬂ:L 2k _ 1 w=39_6HZ,
2r 2z \'m 2w\ 0.245kg



14. The statement that “the spring does not affect the collision” justifies the use of elastic
collision formulas in section 10-5. We are told the period of SHM so that we can find the

mass of block 2:
2
T=2z|™ = m = —0.600 ke
k dr

At this point, the rebound speed of block 1 can be found from Eq. 10-30:

_0.200 kg -0.600 kg|

= (8.00 m/s) = 4.00 ms .
10.200 kg +0.600 kg|

’vlf’

This becomes the initial speed v, of the projectile motion of block 1. A variety of choices
for the positive axis directions are possible, and we choose left as the +x direction and
down as the +y direction, in this instance. With the “launch” angle being zero, Eq. 4-21
and Eq. 4-22 (with —g replaced with +g) lead to

X=X, =Vt =V, 2—h=(4.00rn/s) %
\/g \j .8m/s

Since x — xo = d, we arrive at d = 4.00 m.



15. (a) Eq. 15-8 leads to

_ 2
a=—-0'x = 0= 4 _ %=35.07 rad/s.
\ x VO.IOOm

Therefore, f= w/2n = 5.58 Hz.

(b) Eq. 15-12 provides a relation between @ (found in the previous part) and the mass:

a)z\/Z = m=—JOONM 355k,
m (35.07 rad/s)

(c) By energy conservation, L kx’ (the energy of the system at a turning point) is equal to
the sum of kinetic and potential energies at the time ¢ described in the problem.

lkxi =lmv2 Jrl/’oc2 =X, ZEVZ +x2.
2 2 2 k

Consequently, x, = \/(0.325 kg /400 N/m)(13.6 m/s)* +(0.100 m)* =0.400m.



16. From highest level to lowest level is twice the amplitude x,, of the motion. The period
is related to the angular frequency by Eq. 15-5. Thus, x, =+d and @= 0.503 rad/h. The

phase constant ¢ in Eq. 15-3 is zero since we start our clock when x, = x,, (at the highest
point). We solve for # when x is one-fourth of the total distance from highest to lowest
level, or (which is the same) half the distance from highest level to middle level (where
we locate the origin of coordinates). Thus, we seek ¢ when the ocean surface is at
x=3x, =4d. With x=x, cos(ax+¢), we obtain

%d:(%d]cos(0.503t+0) = %2005(0.5030

which has # = 2.08 h as the smallest positive root. The calculator is in radians mode
during this calculation.



17. The maximum force that can be exerted by the surface must be less than yFy or else
the block will not follow the surface in its motion. Here, p, is the coefficient of static
friction and Fly is the normal force exerted by the surface on the block. Since the block
does not accelerate vertically, we know that Fy = mg, where m is the mass of the block. If
the block follows the table and moves in simple harmonic motion, the magnitude of the
maximum force exerted on it is given by

F=ma,=max,= m(21tf)2xm,

where a,, is the magnitude of the maximum acceleration, @ is the angular frequency, and
f is the frequency. The relationship @ = 2mf was used to obtain the last form. We
substitute F = m(2nf)’x,, and Fy = mg into F < pFy to obtain m(2nf)*x,, < pymg. The
largest amplitude for which the block does not slip is

0.50)(9.8 m/s”
g 008 mIS) o

" (2nf)”  (2mx2.0 Hz)’

A larger amplitude requires a larger force at the end points of the motion. The surface
cannot supply the larger force and the block slips.



18. They pass each other at time ¢, at x, = x, =3 x,, where
x,=x,cos(wt+¢,) and x,=x, cos(wt+g,).

From this, we conclude that cos(awr + @,) = cos(awt + @,) =+, and therefore that the phases
(the arguments of the cosines) are either both equal to ©/3 or one is ®/3 while the other

1s —m/3. Also at this instant, we have v; = —v,* 0 where
v, =—x,osin(ot+¢,) and v,=-x @sin(at+g,).

This leads to sin(ax + ¢,) = — sin(ax + @,). This leads us to conclude that the phases have
opposite sign. Thus, one phase is 773 and the other phase is —z /3; the wt term cancels if
we take the phase difference, which is seen to be 7/3 — (-t /3) =27/3.



19. (a) Let

be the coordinate as a function of time for particle 2. Here 7 is the period. Note that since
the range of the motion is 4, the amplitudes are both 4/2. The arguments of the cosine
functions are in radians. Particle 1 is at one end of its path (x; = 4/2) when ¢ = 0. Particle
2 is at A/2 when 2nt/T + n/6 = 0 or t = —7/12. That is, particle 1 lags particle 2 by one-
twelfth a period. We want the coordinates of the particles 0.50 s later; that is, at = 0.50 s,

X, = écos(—27r><0.50 Sj =-0.254
2 5s
and
X, = A cos| X008 TN 434
2 1.5s 6

Their separation at that time is x; — x, = —0.254 + 0.434 = 0.184.

(b) The velocities of the particles are given by

Vi
dt T

dx, _TmA . (ZTCt]
= = n
T

and

n——+—|
6

v_dxz Esi (271:1‘ n)
*odt T

We evaluate these expressions for £ = 0.50 s and find they are both negative-valued,
indicating that the particles are moving in the same direction.



20. We note that the ratio of Eq. 15-6 and Eq. 15-3 is v/x = —atan(a¥ + ¢) where w=1.20
rad/s in this problem. Evaluating this at # = 0 and using the values from the graphs shown
in the problem, we find

¢=tan" (—vo/x,®) = tan~' (+4.00/(2 x 1.20)) =1.03 rad (or —5.25 rad).

One can check that the other “root” (4.17 rad) is unacceptable since it would give the
wrong signs for the individual values of v, and x,.



21. Both parts of this problem deal with the critical case when the maximum acceleration
becomes equal to that of free fall. The textbook notes (in the discussion immediately after
Eq. 15-7) that the acceleration amplitude is a,, = @', where @ is the angular frequency;
this is the expression we set equal to g = 9.8 m/s”.

(a) Using Eq. 15-5 and 7= 1.0 s, we have

2n)’ T’
(_nj xm=g:>xm=g >=025m.
T T

(b) Since w=2nf, and x,, = 0.050 m is given, we find

2zf)x,=g = =L & oo
2w\ x

m



22. Eq. 15-12 gives the angular velocity:

a):\/E: M =7.07rad/s.
m 2.00 kg

Energy methods (discussed in §15-4) provide one method of solution. Here, we use
trigonometric techniques based on Eq. 15-3 and Eq. 15-6.

(a) Dividing Eq. 15-6 by Eq. 15-3, we obtain

Y- —tan(ax + @)
X

so that the phase (@ + @) is found from

_1(—\/] » —-3.415m/s
ot+@¢=tan" | — |=tan .
wx (7.07 rad/s)(0.129 m)

With the calculator in radians mode, this gives the phase equal to —1.31 rad. Plugging this
back into Eq. 15-3 leads t00.129m =x,, cos(-1.31) = x,=0.500m.

(b) Since ax + ¢=—-1.31 rad at t = 1.00 s, we can use the above value of @to solve for the
phase constant ¢. We obtain ¢ = —8.38 rad (though this, as well as the previous result, can
have 2m or 41t (and so on) added to it without changing the physics of the situation). With
this value of ¢, we find x, = x,, cos ¢=—0.251 m.

(c) And we obtain v, = —x,,@sing = 3.06 m/s.



23. Let the spring constants be k; and k,. When displaced from equilibrium, the
magnitude of the net force exerted by the springs is |k;x + k, x| acting in a direction so as
to return the block to its equilibrium position (x = 0). Since the acceleration a = d*x/d",
Newton’s second law yields
d’x
dt’

m =—k,x—k,x.

Substituting x = x,, cos(a¥ + ¢) and simplifying, we find

where @ is in radians per unit time. Since there are 2x radians in a cycle, and frequency f
measures cycles per second, we obtain

The single springs each acting alone would produce simple harmonic motions of

frequency
flzL\/E:mHz, fzzl\/gzﬁ Hz,
27 \'m 2 \'m

respectively. Comparing these expressions, it is clear that

f=Af7+ £} =J(30 Hz)*+(45 Hz)* =54 Hz.



24. To be on the verge of slipping means that the force exerted on the smaller block (at
the point of maximum acceleration) is fmax = s mg. The textbook notes (in the discussion
immediately after Eq. 15-7) that the acceleration amplitude is a, =@'x,, where
w=./k/(m+ M) is the angular frequency (from Eq. 15-12). Therefore, using Newton’s

second law, we have

ma,, = {mg = ——x, = ll.g

m+M
which leads to

© = ug(m+M) (0.40)(9.8 m/s*)(1.8 kg +10 kg)

m =023 m=23 cm.
k 200 N/m




25. (a) We interpret the problem as asking for the equilibrium position; that is, the block
is gently lowered until forces balance (as opposed to being suddenly released and allowed
to oscillate). If the amount the spring is stretched is x, then we examine force-components
along the incline surface and find

_mgsin® (14.0 N)sin40.0°
k 120 N/m

kx=mgsinfd = x =0.0750 m

at equilibrium. The calculator is in degrees mode in the above calculation. The distance
from the top of the incline is therefore (0.450 + 0.75) m = 0.525 m.

(b) Just as with a vertical spring, the effect of gravity (or one of its components) is simply
to shift the equilibrium position; it does not change the characteristics (such as the period)
of simple harmonic motion. Thus, Eq. 15-13 applies, and we obtain

2
T:M\/m.o N/9.80 m/s 0,686 .

120 N/m



26. We wish to find the effective spring constant for the combination of springs shown in
the figure. We do this by finding the magnitude F' of the force exerted on the mass when
the total elongation of the springs is Ax. Then ke = F/Ax. Suppose the left-hand spring is
elongated by Ax, and the right-hand spring is elongated by Ax,. The left-hand spring
exerts a force of magnitude kAx, on the right-hand spring and the right-hand spring exerts
a force of magnitude kAx, on the left-hand spring. By Newton’s third law these must be
equal, so Ax, = Ax_. The two elongations must be the same and the total elongation is
twice the elongation of either spring: Ax = 2Ax,. The left-hand spring exerts a force on
the block and its magnitude is F=kAx,. Thus k, =kAx,/2Ax, =k/2 . The block
behaves as if it were subject to the force of a single spring, with spring constant 4/2. To
find the frequency of its motion replace kegrin f = (1/27),/k, / m with k/2 to obtain

1 k
S =i\

With m = 0.245 kg and £ = 6430 N/m, the frequency is f= 18.2 Hz.



27. When the block is at the end of its path and is momentarily stopped, its displacement
is equal to the amplitude and all the energy is potential in nature. If the spring potential
energy is taken to be zero when the block is at its equilibrium position, then

E=%kxi =%(1.3><102 N/m)(0.024 m)* =3.7x107 J.



28. (a) The energy at the turning point is all potential energy: E = L kx> where E = 1.00 J

and x,, = 0.100 m. Thus,

k=2 200 N/m.
X

m

(b) The energy as the block passes through the equilibrium position (with speed v,, = 1.20
m/s) is purely kinetic:
1, 2E
E=—mv, > m=—-=139 kg.
2

m

(c) Eq. 15-12 (divided by 2m) yields



29. The total energy is given by E=1kx’, where k is the spring constant and x,, is the

amplitude. We use the answer from part (b) to do part (a), so it is best to look at the
solution for part (b) first.

(a) The fraction of the energy that is kinetic is

where the result from part (b) has been used.

(b) When x =1 x, the potential energy is U =4 kx> = L kx_ . The ratio is

=0.25.

1
Tk /2 4

m

U_kx, /8
E

(c) Since E=1hkx’ and U = Lkx?, U/E = x*/x. . We solve x*/x’, = 1/2 for x. We should
get x=x, /2.



30. The total mechanical energy is equal to the (maximum) kinetic energy as it passes
through the equilibrium position (x = 0):

2m? =3(2.0 kg)(0.85 m/s)* = 0.72 J.

Looking at the graph in the problem, we see that U(x=10)=0.5 J. Since the potential
function has the form U(x)=hx", the constant is 5=5.0x10"J/cm*. Thus, U(x) = 0.72 ]
when x =12 cm.

(a) Thus, the mass does turn back before reaching x = 15 cm.

(b) It turns back at x =12 cm.



31. (a) Eq. 15-12 (divided by 27) yields

=L B _ 1 100N m ) ospy,
2n\m 2m\ 5.00 kg
(b) With x, = 0.500 m, we have U, = L kx; =1251.

(c) With v, = 10.0 m/s, the initial kinetic energy is K, =+mv; =25017.

(d) Since the total energy E = K, + U, = 375 ] is conserved, then consideration of the
energy at the turning point leads to

E=lkx; =X, = ,/2—E=o.866 m.
2 k



32. We infer from the graph (since mechanical energy is conserved) that the fofal energy
in the system is 6.0 J; we also note that the amplitude is apparently x,, = 12 cm = 0.12 m.
Therefore we can set the maximum potential energy equal to 6.0 J and solve for the
spring constant &:

Thx,'=60] = k=83x10*N/m.



33. The textbook notes (in the discussion immediately after Eq. 15-7) that the
acceleration amplitude is a,, = @x,,, where @is the angular frequency and x,, = 0.0020 m
is the amplitude. Thus, a,, = 8000 m/s* leads to @= 2000 rad/s. Using Newton’s second
law with m = 0.010 kg, we have

F=ma=m(~a,cos(@+@))=—(80 N)cos(ZOOOt —gj

where ¢ 1s understood to be in seconds.
(a) Eq. 15-5 gives T=2n/w=3.1 x 107 s.
(b) The relation v,, = @x, can be used to solve for v,, or we can pursue the alternate

(though related) approach of energy conservation. Here we choose the latter. By Eq. 15-
12, the spring constant is k = &’m = 40000 N/m. Then, energy conservation leads to

1

—kxi=lmvi = vaxm\/E=4.0m/s.
2 2 m

(c) The total energy is + kx> = Lmv2 =0.080 J.
(d) At the maximum displacement, the force acting on the particle is

F =kx=(4.0x10*N/m)(2.0x10~m)=80 N.
(e) At half of the maximum displacement, x=1.0 mm, and the force is

F =kx=(4.0x10*N/m)(1.0x10~m)=40 N.



34. We note that the ratio of Eq. 15-6 and Eq. 15-3 is v/x = —otan(w¢ + ¢) where ® is
given by Eq. 15-12. Since the kinetic energy is %mv2 and the potential energy is%kx2
(which may be conveniently written as %m(x)zxz) then the ratio of kinetic to potential

energy is simply
(v/x)*/@’ = tan*(ot + @),

which at 7= 0 is tan’¢. Since ¢ = 7/6 in this problem, then the ratio of kinetic to potential
energy at ¢ = 0 is tan’*(1/6) = 1/3.



35. The problem consists of two distinct parts: the completely inelastic collision (which is
assumed to occur instantaneously, the bullet embedding itself in the block before the
block moves through significant distance) followed by simple harmonic motion (of mass
m + M attached to a spring of spring constant k).

(a) Momentum conservation readily yields v' = mv/(m + M). With m =9.5 g, M = 5.4 kg
and v =630 m/s, we obtain v'=1.1 m/s.

(b) Since v” occurs at the equilibrium position, then v = v,, for the simple harmonic
motion. The relation v,, = ax,, can be used to solve for x,,, or we can pursue the alternate
(though related) approach of energy conservation. Here we choose the latter:

1 1 1 )2 1
—(m+M)(V) =k = S (m+M)—— =]
2 2 2 m+M) 2
which simplifies to
-3
Lo m (9.5x107°kg)(630 m/s) _33%10° m.

" Jk(m+M) (6000 N/m)(9.5x10 kg + 5.4kg)



36. We note that the spring constant is
k=4m’my/T*=1.97 x 10° N/m.

It is important to determine where in its simple harmonic motion (which “phase” of its
motion) block 2 is when the impact occurs. Since ® = 2n/T and the given value of ¢
(when the collision takes place) is one-fourth of 7, then ¢ = /2 and the location then of
block 2 is x = x,,cos(®t + ¢) where ¢ = /2 which gives x = x,,cos(t/2 + /2) = —x,,. This
means block 2 is at a turning point in its motion (and thus has zero speed right before the
impact occurs); this means, too, that the spring is stretched an amount of 1 cm = 0.01 m
at this moment. To calculate its after-collision speed (which will be the same as that of
block 1 right after the impact, since they stick together in the process) we use momentum
conservation and obtain v = (4.0 kg)(6.0 m/s)/(6.0 kg) = 4.0 m/s. Thus, at the end of the
impact itself (while block 1 is still at the same position as before the impact) the system
(consisting now of a total mass M = 6.0 kg) has kinetic energy

K=3(6.0 kg)(4.0 m/s)* =48 J

and potential energy

1

1
U= sk = 3(1.97 x 10’ N/m)(0.010 m)* = 10 J,

meaning the total mechanical energy in the system at this stage is approximately £ = K +
U =58 J. When the system reaches its new turning point (at the new amplitude X ) then

this amount must equal its (maximum) potential energy there: £ = %(l 97 x10° N/m) x>

wo PE_ [ 288D (m
k 1.97x10° N/m

Therefore, we find




37. (a) The object oscillates about its equilibrium point, where the downward force of
gravity is balanced by the upward force of the spring. If 7 is the elongation of the spring
at equilibrium, then k¢ = mg, where k is the spring constant and m is the mass of the
object. Thus k/m =g/¢ and

f=of2m=(2m)k/m = (1/2m)g/¢.

Now the equilibrium point is halfway between the points where the object is momentarily
at rest. One of these points is where the spring is unstretched and the other is the lowest
point, 10 cm below. Thus /=5.0cm = 0.050 m and

2
f:L 98 M”55
27\ 0.050 m

(b) Use conservation of energy. We take the zero of gravitational potential energy to be at
the initial position of the object, where the spring is unstretched. Then both the initial
potential and kinetic energies are zero. We take the y axis to be positive in the downward
direction and let y = 0.080 m. The potential energy when the object is at this point is

=1ky’ —mgy. The energy equation becomes 0 = L ky* —mgy +1mv*. We solve for the
speed:

2
:\/2gy—%y2 :\/Zgy—%yz :\/2(9.8111/32)(O.OSOm)—(Z'im/s }(O.OSOm)Z

50m

=0.56m/s

(c) Let m be the original mass and Am be the additional mass. The new angular frequency
is @’ =\/k/(m+ Am). This should be half the original angular frequency, or +./k/m . We

solve Ak /(m+Am) =%+Jk/m for m. Square both sides of the equation, then take the
reciprocal to obtain m + Am = 4m. This gives

m=Am/3 = (300 g)/3 =100 g = 0.100 kg.

(d) The equilibrium position is determined by the balancing of the gravitational and
spring forces: ky = (m + Am)g. Thus y = (m + Am)g/k. We will need to find the value of
the spring constant k. Use k = ma# = m(27 f)*. Then

(m+Am)g (0100 kg+0.300 kg )(9.80 m/s’)

= —/=0.200 m.
m(27f) (0.100 kg )(277x2.24 Hz)

This is measured from the initial position.



38. From Eq. 15-23 (in absolute value) we find the torsion constant:

T

o

_020N-m _ 53 N.mirad.

0.85 rad

With I = 2mR*/5 (the rotational inertia for a solid sphere — from Chapter 11), Eq. 15-23

leads to
2 mR> 2(95kg)(0.15 m)’
r=2m 2R g FO5ke)(01Sm) )
K 0.235 N-m/rad




39. (a) We take the angular displacement of the wheel to be 8= 6,, cos(2nt/T), where 6,
is the amplitude and T is the period. We differentiate with respect to time to find the
angular velocity: Q = —(2n/7)6,sin(2nt/T). The symbol € is used for the angular
velocity of the wheel so it is not confused with the angular frequency. The maximum
angular velocity is

7;’0'" = (2”)(” rad) =39.5 rad/s.

2
9= 0.500 s

(b) When €= /2, then 66, = 1/2, cos(2nt/T) = 1/2, and

sin(271/T) = \[1-cos® (271/T) = 1= (1/2)" =[3/2

where the trigonometric identity cos’@+ sin’6= 1 is used. Thus,

Q= _2_n0msin(2mj = —( 2n j(n rad) £ =-34.2 rad/s.
T T 0.500 s 2

During another portion of the cycle its angular speed is +34.2 rad/s when its angular
displacement is /2 rad.

(c) The angular acceleration is

2 2 2
a=2Y =_(2_7zj 6, cos(27rt/T)=—(2—”j 6.
T T

When 6= m/4,

2
az—( 27 j (2)2—124 rad/s?,
0.500 s 4

or |or|=124 rad/s’.



40. (a) Comparing the given expression to Eq. 15-3 (after changing notation x — &), we
see that @= 4.43 rad/s. Since w=+/g/L then we can solve for the length: L = 0.499 m.

(b) Since v, = ax,, = @LB,, = (4.43 rad/s)(0.499 m)(0.0800 rad) and m = 0.0600 kg, then
we can find the maximum kinetic energy: %mvm2 =9.40 x 1074].



41. (a) Referring to Sample Problem 15-5, we see that the distance between P and C is
h=%L—+L=+L. The parallel axis theorem (see Eq. 15-30) leads to

I=imL2 +mh? =(L+L)mL2 =lmL2.
12 12 36 9

2
Y A Py o A
mgh gL/6 3g

which yields 7= 1.64 s for L =1.00 m.

Eq. 15-29 then gives

(b) We note that this T is identical to that computed in Sample Problem 15-5. As far as
the characteristics of the periodic motion are concerned, the center of oscillation provides
a pivot which is equivalent to that chosen in the Sample Problem (pivot at the edge of the
stick).



42. We require

T=2m L, =2n L
\ g \ mgh

similar to the approach taken in part (b) of Sample Problem 15-5, but treating in our case

a more general possibility for /. Canceling 27w, squaring both sides, and canceling g leads
directly to the result; L, = I/mh.



43. (a) A uniform disk pivoted at its center has a rotational inertia of %Mrz, where M is

its mass and r is its radius. The disk of this problem rotates about a point that is displaced
from its center by r+ L, where L is the length of the rod, so, according to the parallel-axis

theorem, its rotational inertia is L Mr*>+1 M (L+r)*. The rod is pivoted at one end and

has a rotational inertia of mL2/3, where m is its mass. The total rotational inertia of the
disk and rod is

I:%Mr2 +M(L+r) +%mL2
:%(O.SOOkg)(O. 100m)* +(0.500kg)(0.500m +0.100m)’ +§(O.27Okg)(0.500m)2
=0.205kg-m’.

(b) We put the origin at the pivot. The center of mass of the disk is

l,=L+r=0.500 m+0.100 m=0.600 m

away and the center of mass of the rod is /, = L/2=(0.500 m)/2 =0.250 m away, on

the same line. The distance from the pivot point to the center of mass of the disk-rod
system is

g Ml +ml, (0.500 kg)(0.600 m)+(0.270 kg)(0.250 m)
M+m 0.500 kg+0.270 kg

=0.477 m.

(c) The period of oscillation is

2
T=2rx ;=2ﬂ' 0.205kg-m > =1.50s
(M + m)gd (0.500 kg +0.270 kg)(9.80 m/s*)(0.447 m)




44. We use Eq. 15-29 and the parallel-axis theorem I = I, + mh® where h = d, the
unknown. For a meter stick of mass m, the rotational inertia about its center of mass is /om
=mL*/12 where L =1.0 m. Thus, for 7= 2.5 s, we obtain

2 2 2
. mL* /12 + md . L +£.
mgd 12¢d g

Squaring both sides and solving for d leads to the quadratic formula:

g(T/2m) £\ dX(T/2m) - 12 /3
; .

d

Choosing the plus sign leads to an impossible value for d (d = 1.5 > L). If we choose the
minus sign, we obtain a physically meaningful result: d = 0.056 m.



45. We use Eq. 15-29 and the parallel-axis theorem 7 = I, + mh?* where h = d. For a solid
disk of mass m, the rotational inertia about its center of mass is /o = mR*/2. Therefore,

T=2rx 0.366 s.

mR* | 2+md’ _27[\/R2+2d2 _27[\/(2.35 cm)>+2(1.75 cm)® _

mgd 2gd 2(980 cm/s?)(1.75 cm)



46. To use Eq. 15-29 we need to locate the center of mass and we need to compute the
rotational inertia about 4. The center of mass of the stick shown horizontal in the figure is
at 4, and the center of mass of the other stick is 0.50 m below 4. The two sticks are of
equal mass so the center of mass of the system is £#=1(0.50 m)=0.25m below 4, as

shown in the figure. Now, the rotational inertia of the system is the sum of the rotational
inertia /; of the stick shown horizontal in the figure and the rotational inertia 7, of the
stick shown vertical. Thus, we have

I=1+1I, Lol =2 e
12 3 12

where L = 1.00 m and M is the mass of a meter stick (which cancels in the next step).
Now, with m = 2M (the total mass), Eq. 15-29 yields

oML ML =2n oL
2 Mgh 6g

where h = L/4 was used. Thus, 7= 1.83 s.



47. From Eq. 15-28, we find the length of the pendulum when the period is 7= 8.85 s:

_gr

L .
41?

The new length is L = L — d where d = 0.350 m. The new period is

] 2
T'=271 £:275 £—£:2n Tz—z
\ g Vg ¢ 47> ¢

which yields 77 = 8.77 s.




48. (a) The rotational inertia of a uniform rod with pivot point at its end is / = mL*/12 +
mL? = 1/3ML?. Therefore, Eq. 15-29 leads to

ML _ 3 eT?
Mg (L/2) 87

=2r
so that L =0.84 m.
(b) By energy conservation

E = K, =U

end of swing m m

E bottom of swing =
where U = Mg/(1—cos 8) with ¢ being the distance from the axis of rotation to the center
of mass. If we use the small angle approximation (cos@=1-16" with @ in radians
(Appendix E)), we obtain

U, =(0.5kg)(9.8 mﬁ&j@ej)

where 6, = 0.17 rad. Thus, K, = U, = 0.031 J. If we calculate (1 — cosé)
straightforwardly (without using the small angle approximation) then we obtain within
0.3% of the same answer.



49. This is similar to the situation treated in Sample Problem 15-5, except that O is no
longer at the end of the stick. Referring to the center of mass as C (assumed to be the
geometric center of the stick), we see that the distance between O and C is & = x. The
parallel axis theorem (see Eq. 15-30) leads to

12 12

r 2 2 2
r=am -1 =2n1/(12+x)=2n‘/M.
mgh gx 12gx

(a) Minimizing 7T by graphing (or special calculator functions) is straightforward, but the
standard calculus method (setting the derivative equal to zero and solving) is somewhat
awkward. We pursue the calculus method but choose to work with 12g7%/2m instead of T
(it should be clear that 12g7%/2m is a minimum whenever 7 is a minimum). The result is

d(lZgTz)

2

1 I
I =—ml* +mh® =m(—+x2).

Eq. 15-29 gives

d(£+12x 2
=0= ( ):—%+12
dx dx X

which yields x=L/ J12 =(1.85 m)/ J12=0.53 m as the value of x which should produce
the smallest possible value of 7.

(b) With L = 1.85 m and x = 0.53 m, we obtain 7= 2.1 s from the expression derived in
part (a).



50. Consider that the length of the spring as shown in the figure (with one of the block’s
corners lying directly above the block’s center) is some value L (its rest length). If the
(constant) distance between the block’s center and the point on the wall where the spring
attaches is a distance 7, then rcos@ = dA[2 and rcos@ = L defines the angle #measured
from a line on the block drawn from the center to the top corner to the line of  (a straight
line from the center of the block to the point of attachment of the spring on the wall). In
terms of this angle, then, the problem asks us to consider the dynamics that results from
increasing @ from its original value 6, to &, + 3° and then releasing the system and letting
it oscillate. If the new (stretched) length of spring is L’ (when 8 = 6, + 3°), then it is a
straightforward trigonometric exercise to show that

(L) =+ (dR[2)* = 21(dR]2 Yeos(6, + 3°) = L* + d* — d*cos(3°)+ 2 Ldsin(3°) .

since @, = 45°. The difference between L’ (as determined by this expression) and the
original spring length L is the amount the spring has been stretched (denoted here as x,,).
If one plots x,, versus L over a range that seems reasonable considering the figure shown
in the problem (say, from L = 0.03 m to L = 0.10 m) one quickly sees that x,, = 0.00222 m
is an excellent approximation (and is very close to what one would get by approximating
xn as the arc length of the path made by that upper block corner as the block is turned
through 3°, even though this latter procedure should in principle overestimate x,,). Using

this value of x,, with the given spring constant leads to a potential energy of U = %k X =

0.00296 J. Setting this equal to the kinetic energy the block has as it passes back through
the initial position, we have

K=0.00296 ] = 1 I o,

where ,, is the maximum angular speed of the block (and is not to be confused with the
angular frequency ® of the oscillation, though they are related by @, = 6,w if 6, is

expressed in radians). The rotational inertia of the block is / Z%Mdz = 0.0018 kg'm®.

Thus, we can solve the above relation for the maximum angular speed of the block:

=1.81rad/s.

o - [2K _ [20.00296 1)
" N1 \0.0018kg m’

Therefore the angular frequency of the oscillation is @ = @,/6, = 34.6 rad/s. Using Eq.
15-5, then, the period is 7= 0.18 s.



51. If the torque exerted by the spring on the rod is proportional to the angle of rotation of
the rod and if the torque tends to pull the rod toward its equilibrium orientation, then the
rod will oscillate in simple harmonic motion. If 7=—-C8, where 7is the torque, & 1is the
angle of rotation, and C is a constant of proportionality, then the angular frequency of
oscillation is @ =+/C/ I and the period is

T=2n/w=2n1/C,

where / is the rotational inertia of the rod. The plan is to find the torque as a function of 8
and identify the constant C in terms of given quantities. This immediately gives the
period in terms of given quantities. Let /,, be the distance from the pivot point to the wall.
This is also the equilibrium length of the spring. Suppose the rod turns through the angle
6, with the left end moving away from the wall. This end is now (L/2) sin @ further from
the wall and has moved a distance (L/2)(1 — cos 6) to the right. The length of the spring is
now

0=J(L/2)*(1=cos ) +[(, +(L/2)sin O] .

If the angle @1is small we may approximate cos dwith 1 and sin & with &in radians. Then
the length of the spring is given by ¢ =/, +L6@/2 and its elongation is Ax = L&2. The

force it exerts on the rod has magnitude F = kAx = kL@2. Since € is small we may
approximate the torque exerted by the spring on the rod by 7= —FL/2, where the pivot
point was taken as the origin. Thus 7= —(kL*/4)6. The constant of proportionality C that
relates the torque and angle of rotation is C = kL*/4. The rotational inertia for a rod
pivoted at its center is / = mL*/12, where m is its mass. See Table 10-2. Thus the period

of oscillation is
2
T= 275\/z =27 M =
C kL /4

With m = 0.600 kg and £ = 1850 N/m, we obtain 7= 0.0653 s.



52. (a) For the “physical pendulum” we have

I Lo+ mh*
T_zrr\/m:h =2 N mgh

If we substitute » for 4 and use item (i) in Table 10-2, we have

2 2
T=2—ﬂ- a7 b +r
Je V 12r

In the figure below, we plot T as a function of 7, for a = 0.35 m and b = 0.45 m.

T
254
2
1.5
14

0.5

(b) The minimum of T can be located by setting its derivative to zero, d7 /dr=0. This
yields

2 2 2 2
r:\/a +b :\/(0.35 m)’ +04sm)’ _ o
12 12

(c) The direction from the center does not matter, so the locus of points is a circle around
the center, of radius [(a® + b%)/12]"2.



53. Replacing x and v in Eq. 15-3 and Eq. 15-6 with @and d@/dt, respectively, we identify
4.44 rad/s as the angular frequency ®. Then we evaluate the expressions at t = 0 and
divide the second by the first:

(de/dtj o
0 att=0_ —a)an¢.

(a) The value of fat ¢ =0 is 0.0400 rad, and the value of d0/dt then is —0.200 rad/s, so we
are able to solve for the phase constant:

¢ = tan~'[0.200/(0.0400 x 4.44)] = 0.845 rad.

(b) Once ¢is determined we can plug back in to €, = 6,cos0 to solve for the angular
amplitude. We find 6,, = 0.0602 rad.



54. We note that the initial angle is 8, = 7° = 0.122 rad (though it turns out this value will
cancel in later calculations). If we approximate the initial stretch of the spring as the arc-
length that the corresponding point on the plate has moved through (x = 70, where r =

0.025 m) then the initial potential energy is approximately %kxz = 0.0093 J. This should
equal to the kinetic energy of the plate (%I o, where this ®,, is the maximum angular

speed of the plate, not the angular frequency ®). Noting that the maximum angular speed
of the plate is ®,,= 00, where ® = 21t/T with 7= 20 ms = 0.02 s as determined from the

graph, then we can find the rotational inertial from % I ,” = 0.0093 J. Thus,
I=13x10" kg-m’.



55. (a) The period of the pendulum is given by 7'=2n./// mgd , where [ is its rotational

inertia, m = 22.1 g is its mass, and d is the distance from the center of mass to the pivot
point. The rotational inertia of a rod pivoted at its center is mL*/12 with L = 2.20 m.
According to the parallel-axis theorem, its rotational inertia when it is pivoted a distance
d from the center is I = mL*/12 + md". Thus,

=27

2 2 2 2
T—om m(L" /12+d") L +12d .
mgd 12gd

Minimizing 7 with respect to d, d7/d(d)=0, we obtain d=L/+12 . Therefore, the
minimum period 7'is

2 2
I o > +12(L/12) g 2L, [ 2020m)
12g(L//12) J12(9.80 m/s?)

6s.

Ji2g

(b) If d is chosen to minimize the period, then as L is increased the period will increase as
well.

(c) The period does not depend on the mass of the pendulum, so 7" does not change when
m increases.



56. The table of moments of inertia in Chapter 11, plus the parallel axis theorem found in
that chapter, leads to

Ip= 3 MR*+ MK* = 3(2.5kg)(0.21 m)* + (2.5 kg)(0.97 m)* = 2.41 kg'm?

where P is the hinge pin shown in the figure (the point of support for the physical
pendulum), which is a distance 7 =0.21 m + 0.76 m away from the center of the disk.

(a) Without the torsion spring connected, the period is

_ I _
T=2m Mgh—2.005 .

(b) Now we have two “restoring torques” acting in tandem to pull the pendulum back to
the vertical position when it is displaced. The magnitude of the torque-sum is (Mgh +
K6 = Ip o, where the small angle approximation (sinf= € in radians) and Newton’s
second law (for rotational dynamics) have been used. Making the appropriate adjustment

to the period formula, we have
,_ Ip
=27\ Mgh + x -

The problem statement requires 7 = 7°+ 0.50 s. Thus, 77 = (2.00 — 0.50)s = 1.50 s.
Consequently,

47
K= FIP—Mth 18.5 N'm/rad .



57. (a) We want to solve e "™ = 1/3 for t. We take the natural logarithm of both sides to

obtain —bt/2m = In(1/3). Therefore, t = —(2m/b) In(1/3) = (2m/b) In 3. Thus,

= 250ke) | o143

0230 kg/s

(b) The angular frequency is

=231rad/s.

=
m 4m

o |k _ 0 _ [800N/m (0230kg/s)
150kg  4(1.50kg)’

The period is T=2n/@ = (2m)/(2.31 rad/s) = 2.72 s and the number of oscillations is

4T =(14.3 s)/(2.72 s) = 5.27.



58. Referring to the numbers in Sample Problem 15-7, we have m = 0.25 kg, b = 0.070
kg/s and T'= 0.34 s. Thus, when ¢ = 207, the damping factor becomes

o t2m _ ,~(0:070)(20)(034)2(025) _ 3¢



59. Since the energy is proportional to the amplitude squared (see Eq. 15-21), we find the
fractional change (assumed small) is

E'-E dE _ dx’ _ 2x,dx, _y dx,
E E x X’ X,

m m m

Thus, if we approximate the fractional change in x,, as dx,/x,, then the above calculation
shows that multiplying this by 2 should give the fractional energy change. Therefore, if
X decreases by 3%, then £ must decrease by 6.0 %.



60. (a) From Hooke’s law, we have

500 kg)(9.8 m/s?
( g)( > ):4.9><102N/cm.
10cm

(b) The amplitude decreasing by 50% during one period of the motion implies

_ 21
e PP = — where T==—.

wl

Since the problem asks us to estimate, we let @’ = w =+/k/ m. That is, we let

= w =~99rad/s,
500kg

so that 7' = 0.63 s. Taking the (natural) log of both sides of the above equation, and
rearranging, we find

2(500k
p= 2y - 2000 ke)

———2(0.69) = 1.1x10° kg/s.
T 0.63s

Note: if one worries about the @ = @ approximation, it is quite possible (though messy)
to use Eq. 15-43 in its full form and solve for . The result would be (quoting more
figures than are significant)

p=—202VmK 086 ke s
J(In2)* +4n?

which is in good agreement with the value gotten “the easy way” above.



61. (a) We set @ = @, and find that the given expression reduces to x, = F,/bw at
resonance.

(b) In the discussion immediately after Eq. 15-6, the book introduces the velocity
amplitude v,, = ax,,. Thus, at resonance, we have v,, = @F,/bw= F,/b.



62. With o = 27/T then Eq. 15-28 can be used to calculate the angular frequencies for the
given pendulums. For the given range of 2.00 < ® < 4.00 (in rad/s), we find only two of
the given pendulums have appropriate values of ®: pendulum (d) with length of 0.80 m
(for which ® = 3.5 rad/s) and pendulum (e) with length of 1.2 m (for which ® = 2.86
rad/s).



63. With M = 1000 kg and m = 82 kg, we adapt Eq. 15-12 to this situation by writing

27 k
w=—= .
T M +4m

If d = 4.0 m is the distance traveled (at constant car speed v) between impulses, then we
may write 7 = v/d, in which case the above equation may be solved for the spring
constant:

2
27v_ |_k :>k:(M+4m)(?j.

d M+4m

Before the people got out, the equilibrium compression is x; = (M + 4m)g/k, and
afterward it is x, = Mg/k. Therefore, with v = 16000/3600 = 4.44 m/s, we find the rise of
the car body on its suspension is

4 4 2
X=X, = e T8 ( d ) =0.050 m.
k M+4m\ 2ny




64. Its total mechanical energy is equal to its maximum potential energy %kxmz, and its

potential energy at t = 0 is %/’cxo2 where x, = x,cos(t/5) in this problem. The ratio is

therefore cos*(1/5) = 0.655 = 65.5%.



65. (a) From the graph, we find x,, = 7.0 cm = 0.070 m, and 7 = 40 ms = 0.040 s. Thus,
the angular frequency is ® = 2n/7T' = 157 rad/s. Using m = 0.020 kg, the maximum kinetic

. 1 1
energy is then Emv2 = 5m o x, =121,

(b) Using Eq. 15-5, we have /= w/2r = 50 oscillations per second. Of course, Eq. 15-2
can also be used for this.



66. (a) From the graph we see that x,, = 7.0 cm = 0.070 m and 7= 40 ms = 0.040 s. The
maximum speed is x,,® = x,27t/T =11 m/s.

(b) The maximum acceleration is x,,®" = x,,(2/T)* = 1.7 x 10° m/s”.



67. Setting 15 mJ (0.015 J) equal to the maximum kinetic energy leads to vmax = 0.387

m/s. Then one can use either an “exact” approach using Vi = \/ 2gL(1 — cos(0,ax)) OF the
“SHM” approach where

Vmax — L(l)max = Lwemax =L \/g/L emax

to find L. Both approaches lead to L = 1.53 m.



68. Since @ = 2nf' where f'= 2.2 Hz, we find that the angular frequency is @= 13.8 rad/s.
Thus, with x = 0.010 m, the acceleration amplitude is a,, = x,, ®* = 1.91 m/s*. We set up

a ratio:
a 1.91
=2 |lg=|——|g=0.19g.
a, (g]g (9.8 jg g



69. (a) Assume the bullet becomes embedded and moves with the block before the block
moves a significant distance. Then the momentum of the bullet-block system is
conserved during the collision. Let m be the mass of the bullet, M be the mass of the
block, vy be the initial speed of the bullet, and v be the final speed of the block and bullet.
Conservation of momentum yields mvy = (m + M)v, so

_ my, _ (0.050 kg)(150 m/s)

y= = =1.85m/s.
m+M 0.050 kg+4.0 kg

When the block is in its initial position the spring and gravitational forces balance, so the
spring is elongated by Mg/k. After the collision, however, the block oscillates with simple
harmonic motion about the point where the spring and gravitational forces balance with
the bullet embedded. At this point the spring is elongated a distance /= (M +m)g/k,
somewhat different from the initial elongation. Mechanical energy is conserved during
the oscillation. At the initial position, just after the bullet is embedded, the kinetic energy
is 1 (M +m)v* and the elastic potential energy is +k(Mg/k)*. We take the gravitational
potential energy to be zero at this point. When the block and bullet reach the highest
point in their motion the kinetic energy is zero. The block is then a distance y,, above the
position where the spring and gravitational forces balance. Note that y,, is the amplitude
of the motion. The spring is compressed by y, —/, so the elastic potential energy is

L1k(y, —¢)" . The gravitational potential energy is (M + m)gy,. Conservation of
mechanical energy yields
Mg

2
%(MJr m)v’ +%k(7j = %k(ym —E)z +(M+m)gy,,.

We substitute ¢ = (M +m)g/ k. Algebraic manipulation leads to

2 2
S (T v

2
0.050 ke +4.0 ke)(1.85m/s)’ (0.050 kg)(9.8 m /s
yl g+40kg)l85m/s) _( ) . ) [2(4.0 kg)+0.050 ke]
500 N/m (500 N/ m)

=0.166 m.

(b) The original energy of the bullet is E, = +mv; =1(0.050 kg)(150 m/s)* =563 J. The
kinetic energy of the bullet-block system just after the collision is

E= %(m M) = %(0.050 kg +4.0 kg)(1.85 m /s)> = 6.94 .

Since the block does not move significantly during the collision, the elastic and
gravitational potential energies do not change. Thus, E is the energy that is transferred.
The ratio is

E/Ey=(6.941)/(563 J) =0.0123 or 1.23%.



70. (a) We note that

0 =\/k/m =\/1500/0.055 = 165.1 rad/s.

We consider the most direct path in each part of this problem. That is, we consider in
part (a) the motion directly from x; = +0.800x,, attime?# to x,=+0.600x, attime t,
(as opposed to, say, the block moving from x; = +0.800x,, through x = +0.600x,,, through
x = 0, reaching x = —x,, and after returning back through x = 0 then getting to x, =
+0.600x,). Eq. 15-3 leads to

ot + ¢ = cos'(0.800) = 0.6435 rad

o+ 0 = cos (0.600) = 0.9272 rad .
Subtracting the first of these equations from the second leads to

o(thL—t) = 0.9272 - 0.6435=0.2838 rad .

Using the value for ® computed earlier, we find ©,—# =1.72 X 1073s.

(b) Let #; be when the block reaches x = —0.800x,, in the direct sense discussed above.
Then the reasoning used in part (a) leads here to

o(t— 1) = (2.4981 —0.6435) rad = 1.8546 rad

andthusto ,— £, = 11.2x 107 s.



71. (a) The problem gives the frequency = 440 Hz, where the SI unit abbreviation Hz
stands for Hertz, which means a cycle-per-second. The angular frequency @ is similar to
frequency except that @ is in radians-per-second. Recalling that 2rt radians are equivalent
to a cycle, we have @=2mf~ 2.8x10° rad/s.

(b) In the discussion immediately after Eq. 15-6, the book introduces the velocity
amplitude v,, = ax,,. With x,, = 0.00075 m and the above value for @, this expression
yields v,, = 2.1 m/s.

(c) In the discussion immediately after Eq. 15-7, the book introduces the acceleration

amplitude a,, = @x,,, which (if the more precise value @= 2765 rad/s is used) yields a,, =
5.7 km/s.



72. (a) The textbook notes (in the discussion immediately after Eq. 15-7) that the
acceleration amplitude is a,, = &'x,,, where @ is the angular frequency (@ = 27 f since
there are 27 radians in one cycle). Therefore, in this circumstance, we obtain

a,, =(2m(1000 Hz))2(0.00040 m)=1.6x10" m/s’.

(b) Similarly, in the discussion after Eq. 15-6, we find v,, = ax,, so that

v, = (21(1000 Hz))(0.00040 m)=2.5 m/s.
(c) From Eq. 15-8, we have (in absolute value)
la|= (2m(1000 Hz))’ (0.00020 m)=7.9%10° m/s’.

(d) This can be approached with the energy methods of §15-4, but here we will use
trigonometric relations along with Eq. 15-3 and Eq. 15-6. Thus, allowing for both roots
stemming from the square root,

sin(a)t+¢)=i\/1—cosz(a)t+¢) = ———=x|1-

§<~| =

Taking absolute values and simplifying, we obtain

|v|=27 £ /x> —x* =272(1000)+/0.00040* —0.00020> =2.2 m/s.



73. (a) The rotational inertia is / = L MR* = 1(3.00 kg)(0.700 m)* = 0.735 kg-m”.
(b) Using Eq. 15-22 (in absolute value), we find

=L Q0000 Nm _ ) 00 46 N mrad.
[ 2.5 rad

(c) Using Eq. 15-5, Eq. 15-23 leads to

= E:szmm radss.

I 0.735kg-m’



74. (a) We use Eq. 15-29 and the parallel-axis theorem I = Iy, + mh*> where h =R = 0.126
m. For a solid disk of mass m, the rotational inertia about its center of mass is Iom = mR*/2.

Therefore,
2 2
r=og [MR2EmRE o0 3R 08738,
mgR 2g

(b) We seek a value of » # R such that

2 2
o | B2 o PR
2gr 2g

and are led to the quadratic formula:

3R+,/(3R)’ -8R’ R
= =R or —.
4 2

r

Thus, our result is » = 0.126/2 = 0.0630 m.



75. (a) The frequency for small amplitude oscillations is f'=(1/2m),/g/ L, where L is
the length of the pendulum. This gives

f=(1/2m),/(9.80 m/s?)/(2.0 m) = 0.35 Hz.

(b) The forces acting on the pendulum are the tension force T of the rod and the force of
gravity mg. Newton’s second law yields 7+ mg = ma, where m is the mass and d is the
acceleration of the pendulum. Let @ = a, +a’, where a, is the acceleration of the elevator
and @’ is the acceleration of the pendulum relative to the elevator. Newton’s second law
can then be written m(g—ﬁe)+f = ma’ . Relative to the elevator the motion is exactly
the same as it would be in an inertial frame where the acceleration due to gravity is g—a, .
Since g and a, are along the same line and in opposite directions we can find the
frequency for small amplitude oscillations by replacing g with g + a. in the expression

f=(0/2m)/g/L.Thus

f= =0.39 Hz.

1 [g+a, _ 1 [98m/s’+2.0m/s’
2n VL 2n

o 2.0m

(c) Now the acceleration due to gravity and the acceleration of the elevator are in the
same direction and have the same magnitude. That is, g—a, =0. To find the frequency

for small amplitude oscillations, replace g with zero in f=(1/2n),/g/ L. The result is
zero. The pendulum does not oscillate.



76. Since the particle has zero speed (momentarily) at x # 0, then it must be at its turning
point; thus, x, = x,, = 0.37 cm. It is straightforward to infer from this that the phase
constant ¢ in Eq. 15-2 is zero. Also, f=0.25 Hz is given, so we have w= 2ntf = 1/2 rad/s.
The variable ¢ is understood to take values in seconds.

(a) The periodis 7= 1/f=4.0s.

(b) As noted above, w= /2 rad/s.

(c) The amplitude, as observed above, is 0.37 cm.

(d) Eq. 15-3 becomes x = (0.37 cm) cos(7tt/2).

(e) The derivative of x is v =—(0.37 cm/s)(1/2) sin(nt#/2) = (—0.58 cm/s) sin(7t#/2).

(f) From the previous part, we conclude v,, = 0.58 cm/s.

(g) The acceleration-amplitude is a,, = @fx,, = 0.91 cm/s”.

(h) Making sure our calculator is in radians mode, we find x = (0.37) cos(n(3.0)/2) = 0. It
1s important to avoid rounding off the value of & in order to get precisely zero, here.

(1) With our calculator still in radians mode, we obtain v = —(0.58 cm/s)sin(1(3.0)/2) =
0.58 cm/s.



77. Since T = 0.500 s, we note that w = 2n/T = 4r rad/s. We work with SI units, so m =
0.0500 kg and v,, = 0.150 m/s.

(a) Since @ =+/k/ m, the spring constant is
k = @*m = (47 rad/s)’ (0.0500 kg) = 7.90 N/m,

(b) We use the relation v,, = x,,@ and obtain

w 4

(c) The frequency is f= @/2n = 2.00 Hz (which is equivalent to f= 1/T).



78. (a) Hooke’s law readily yields (0.300 kg)(9.8 m/s*)/(0.0200 m) = 147 N/m.

(b) With m = 2.00 kg, the period is

T= 211:\/% =0.733s.



79. Using Am =2.0 kg, T =2.0 s and 7, = 3.0 s, we write

f A
I, =2mn 2 and T,=2mn mram.
k k

Dividing one relation by the other, we obtain

I _ [m+Am
1, m
. . . . Am
which (after squaring both sides) simplifies to m=———=1.6

(/T -1

kg.



80. (a) Comparing with Eq. 15-3, we see @w= 10 rad/s in this problem. Thus, /= @/2n =
1.6 Hz.

(b) Since v, = @x,, and x,, = 10 cm (see Eq. 15-3), then v,, = (10 rad/s)(10 cm) = 100 cm/s
or 1.0 m/s.

(c) The maximum occurs at ¢ = 0.
(d) Since a,, = @'x,, then v,, = (10 rad/s)*(10 cm) = 1000 cm/s” or 10 m/s”.
(e) The acceleration extremes occur at the displacement extremes: x = +x,, or x = +10 cm.

(f) Using Eq. 15-12, we find
k 2
w=,—=k=(0.10kg)(10rad/s)" =10 N/ m.
m

Thus, Hooke’s law gives F' = —kx = —10x in SI units.



81. (a) We require U = 4 E at some value of x. Using Eq. 15-21, this becomes

L =l(l/oc;j:sx=x—m.
2 202 V2

We compare the given expression x as a function of ¢ with Eq. 15-3 and find x,, = 5.0 m.
Thus, the value of x we seek is x =5.0/+/2 =3.5m.

(b) We solve the given expression (with x = 5.0 /+/2), making sure our calculator is in
radians mode:

n 3 4 1
t=—+—cos | — [=1.54 s.
4 1 (ﬁ)

Since we are asked for the interval 7., — t where #q specifies the instant the particle passes
through the equilibrium position, then we set x = 0 and find

by = % Jr%cos1 (0)=2.29s.

Consequently, the time interval is foq — = 0.75 s.



82. The distance from the relaxed position of the bottom end of the spring to its
equilibrium position when the body is attached is given by Hooke’s law:

Ax = F/k = (0.20 kg)(9.8 m/s%)/(19 N/m) = 0.103 m.
(a) The body, once released, will not only fall through the Ax distance but continue
through the equilibrium position to a “turning point” equally far on the other side. Thus,

the total descent of the body is 2Ax = 0.21 m.

(b) Since f= w'2x, Eq. 15-12 leads to

sz\/Z: 1.6 Hz.
2w \'m

(c) The maximum distance from the equilibrium position is the amplitude: x,, = Ax = 0.10
m.



83. We use v, = ax, = 2mfx,, where the frequency is 180/(60 s) = 3.0 Hz and the
amplitude is half the stroke, or x,, = 0.38 m. Thus,

V= 27(3.0 Hz)(0.38 m) = 7.2 m/s.



84. (a) The rotational inertia of a hoop is / = mR?, and the energy of the system becomes
1 1
E=—10"+—kx*
2 2

and @is in radians. We note that r@= v (where v = dx/dt). Thus, the energy becomes

2
E :l(mR ]vz +%kx2

20 2

which looks like the energy of the simple harmonic oscillator discussed in §15-4 if we
identify the mass m in that section with the term mR*/r* appearing in this problem.
Making this identification, Eq. 15-12 yields

k r\F
W= |——=—,]—-
mR* /" R\m
(b) If » = R the result of part (a) reduces to w =+/k/m.

(c) And if » = 0 then w= 0 (the spring exerts no restoring torque on the wheel so that it is
not brought back towards its equilibrium position).



85. (a) Hooke’s law readily yields
k= (15 kg)(9.8 m/s*)/(0.12 m) = 1225 N/m.
Rounding to three significant figures, the spring constant is therefore 1.23 kN/m.
(b) We are told /= 2.00 Hz = 2.00 cycles/sec. Since a cycle is equivalent to 21 radians,

we have @ = 2m(2.00) = 4n rad/s (understood to be valid to three significant figures).
Using Eq. 15-12, we find

w:\/E = m=122 N 6kg
m (47 rad/s)

Consequently, the weight of the package is mg = 76.0 N.



86. (a) First consider a single spring with spring constant £ and unstretched length L. One
end is attached to a wall and the other is attached to an object. If it is elongated by Ax the
magnitude of the force it exerts on the object is /' = k Ax. Now consider it to be two
springs, with spring constants k; and k,, arranged so spring 1 is attached to the object. If
spring 1 is elongated by Ax; then the magnitude of the force exerted on the object is F' =
ki Ax,. This must be the same as the force of the single spring, so k Ax = k; Ax;. We must
determine the relationship between Ax and Ax;. The springs are uniform so equal
unstretched lengths are elongated by the same amount and the elongation of any portion
of the spring is proportional to its unstretched length. This means spring 1 is elongated by
Ax; = CL; and spring 2 is elongated by Ax, = CL,, where C is a constant of
proportionality. The total elongation is

Ax=Ax; +Ax; =C(Ly + Ly) = CLy(n + 1),

where L; = nL, was used to obtain the last form. Since L, = Li/n, this can also be written
Ax = CLy(n + 1)/n. We substitute Ax; = CL; and Ax = CLy(n + 1)/n into k Ax = k; Ax, and
solve for k;. With £ = 8600 N/m and n = L/L, = 0.70, we obtain

k, =(”—+1Jk=(%j (8600 N/m)=20886 N/m ~2.1x10*N/m
n .

(b) Now suppose the object is placed at the other end of the composite spring, so spring 2
exerts a force on it. Now k& Ax = ky Axp;. We use Ax; = CL; and Ax = CLy(n + 1), then
solve for ky. The result is ky = k(n + 1).

k, =(n+1)k =(0.70+1.0)(8600 N/m)=14620 N/m =1.5x10*N/m

(¢) To find the frequency when spring 1 is attached to mass m, we replace k in
(1/2m)yJk/ m with k(n + 1)/n. With f = (1/27)y/k/ m , we obtain, for /=200 Hzand n =

0.70

oL (n+1)k:\/n+1f:\/0.70+1.0(200 Hz)=3.1x10° Ho.
2r nm n 0.70

(d) To find the frequency when spring 2 is attached to the mass, we replace k with k(n + 1)
to obtain

P (n+1)k

27 m

=n+ = RAVE Z)=2.0X Z.
Jn+1£=+0.70+1.0(200 Hz)=2.6x10°H



87. The magnitude of the downhill component of the gravitational force acting on each
ore car is

w, = (10000 kg)(9.8 m/s*)sin

where € = 30° (and it is important to have the calculator in degrees mode during this
problem). We are told that a downhill pull of 3@, causes the cable to stretch x = 0.15 m.
Since the cable is expected to obey Hooke’s law, its spring constant is

3w,

k= =9.8x10° N/m.

X

(a) Noting that the oscillating mass is that of rwo of the cars, we apply Eq. 15-12 (divided
by 2m).
w 1 [k 1 [9.8x10° N/m

2 2 \m 2&w 20000 kg

(b) The difference between the equilibrium positions of the end of the cable when
supporting two as opposed to three cars is

_ 3w, 2w

Ax =~=0.050 m.



88. Since the centripetal acceleration is horizontal and Earth’s gravitational g is
downward, we can define the magnitude of an “effective” gravitational acceleration using

the Pythagorean theorem:
g, = Jgi+(V /R).

Then, since frequency is the reciprocal of the period, Eq. 15-28 leads to

pod [gr o1 Nete R
2n\ L 2m L '

With v =70 m/s, R = 50m, and L = 0.20 m, we have f=3.5s"'=3.5 Hz.



89. (a) The spring stretches until the magnitude of its upward force on the block equals
the magnitude of the downward force of gravity: ky = mg, where y = 0.096 m is the
elongation of the spring at equilibrium, & is the spring constant, and m = 1.3 kg is the
mass of the block. Thus

k= mgly = (1.3 kg)(9.8 m/s*)/(0.096 m) = 1.33 x10* N/m.

(b) The period is given by

T=l=2—”=27r\/i=27t _13ke 6.
f o k 133N/m

(c) The frequency is f=1/T=1/0.62 s = 1.6 Hz.
(d) The block oscillates in simple harmonic motion about the equilibrium point
determined by the forces of the spring and gravity. It is started from rest 5.0 cm below the

equilibrium point so the amplitude is 5.0 cm.

(e) The block has maximum speed as it passes the equilibrium point. At the initial
position, the block is not moving but it has potential energy

U, =—mgy, +%ky3 =—(1.3kg)(9.8 m/s*)(0.146 m)+%(133 N/m)(0.146 m)’ =—0.44 J.

When the block is at the equilibrium point, the elongation of the spring is y = 9.6 cm and
the potential energy is

U, = —mgy+%ky2 =—(1.3kg)(9.8 m/s*)(0.096 m)+%(133 N/m)(0.096 m)* =~0.611J.

We write the equation for conservation of energy as U, = U, + 1 mv* and solve for v:

=0.51m/s.

. 2(U,-U,) _\/2(—0.44J+0.61J)

m 1.3kg



90. (a) The Hooke’s law force (of magnitude (100)(0.30) = 30 N) is directed upward and
the weight (20 N) is downward. Thus, the net force is 10 N upward.

(b) The equilibrium position is where the upward Hooke’s law force balances the weight,
which corresponds to the spring being stretched (from unstretched length) by 20 N/100
N/m = 0.20 m. Thus, relative to the equilibrium position, the block (at the instant

described in part (a)) is at what one might call the bottom turning point (since v = 0) at x
= —x,, where the amplitude is x,, = 0.30 — 0.20 = 0.10 m.

(c) Using Eq. 15-13 with m = W/g = 2.0 kg, we have

T= 2n\/E =0.90s.
k

(d) The maximum kinetic energy is equal to the maximum potential energy % kx’ . Thus,

K, =U, =%(100 N/m)(0.10 m)* =0.50 J.

m



91. We note that for a horizontal spring, the relaxed position is the equilibrium position
(in a regular simple harmonic motion setting); thus, we infer that the given v = 5.2 m/s at
x = 0 is the maximum value v,, (which equals ax,, where @ =+/k/m =20rad/s).

(a) Since w=2n f, we find f= 3.2 Hz.
(b) We have v,, = 5.2 m/s = (20 rad/s)x,,, which leads to x,, = 0.26 m.
(c) With meters, seconds and radians understood,

x = (0.26 m)cos(20¢ + ¢)
v=—(5.2 m/s)sin(20¢ + ¢@).

The requirement that x = 0 at # = 0 implies (from the first equation above) that either ¢ =
+1/2 or ¢ =—7/2. Only one of these choices meets the further requirement that v > 0 when
t = 0; that choice is ¢ = —m/2. Therefore,

x=(0.26 m) cos(20t —%j =(0.26 m)sin(20¢).



92. (a) Eq. 15-21 leads to

E=t? = x=[2E- 209D _ghom,
2 K \200N/m

(b) Since T =27aVm/k = 275\/0.80 kg/200 N/m =0.4s, then the block completes
10/0.4 = 25 cycles during the specified interval.

(c) The maximum kinetic energy is the total energy, 4.0 J.
(d) This can be approached more than one way; we choose to use energy conservation:

E=K+U:>4.O=%mv2 +%kx2.

Therefore, when x = 0.15 m, we find v=2.1 m/s.



93. The time for one cycle is 7= (50 s)/20 = 2.5 s. Thus, from Eq. 15-23, we find

2 2
I= K(i) = (0.50)(£) =0.079 kg-m”.
21 21



94. The period formula, Eq. 15-29, requires knowing the distance 4 from the axis of
rotation and the center of mass of the system. We also need the rotational inertia / about
the axis of rotation. From the figure, we see # = L + R where R = 0.15 m. Using the
parallel-axis theorem, we find

I:%MR2+M(L+R)2,

where M =1.0kg. Thus, Eq. 15-29, with 7= 2.0 s, leads to

50— m I MR*+ M(L+R)’
T Mg(L+R)

which leads to L = 0.8315 m.



95. (a) By Eq. 15-13, the mass of the block is

kT

n2

=243 kg.

m, =

Therefore, with m, = 0.50 kg, the new period is

m,+m,
T=2m pk =0.44s.

(b) The speed before the collision (since it is at its maximum, passing through
equilibrium) is vy = x,,an where ay = 2n/Tp; thus, vo = 3.14 m/s. Using momentum
conservation (along the horizontal direction) we find the speed after the collision.

m,

V=v, =2.61m/s.

m, +m,

The equilibrium position has not changed, so (for the new system of greater mass) this
represents the maximum speed value for the subsequent harmonic motion: V = x,@
where @w=2n/T = 14.3 rad/s. Therefore, x ", = 0.18 m.



96. (a) Hooke’s law provides the spring constant: k£ = (20 N)/(0.20 m) = 1.0x10* N/m.

(b) The attached mass is m = (5.0 N)/(9.8 m/s”) = 0.51 kg. Consequently, Eq. 15-13 leads

to
r=2z |2 =21 0.5Tke _ 455
k 100 N/m



97. (a) Hooke’s law provides the spring constant:
k= (4.00 kg)(9.8 m/s%)/(0.160 m) = 245 N/m.

(b) The attached mass is m = 0.500 kg. Consequently, Eq. 15-13 leads to

T= 275\/E = 21t‘/M =0.284s.
k 245



98. (a) We are told that when ¢ =47, with T =21/ @’ = 2nm/ k (neglecting the second
term in Eq. 15-43),

e—bt/2m :g
Thus,
T =21 /(2.00kg) /(100N /m) = 2.81s
and we find
b(4T 2(2.00 kg)(0.288
u=1n(fj=o.288 o 2(200ke)(0288) oy
2m 4(2.81s)

(b) Initially, the energy is E, =Lkx2, =1(10.0)(0.250)> =0.313J . At t = 4T,
E=1k(x, ) =0.1761].

Therefore, E,— E=0.137 J.



99. Since d,, is the amplitude of oscillation, then the maximum acceleration being set to
0.2¢g provides the condition: ®’d,, = 0.2g. Since d; is the amount the spring stretched in
order to achieve vertical equilibrium of forces, then we have the condition kds = mg.
Since we can write this latter condition as mw’ds = mg, then o” = g/d,. Plugging this into
our first condition, we obtain

ds=d,/0.2 =(10 cm)/0.2 = 50 cm.



100. We note (from the graph) that a, = @, = 4.00 cm/s®. Also the value at ¢ =0 is a, =
1.00 cm/s®. Then Eq. 15-7 leads to

o= cos ' (=1.00/4.00) = +1.82 rad or — 4.46 rad.

The other “root” (+4.46 rad) can be rejected on the grounds that it would lead to a
negative slope at ¢ = 0.



101. (a) The graphs suggest that 7= 0.40 s and x = 4/0.2 = 0.02 N-m/rad. With these
values, Eq. 15-23 can be used to determine the rotational inertia:

[= xT/4m* = 8.11 x 10~ kg'm”.

(b) We note (from the graph) that ,,x = 0.20 rad. Setting the maximum kinetic energy
(%I cquz) equal to the maximum potential energy (see the hint in the problem) leads to

Whax = Omax\K/I = 3.14 rad/s.



102. The angular frequency of the simple harmonic oscillation is given by Eq. 15-13:

\/?
0=, |—.
m

Thus, for two different masses m, and m,, with the same spring constant £, the ratio of

ﬁzﬂ/k/m, :\/E
@, \|k/m, m

In our case, with m, =m and m, =2.5m , the ratio is - /& =+/2.5=1.58.
w, m,

the frequencies would be




103. For simple harmonic motion, Eq. 15-24 must reduce to
r=-L(Fsin6)— —L(F,6)

where @1is in radians. We take the percent difference (in absolute value)

(-LF,sing)-(-LF,6)| 8
—~LF,sin@ ‘_‘ -

sin@

and set this equal to 0.010 (corresponding to 1.0%). In order to solve for @ (since this is
not possible “in closed form”), several approaches are available. Some calculators have
built-in numerical routines to facilitate this, and most math software packages have this
capability. Alternatively, we could expand sin@~= 6— 6°/6 (valid for small 6) and thereby
find an approximate solution (which, in turn, might provide a seed value for a numerical
search). Here we show the latter approach:

‘1—%‘ ~0010= L ~1010

0-6"/6

1-6°/6

which leads to 8=,/6(0.01/1.01)=0.24 rad=14.0°. A more accurate value (found

numerically) for the @ value which results in a 1.0% deviation is 13.986°.



104. (a) The graph makes it clear that the period is 7= 0.20 s.

(b) The period of the simple harmonic oscillator is given by Eq. 15-13:

T=2n\/E.
k

Thus, using the result from part (a) with £ =200 N/m, we obtain m = 0.203 = 0.20 kg.

(c) The graph indicates that the speed is (momentarily) zero at ¢ = 0, which implies that
the block is at xy = +x,,. From the graph we also note that the slope of the velocity curve
(hence, the acceleration) is positive at ¢ = 0, which implies (from ma = —kx) that the value
of x is negative. Therefore, with x,, = 0.20 m, we obtain xyp = —0.20 m.

(d) We note from the graph that v=0 at = 0.10 s, which implied a = *a,, = +afx,,. Since
acceleration is the instantaneous slope of the velocity graph, then (looking again at the

graph) we choose the negative sign. Recalling & = k/m we obtain a = —197 = 2.0 x10*
m/s’.

(e) The graph shows v,, = 6.28 m/s, so

K, Zlmvi =4.01J.
2



105. (a) From the graph, it is clear that x,, = 0.30 m.

(b) With F' = —kx, we see k is the (negative) slope of the graph — which 1s 75/0.30 = 250
N/m. Plugging this into Eq. 15-13 yields

T= 2n\/E =0.28s.
k

(c) As discussed in §15-2, the maximum acceleration is

a,=wx, :ﬁxm =1.5x10" m/s*.
m

Alternatively, we could arrive at this result using a, = (21/T)* Xp.
(d) Also in §15-2 is v,, = ax,, so that the maximum kinetic energy is

1 1 1
K =—mv.=—ma&’x, =—kx.
2 2

which yields 11.3 = 11 J. We note that the above manipulation reproduces the notion of
energy conservation for this system (maximum kinetic energy being equal to the
maximum potential energy).



106. (a) The potential energy at the turning point is equal (in the absence of friction) to
the total kinetic energy (translational plus rotational) as it passes through the equilibrium
position:
2
L =Lape vLlp = Lane oL Lagge |[ Yeu
2 2 2 2 2\2 R

1 1
=— MV, +—Mv], =3Mv§m
2 4 4

which leads to Mv. =2kx. /3 = 0.125 J. The translational kinetic energy is therefore
I Mv:, =kx. /3=0.0625].
(b) And the rotational kinetic energy is + Mv =kx, /6=0.03125J=3.13x107 J .

(c) In this part, we use vem to denote the speed at any instant (and not just the maximum
speed as we had done in the previous parts). Since the energy is constant, then

d—E:i évam +i lkx2 :i Vo Qe + kv, =0
dt dt\ 4 dr\ 2 2

which leads to
)
a._=—|— |x.
cm 3M

Comparing with Eq. 15-8, we see that w = 4/2k/3M for this system. Since w= 21/T, we
obtain the desired result: 7 =2m3M / 2k .



107. (a) From Eq. 16-12, T =2nm/k =0.45s.

(b) For a vertical spring, the distance between the unstretched length and the equilibrium
length (with a mass m attached) is mg/k, where in this problem mg = 10 N and £ = 200
N/m (so that the distance is 0.05 m). During simple harmonic motion, the convention is to
establish x = 0 at the equilibrium length (the middle level for the oscillation) and to write
the total energy without any gravity term; i.e.,

E=K+U,

where U = kx” /2. Thus, as the block passes through the unstretched position, the energy
is £E=2.0+21k(0.05)°=225]J. At its topmost and bottommost points of oscillation, the
energy (using this convention) is all elastic potential: Lkx’ . Therefore, by energy
conservation,

2.25=%kx:1 =x, =10.15m,

This gives the amplitude of oscillation as 0.15 m, but how far are these points from the
unstretched position? We add (or subtract) the 0.05 m value found above and obtain 0.10
m for the top-most position and 0.20 m for the bottom-most position.

(c) As noted in part (b), x,, = £0.15 m.

(d) The maximum kinetic energy equals the maximum potential energy (found in part (b))
and is equal to 2.25 J.



108. Using Eq. 15-12, we find w =+ k/m =10rad/s. We also use v,, = x,,® and a,, =
X

(a) The amplitude (meaning “displacement amplitude™) is x,, = v,/ @=3/10 = 0.30 m.

(b) The acceleration-amplitude is a,, = (0.30 m)(10 rad/s)* = 30 m/s’.

(c) One interpretation of this question is “what is the most negative value of the
acceleration?” in which case the answer is —a,, = —30 m/s>. Another interpretation is

“what is the smallest value of the absolute-value of the acceleration?”” in which case the
answer 1S zero.

(d) Since the period is 7= 21n/@= 0.628 s. Therefore, seven cycles of the motion requires
t=7T=44s.



0.108 kg

coax10”  [:8x107 kg Using Eq. 15-12 and the fact that / =

109. The mass ism=

@2, we have

1%10" Hz=2L\/E:>k:(2f:><1o”)2 (1.8x107%) = 7x10*N/m.
T \m



110. (a) Eq. 15-28 gives

r=om |t zon [T g3
g 9.8m/s

(b) Plugging I = mL* into Eq. 15-25, we see that the mass m cancels out. Thus, the
characteristics (such as the period) of the periodic motion do not depend on the mass.



111. (a) The net horizontal force is F since the batter is assumed to exert no horizontal
force on the bat. Thus, the horizontal acceleration (which applies as long as /" acts on the
bat) is a = F/m.

(b) The only torque on the system is that due to F, which is exerted at P, at a distance
L, —+L from C. Since L, = 2L/3 (see Sample Problem 15-5), then the distance from C to
Pis2L-1L=1L. Since the net torque is equal to the rotational inertia (/ = 1/12mL>
about the center of mass) multiplied by the angular acceleration, we obtain

F(3L) 2F

z
I sml mL’

(c) The distance from C to O is » = L/2, so the contribution to the acceleration at O
stemming from the angular acceleration (in the counterclockwise direction of Fig. 15-11)
is ar =+ oL (leftward in that figure). Also, the contribution to the acceleration at O due to
the result of part (a) is F/m (rightward in that figure). Thus, if we choose rightward as
positive, then the net acceleration of O is

m 2 m 2\ mL

(d) Point O stays relatively stationary in the batting process, and that might be possible
due to a force exerted by the batter or due to a finely tuned cancellation such as we have
shown here. We assumed that the batter exerted no force, and our first expectation is that
the impulse delivered by the impact would make all points on the bat go into motion, but
for this particular choice of impact point, we have seen that the point being held by the
batter is naturally stationary and exerts no force on the batter’s hands which would
otherwise have to “fight” to keep a good hold of it.



112. (a) A plot of x versus ¢ (in SI units) is shown below:
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This is close enough to a regular sine wave cycle that we can estimate its period (7= 0.18
s, so =35 rad/s) and its amplitude (y,, = 0.008 m).

(b) Now, with the new driving frequency (®wq = 13.2 rad/s), the x versus ¢ graph (for the
first one second of motion) is as shown below:
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It is a little more difficult in this case to estimate a regular sine-curve-like amplitude and
period (for the part of the above graph near the end of that time interval), but we arrive at
roughly y,, =0.07 m, 7= 0.48 s, and ®= 13 rad/s.

(c) Now, with ay = 20 rad/s, we obtain (for the behavior of the graph, below, near the end
of the interval) the estimates: y,, = 0.03 m, 7= 0.31 s, and @= 20 rad/s.
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1. (a) The angular wave number is k = 2—; =

1.80 110rad
(b) The speed of the wave is v=Af =7;_a)=( m)g rad/s) =31.5m/s.
T T
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2. The distance d between the beetle and the scorpion is related to the transverse speed v,
and longitudinal speed v, as

d=vt =vt,

where ¢ and ¢, are the arrival times of the wave in the transverse and longitudinal

directions, respectively. With v, =50 m/s and v, =150 m/s, we have

t vy_150m/s_3

t, v, 50m/s

t

Thus, if
At=t —t,=3.0t,—t,=2.0t, =4.0x107°s = ¢, =2.0x10"s,

then d =v,t, = (150 m/s)(2.0x107 s) =0.30 m =30 cm.



3. (a) The motion from maximum displacement to zero is one-fourth of a cycle so 0.170 s
is one-fourth of a period. The period is 7= 4(0.170 s) = 0.680 s.

(b) The frequency is the reciprocal of the period:

_ ! =1.47Hz.

0.680s

f=

~ |-

(c) A sinusoidal wave travels one wavelength in one period:

,_A_l4om
T 0.680s

=2.06m/s.



4. (a) The speed of the wave is the distance divided by the required time. Thus,

- 853 seats
39s

=21.87 seats/s = 22 seats/s .

(b) The width w is equal to the distance the wave has moved during the average time
required by a spectator to stand and then sit. Thus,

w=vt =(21.87 seats/s)(1.8 s) = 39 seats .



5. Let y; = 2.0 mm (corresponding to time #,) and y, = —2.0 mm (corresponding to time
t,). Then we find

kx + 6001, + ¢=sin"'(2.0/6.0)
and

kx + 6001, + ¢=sin"'(-2.0/6.0) .
Subtracting equations gives
600(t, — ;) = sin™'(2.0/6.0) — sin”'(-2.0/6.0).

Thus we find ¢, — 1, =0.011 s (or 1.1 ms).



6. Settingx=0 in 4 =—@Wynm cos(kx - ot + ¢) (see Eq. 16-21 or Eq. 16-28) gives
U=—0Vn cos(—a)t+¢)

as the function being plotted in the graph. We note that it has a positive “slope”
(referring to its ¢-derivative) at ¢ = 0:

du _dCOUmCOSCOTO)__\ 45 sin(—r + g) >0 at 1=0.

This implies that — sing > 0 and consequently that ¢ is in either the third or fourth
quadrant. The graph shows (at t = 0) u =—-4 m/s, and (at some later #) umx = 5 m/s. We
note that #max = ym @. Therefore,

U = —Umax cOS(— @t + ¢)|t:0 = ¢ = cosﬁl(%)= +0.6435 rad

(bear in mind that cos@ = cos(—8)), and we must choose ¢ = —0.64 rad (since this is
about —37° and is in fourth quadrant). Of course, this answer added to 2nm is still a valid
answer (where n is any integer), so that, for example, ¢ = —0.64 + 27 =5.64 rad is also
an acceptable result.



7. Using v = fA, we find the length of one cycle of the wave is
A =350/500=0.700 m = 700 mm.

From f= 1/T, we find the time for one cycle of oscillation is 7= 1/500 = 2.00 x 10 s =
2.00 ms.

(a) A cycle is equivalent to 2 radians, so that 773 rad corresponds to one-sixth of a cycle.
The corresponding length, therefore, is A/6 = 700/6 = 117 mm.

(b) The interval 1.00 ms is half of 7 and thus corresponds to half of one cycle, or half of
2w rad. Thus, the phase difference is (1/2)27= zrad.



8. (a) The amplitude is y,, = 6.0 cm.

(b) We find A from 274 = 0.0207 A= 1.0x10* cm.

(c) Solving 27f'= w= 4.0m, we obtain /= 2.0 Hz.

(d) The wave speed is v = Af= (100 cm) (2.0 Hz) = 2.0x10* cm/s.

(e) The wave propagates in the —x direction, since the argument of the trig function is kx
+ ax instead of kx — ax (as in Eq. 16-2).

(f) The maximum transverse speed (found from the time derivative of y) is

u, =21 fy, = (4.075 s’l)(6.0cm) =75cm/s.

(2) ¥(3.5 cm, 0.26 s) = (6.0 cm) sin[0.0207(3.5) + 4.0m(0.26)] = —2.0 cm.



9. (a) Recalling from Ch. 12 the simple harmonic motion relation u,, = y,,@, we have

w= i =400rad/s.
0.040

Since @w=27f, we obtain f = 64 Hz.

(b) Using v=/fA, we find A =80/64=1.26m =1.3 m.

(c) The amplitude of the transverse displacement is y, =4.0 cm=4.0x10"m.

(d) The wave number is k=24 = 5.0 rad/m.

(e) The angular frequency, as obtained in part (a), is @ =16/0.040 = 4.0x10° rad/s.
() The function describing the wave can be written as

y =0.040sin (5x — 4007 + ¢)

where distances are in meters and time is in seconds. We adjust the phase constant ¢ to
satisfy the condition y = 0.040 at x = ¢ = 0. Therefore, sin ¢ = 1, for which the “simplest”
root is ¢ = /2. Consequently, the answer is

y=0.040sin (Sx— 400¢ +gj

(g) The sign in front of @is minus.



10. With length in centimeters and time in seconds, we have

d .
"= ?L; — 2257 sin (Tx — 15mf) .

Squaring this and adding it to the square of 151y, we have
u* + (152y)* = (2257) [sin” (mx — 1576) + cos” (mx — 1571)]

so that

u = \(225m)% - (15ny)* = 151152 -y

Therefore, where y = 12, u must be = 135n. Consequently, the speed there is 424 cm/s =
4.24 m/s.



11. (a) The amplitude yy, is half of the 6.00 mm vertical range shown in the figure, i.e.,
v, =3.0 mm.

(b) The speed of the wave is v = d/t = 15 m/s, where d = 0.060 m and ¢ = 0.0040 s. The
angular wave number is k = 2t/A where A = 0.40 m. Thus,

2 _

2 16 rad/m .

k=

(c) The angular frequency is found from

®= kv = (16 rad/m)(15 m/s)=2.4%10" rad/s.

(d) We choose the minus sign (between kx and ®¢) in the argument of the sine function
because the wave is shown traveling to the right [in the +x direction] — see section 16-5).
Therefore, with SI units understood, we obtain

= ymsin(kx —kve) = 0.0030 sin(16x — 2.4 x10° 7).



12. The slope that they are plotting is the physical slope of sinusoidal waveshape (not to
be confused with the more abstract “slope” of its time development; the physical slope is
an x-derivative whereas the more abstract “slope” would be the s-derivative). Thus,
where the figure shows a maximum slope equal to 0.2 (with no unit), it refers to the
maximum of the following function:

% :dymsingl;x—wt) = ym k cos(kx — o?) .

The problem additionally gives ¢ = 0, which we can substitute into the above expression
if desired. In any case, the maximum of the above expression is y, &k, where

k_2n'_ 2

== =15.7 rad/m.
A 040m

Therefore, setting yy, k& equal to 0.20 allows us to solve for the amplitude y,, . We find

0.20

=——=0.0127m=13 cm.
15.7 rad/m

Vi



13. From Eq. 16-10, a general expression for a sinusoidal wave traveling along the +x
direction is
y(x,t)=y, sin(kx—wt+@)

(@) The figure shows that at x = 0,
¥(0,t)=y, sin(—@t+¢)is a positive sine function, i.e., 41
¥(0,£)=+y, sinwt. Therefore, the phase constant must
be ¢p=7x. At t =0, we then have

] 12 14 16 18
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y(x,0)=y sin(kx+m)=-y, sinkx
]
which is a negative sine function. A plot of y(x,0) is ]
depicted on the right. —4

(b) From the figure we see that the amplitude is y,, = 4.0 cm.

(c) The angular wave number is given by £ =2m/A =m/10 = 0.31 rad/cm.

(d) The angular frequency is @=2n/T = /5 = 0.63 rad/s.

(e) As found in part (a), the phase is ¢=r.

(f) The sign is minus since the wave is traveling in the +x direction.

(g) Since the frequency is f= 1/T=0.10 s, the speed of the wave is v=fA = 2.0 cm/s.

(h) From the results above, the wave may be expressed as

y(x,t) =4.0sin ﬂ—£+7z =—4.0sin ﬂ_ﬂj
10 5 10 5

Taking the derivative of y with respect to ¢, we find

u(e =2 = 4.0(E)cos(ﬂ—ﬂj
ot t 10 5

which yields #(0,5.0) =-2.5 cm/s.



14. From v =/7/u , we have

vnew _ \ITnew /ll'lnew :\/5
Vod A/ Tou | Hoyg



15. The wave speed v is given by v = \/7/u , where 7is the tension in the rope and u is
the linear mass density of the rope. The linear mass density is the mass per unit length of

rope:
1= m/L = (0.0600 kg)/(2.00 m) = 0.0300 kg/m.

p= [ S0ON 129m/s.
0.0300kg/m

Thus,



16. The volume of a cylinder of height ¢ is ¥ = 7= md* ¢/4. The strings are long,
narrow cylinders, one of diameter d; and the other of diameter d> (and corresponding
linear densities 4 and f4). The mass is the (regular) density multiplied by the volume: m
= pV, so that the mass-per-unit length is

_m_ prd’ (/4 _mpd®
/ / 4
and their ratio is

2
ﬁ_”pd12/4_[d1j '

w apd; /4 \d,

Therefore, the ratio of diameters is

| 30 5y
d, \u, V029



17. (a) The amplitude of the wave is y,,=0.120 mm.

(b) The wave speed is given by v = /7/u , where 7is the tension in the string and # is the
linear mass density of the string, so the wavelength is A = v/f'= \/z/u /f and the angular

k=2 an\/z =21 (100Hz) | 230KEM _ gy
A T 10N

(c) The frequency is f= 100 Hz, so the angular frequency is

wave number 1s

w="2nf=2n(100 Hz) = 628 rad/s.
(d) We may write the string displacement in the form y = y,, sin(kx + a¥). The plus sign is

used since the wave is traveling in the negative x direction. In summary, the wave can be
expressed as

»=(0.120mm)sin| (141m™")x + (6285 )z ]



18. We use v=1/7/ 1 o< J7 to obtain

2 2
rzzq(v—zj :(120N)G§gm/s) =135N.
v S




19. (a) The wave speed is given by v = AT = a¥k, where A is the wavelength, 7 is the
period, @ is the angular frequency (21/7), and £ is the angular wave number (21t/A). The
displacement has the form y = y,, sin(kx + @), so k=2.0 m"' and @= 30 rad/s. Thus

v=(30rad/s)/(2.0m ") = 15 m/s.

(b) Since the wave speed is given by v = /7/u , where 7is the tension in the string and u

is the linear mass density of the string, the tension is

7=’ =(1.6x10" kg/m)(15m/s)’ = 0.036 N.



20. (a) Comparing with Eq. 16-2, we see that £ = 20/m and @ = 600/s. Therefore, the
speed of the wave is (see Eq. 16-13) v = @k =30 m/s.

(b) From Eq. 16-26, we find

u="-1> 0 017kg/m=17g/m.

voo30%



21. (a) We read the amplitude from the graph. It is about 5.0 cm.

(b) We read the wavelength from the graph. The curve crosses y = 0 at about x = 15 cm
and again with the same slope at about x = 55 cm, so

A=(55cm—15cm)=40 cm = 0.40 m.

(c) The wave speed is v=./7/ 1, where 7is the tension in the string and u is the linear
mass density of the string. Thus,

e 3N
25x107kg/m

(d) The frequency is /= v/A = (12 m/s)/(0.40 m) = 30 Hz and the period is
T'=1/f=1/(30 Hz) = 0.033 s.
(e) The maximum string speed is
U = @V = 2TV, = 21(30 Hz) (5.0 cm) = 940 cm/s = 9.4 m/s.
(f) The angular wave number is k = 2/A = 21t/(0.40 m) = 16 m .
(g) The angular frequency is @=2nf'= 2n(30 Hz) = 1.9x 107 rad/s

(h) According to the graph, the displacement at x = 0 and # = 0 is 4.0 x 10”2 m. The
formula for the displacement gives y(0, 0) = y,, sin @¢. We wish to select ¢ so that

5.0x 107 sin p=4.0 x 1072,

The solution is either 0.93 rad or 2.21 rad. In the first case the function has a positive
slope at x = 0 and matches the graph. In the second case it has negative slope and does
not match the graph. We select ¢ = 0.93 rad.

(1) The string displacement has the form y (x, 7) = y,, sin(kx + ax + @). A plus sign appears

in the argument of the trigonometric function because the wave is moving in the negative
x direction. Using the results obtained above, the expression for the displacement is

(x,1)=(5.0x107m)sin[ (16m™")x + (1905 ) + 0.93].



22. (a) The general expression for y (x, ) for the wave is y (x, ) = y,, sin(kx — a¥), which,
at x = 10 cm, becomes y (x = 10 cm, #) = y,, sin[k(10 cm — a¥)]. Comparing this with the
expression given, we find w= 4.0 rad/s, or f= @/2n = 0.64 Hz.

(b) Since k(10 cm) = 1.0, the wave number is £ = 0.10/cm. Consequently, the wavelength
isA=2n/k=63 cm.

(c) The amplitude is y, =5.0 cm.

(d) In part (b), we have shown that the angular wave number is £ = 0.10/cm.
(e) The angular frequency is @= 4.0 rad/s.
(f) The sign is minus since the wave is traveling in the +x direction.

Summarizing the results obtained above by substituting the values of £ and @ into the
general expression for y (x, 7), with centimeters and seconds understood, we obtain

y(x,t) =5.0sin (0.10x —4.0¢).
(g) Since v=w/k =./t/ u, the tension is

5 -1\2
. a)zlu _ (4.0g/cm)(4:025 ) — 6400g-cm/s’ = 0.064 N.
k (0.10cm™)




23. The pulses have the same speed v. Suppose one pulse starts from the left end of the
wire at time ¢ = 0. Its coordinate at time ¢ is x; = v¢. The other pulse starts from the right
end, at x = L, where L is the length of the wire, at time ¢ = 30 ms. If this time is denoted
by f, then the coordinate of this wave at time ¢ is x, = L — v(¢ — ty). They meet when x| =
X2, or, what is the same, when vt = L — v(t — tp). We solve for the time they meet: ¢ = (L +
vty)/2v and the coordinate of the meeting point is x = vt = (L + v#()/2. Now, we calculate

the wave speed:
. /g _ (250N)(10.0m) 158 m/s.
m 0.100kg

Here 7 is the tension in the wire and L/m is the linear mass density of the wire. The
coordinate of the meeting point is

e 10.0m+ (158 m/s)(30.0x107°s)
2

=7.37m.

This is the distance from the left end of the wire. The distance from the right end is L — x
=(10.0m—-7.37m)=2.63 m.



24. (a) The tension in each string is given by 7= Mg/2. Thus, the wave speed in string 1

is
2
y = T _ Mg _ |(5002)(9.80m/s”) 28 .6ms.
M, 24, 2(3.00g/m)
(b) And the wave speed in string 2 is
2
v, = Mg _ |(5002)(9.80m/s") — 99 s,
2u, 2(5.00g/m)

(c) Let vy =M ,g/Qu,) =v, =M,g/2u,) and M, + M, = M. We solve for M; and

obtain

M 500g
Y ol4u, /g, 145.00/3.00

=187.5g=188g.

(d) And we solve for the second mass: M, =M — M; = (500 g—187.5 g) =313 g.



25. (a) The wave speed at any point on the rope is given by v = /7/u, where 7 is the

tension at that point and y is the linear mass density. Because the rope is hanging the
tension varies from point to point. Consider a point on the rope a distance y from the
bottom end. The forces acting on it are the weight of the rope below it, pulling down, and
the tension, pulling up. Since the rope is in equilibrium, these forces balance. The weight
of the rope below is given by tgy, so the tension is 7 = gy. The wave speed is

v=\Jugy/u =Jg.

(b) The time d¢ for the wave to move past a length dy, a distance y from the bottom end,
isdt=dy/v= dy/ gy and the total time for the wave to move the entire length of the
rope is




26. Using Eq. 16-33 for the average power and Eq. 16-26 for the speed of the wave, we
solve for /= @/2m:

2P
1 e 1 \/ 2(85.0W) 198 Hy.

C2my, /e 2m(7.70x107m) | (/(36.0N) (0.260kg/2.70m )



27. We note from the graph (and from the fact that we are dealing with a cosine-squared,
see Eq. 16-30) that the wave frequency is /= ﬁz 500 Hz, and that the wavelength A =

0.20 m. We also note from the graph that the maximum value of dK/dt is 10 W. Setting

this equal to the maximum value of Eq. 16-29 (where we just set that cosine term equal to
1) we find

%ﬂva)zynf:lo

with SI units understood. Substituting in ¢ = 0.002 kg/m, @=2nf and v=fA, we solve

for the wave amplitude:
10
Ym = 2n2u7\’ f3 0.0032 m.



28. Comparing y(x,t)=(3.00 mm)sin[(4.00 m")x—(7.00 s™")¢] to the general expression
y(x,t)=y, sin(kx—mt), we see that k=4.00 m™' and @=7.00 rad/s. The speed of the

wave is
v=w/k=(7.00 rad/s)/(4.00 m')=1.75 m/s.



29. The wave y(x,?)=(2.00 mm)[(20 m " )x—(4.0 s )¢]"* is of the form A(kx — wt) with

angular wave numberk =20 m~' and angular frequency @ = 4.0 rad/s . Thus, the speed of
the wave is

v=w/k=(4.0 rad/s)/(20 m™")=0.20 m/s.



30. The wave y(x,t)=(4.00 mm) A[(30 m ")x+(6.0 s )¢] is of the form h(kx— @xr) with

angular wave number k =30 m™' and angular frequency @= 6.0 rad/s . Thus, the speed
of the wave is

v=w/k=(6.0 rad/s)/(30 m™")=0.20 m/s.



31. The displacement of the string is given by
y =y, sin(kx—or)+ y, sin(kx— @t + @) =2y, cos(L¢)sin(kx—wt+1¢),
where ¢ =1/2. The amplitude is

A=2y, cos(1¢) =2y, cos(m/4)=141y,.



32. (a) Let the phase difference be ¢. Then from Eq. 16-52, 2y,, cos(¢/2) = 1.50y,,, which

gives
¢ =2cos” (mj =82.8°.
2y,

(b) Converting to radians, we have ¢ = 1.45 rad.

(c) In terms of wavelength (the length of each cycle, where each cycle corresponds to 21
rad), this is equivalent to 1.45 rad/2n = 0.230 wavelength.



33. (a) The amplitude of the second wave is y, =9.00 mm, as stated in the problem.

(b) The figure indicates that A = 40 cm = 0.40 m, which implies that the angular wave
number is k£ =21/0.40 = 16 rad/m.

(c) The figure (along with information in the problem) indicates that the speed of each
wave is v = dx/t = (56.0 cm)/(8.0 ms) = 70 m/s. This, in turn, implies that the angular
frequency is

@=kv=1100 rad/s = 1.1x10° rad/s.

(d) The figure depicts two traveling waves (both going in the —x direction) of equal
amplitude yn. The amplitude of their resultant wave, as shown in the figure, is y 7, = 4.00
mm. Eq. 16-52 applies:

Vi =2ymcos(3¢) = ¢ =2cos '(2.00/9.00) =2.69 rad.

(e) In making the plus-or-minus sign choice in y = y, sin(kx £ wt + @), we recall the
discussion in section 16-5, where it shown that sinusoidal waves traveling in the —x
direction are of the form y = y, sin(kx+ @t + ¢). Here, ¢ should be thought of as the
phase difference between the two waves (that is, ¢ = 0 for wave 1 and ¢ = 2.69 rad for
wave 2).

In summary, the waves have the forms (with SI units understood):

1 = (0.00900)sin(16x +1100#) and y, = (0.00900)sin(16x + 11007 +2.7) .



34. (a) We use Eq. 16-26 and Eq. 16-33 with u = 0.00200 kg/m and y,, = 0.00300 m.
These give v=+/T/ 1 =775 m/s and

Paye :% y7y (J)zym2 =10 W.

(b) In this situation, the waves are two separate string (no superposition occurs). The
answer is clearly twice that of part (a); P =20 W.

(c) Now they are on the same string. If they are interfering constructively (as in Fig. 16-
16(a)) then the amplitude y,, is doubled which means its square v, increases by a factor
of 4. Thus, the answer now is four times that of part (a); P =40 W.

(d) Eq. 16-52 indicates in this case that the amplitude (for their superposition) is
2 y,c0s(0.2rt) = 1.618 times the original amplitude y,. Squared, this results in an increase

in the power by a factor of 2.618. Thus, P =26 W in this case.

(e) Now the situation depicted in Fig. 16-16(b) applies, so P = 0.



35. The phasor diagram is shown below: y;,, and y»,, represent the original waves and y,,
represents the resultant wave. The phasors corresponding to the two constituent waves
make an angle of 90° with each other, so the triangle is a right triangle. The Pythagorean
theorem gives

y. =y +y; =(3.0cm)’ +(4.0cm)’ =(25cm)’.

Thus y,, = 5.0 cm.




36. (a) As shown in Figure 16-16(b) in the textbook, the least-amplitude resultant wave is
obtained when the phase difference is « rad.

(b) In this case, the amplitude is (8.0 mm — 5.0 mm) = 3.0 mm.

(c) As shown in Figure 16-16(a) in the textbook, the greatest-amplitude resultant wave is
obtained when the phase difference is 0 rad.

(d) In the part (¢) situation, the amplitude is (8.0 mm + 5.0 mm) = 13 mm.

(e) Using phasor terminology, the angle “between them” in this case is ©/2 rad (90°), so
the Pythagorean theorem applies:

\/(8.0 mm)’ +(5.0 mm)> =9.4 mm .



37. The phasor diagram is shown on the right. We use the cosine
theorem:

Yo = Vit Vo2 = 2DV €08 0= Yo+ Vs + 27,19, €OS 8.
We solve for cos ¢ :

y: =y =y, (9.0mm)’ —(5.0mm)* —(7.0mm)’
2Vt Yo 2(5.0mm) (7.0 mm)

=0.10.

cosQp =

The phase constant is therefore ¢ = 84°.



38. We see that y, and y; cancel (they are 180°) out of phase, and y, cancels with y,
because their phase difference is also equal to & rad (180°). There is no resultant wave in
this case.



39. (a) Using the phasor technique, we think of these as two “vectors” (the first of
“length” 4.6 mm and the second of “length” 5.60 mm) separated by an angle of ¢ = 0.8%
radians (or 144°). Standard techniques for adding vectors then lead to a resultant vector
of length 3.29 mm.

(b) The angle (relative to the first vector) is equal to 88.8° (or 1.55 rad).

(c) Clearly, it should in “in phase” with the result we just calculated, so its phase angle
relative to the first phasor should be also 88.8° (or 1.55 rad).



40. (a) The wave speed is given by

v= |- = 700N = 66.1mJs.
1 \2.00 x 10°kg/1.25m

(b) The wavelength of the wave with the lowest resonant frequency f; is A; = 2L, where L
=125 cm. Thus,

=t = S0 o4,

A, 2(1.25 m)



41. Possible wavelengths are given by A = 2L/n, where L is the length of the wire and 7 is
an integer. The corresponding frequencies are given by = v/A = nv/2L, where v is the

wave speed. The wave speed is given by v = \/2'/ 1 =~TL/ M , where 7is the tension in

the wire, u is the linear mass density of the wire, and M is the mass of the wire. 4 = M/L
was used to obtain the last form. Thus

f, =i,/E =2 ===z 250N —n (7.91 Hz).
20\ M 2\NZMm 27 (10.0 m) (0.100 kg)

(a) The lowest frequency is f, =7.91 Hz.

(b) The second lowest frequency is f, =2(7.91 Hz)=15.8 Hz.

(c) The third lowest frequency is f; =3(7.91 Hz)=23.7 Hz.



42. The nth resonant frequency of string 4 is

n T

y
f;l’ :—An:— _—,
o0, 2L\ u

Vg n |t 1
= nN=— |— =— .
Sns 20, 8L \/ U 4f””’

(a) Thus, we see f1 4 = f4 5. That is, the fourth harmonic of B matches the frequency of 4’s
first harmonic.

while for string B it is

(b) Similarly, we find f> 4 = fs 5.

(c) No harmonic of B would match f; , = & = i 1,
co20, 2L\ u



43. (a) The wave speed is given by v=./7/u, where 7is the tension in the string and x is

the linear mass density of the string. Since the mass density is the mass per unit length, u
= M/L, where M is the mass of the string and L is its length. Thus

e [cL _ (96.0N) BA0m) _ o o
M 0.120 kg

(b) The longest possible wavelength A for a standing wave is related to the length of the
string by L=A/2,s0 A=2L =2(8.40 m) = 16.8 m.

(¢) The frequency is /= v/A = (82.0 m/s)/(16.8 m) = 4.88 Hz.



44. The string is flat each time the particle passes through its equilibrium position. A
particle may travel up to its positive amplitude point and back to equilibrium during this
time. This describes Zalf of one complete cycle, so we conclude 7 = 2(0.50 s) = 1.0 s.
Thus, f=1/T= 1.0 Hz, and the wavelength is

10cm/s

Y 10 cm
f 1.0Hz




45. (a) Eq. 1626 gives the speed of the wave:

v=|E= BON _144.34 mfs = 1.44x10° s,
1 \7.20x107 kg/m

(b) From the figure, we find the wavelength of the standing wave to be
A =(2/3)(90.0 cm) = 60.0 cm.

(c) The frequency is
v 1.44x10% m/s

— =241Hz.
A 0.600m

f=



46. Use Eq. 1666 (for the resonant frequencies) and Eq. 16-26 (v=./7/ ) to find f,:

nvy n T
S=2r= 2\
which gives f3 = (3/2L) 7,/ 1 .

(a) When 7= 47, we get the new frequency

3



47. (a) The resonant wavelengths are given by A = 2L/n, where L is the length of the
string and 7 is an integer, and the resonant frequencies are given by f = v/A = nv/2L,
where v is the wave speed. Suppose the lower frequency is associated with the integer n.
Then, since there are no resonant frequencies between, the higher frequency is associated
with n + 1. That is, f; = nv/2L is the lower frequency and f, = (n + 1)v/2L is the higher.
The ratio of the frequencies is

& _n+l
N2 n
The solution for 7 is
fo 315 Hz

fi—f #420Hz-315Hz
The lowest possible resonant frequency is f=v/2L = fi/n = (315 Hz)/3 = 105 Hz.

(b) The longest possible wavelength is A = 2L. If fis the lowest possible frequency then

v =Af=2Lf=2(0.75 m)(105 Hz) = 158 m/s.



48. Using Eq. 16-26, we find the wave speed to be

6
I 65.2x10° N 4412 ms,
U 3.35kg/m
The corresponding resonant frequencies are

f= o T a=12.3,.
2L 20\ u

(a) The wavelength of the wave with the lowest (fundamental) resonant frequency f; is A,
= 2L, where L = 347 m. Thus,

oy Mms_ ooy,
A 2(347 m)

(b) The frequency difference between successive modes is

v 4412 m/s
Af=f—f =—=—"2"""-636Hz
V' == S 2L 2(347 m)



49. The harmonics are integer multiples of the fundamental, which implies that the
difference between any successive pair of the harmonic frequencies is equal to the
fundamental frequency. Thus, f; = (390 Hz — 325 Hz) = 65 Hz. This further implies that
the next higher resonance above 195 Hz should be (195 Hz + 65 Hz) =260 Hz.



50. Since the rope is fixed at both ends, then the phrase “second-harmonic standing wave
pattern” describes the oscillation shown in Figure 16-23(b), where (see Eq. 16—65)

v
A=L d =—.
an f 7

(a) Comparing the given function with Eq. 16-60, we obtain k£ = /2 and @ = 127 rad/s.
Since k= 2m/A then

27

7— = A=40m = L=40m.

N a

(b) Since w=2nfthen 2nf =12n rad/s, which yields

f=60Hz = v=fA=24mls,

= 24 mis= | 20N
m /(4.0 m)

(c) Using Eq. 16-26, we have

which leads to m = 1.4 kg.

(d) With
3v 324 mss)

= =9.0Hz
2L 2(4.0 m)

f=

The period is 7= 1/f=0.11 s.



51. (a) The amplitude of each of the traveling waves is half the maximum displacement
of the string when the standing wave is present, or 0.25 cm.

(b) Each traveling wave has an angular frequency of @ = 40r rad/s and an angular wave
number of k =1/3 cm™'. The wave speed is

v = alk = (40w rad/s)/(m/3 cm ) = 1.2x10% cn/s.

(c) The distance between nodes is half a wavelength: d = M2 = w/k = ©/(n/3 cm ') = 3.0
cm. Here 2m/k was substituted for A.

(d) The string speed is given by u(x, t) = dy/dot = —awy,sin(kx)sin(ax). For the given
coordinate and time,

u =—(407 rad/s) (0.50cm) sin Kg cmlj (1.5 cm)}sin {(40n sl)[% ﬂ =0.



52. The nodes are located from vanishing of the spatial factor sin 5tx = 0 for which the
solutions are

W | N
WD | W

Srx =0,m,2m, 3m,... = X =O,%,

b

(a) The smallest value of x which corresponds to a node is x = 0.

(b) The second smallest value of x which corresponds to a node is x = 0.20 m.
(c) The third smallest value of x which corresponds to a node is x = 0.40 m.

(d) Every point (except at a node) is in simple harmonic motion of frequency f'= @/2w =
40m/21 = 20 Hz. Therefore, the period of oscillation is 7= 1/f'= 0.050 s.

(e) Comparing the given function with Eq. 1658 through Eq. 16-60, we obtain

», =0.020sin(5tx —40m¢) and y, =0.020sin(5mx + 40m¢)

for the two traveling waves. Thus, we infer from these that the speed is v = @'k = 40m/5nt
= 8.0 m/s.

(f) And we see the amplitude is y,, = 0.020 m.

(g) The derivative of the given function with respect to time is

u=%§=—mom»mmogmyunmmmu)

which vanishes (for all x) at times such as sin(407¢) = 0. Thus,

40M = 0, M2 3T,... = (=0, =
4074040

Thus, the first time in which all points on the string have zero transverse velocity is when
t=0s.

(h) The second time in which all points on the string have zero transverse velocity is
when = 1/40 s = 0.025 s.

(1) The third time in which all points on the string have zero transverse velocity is when
t=2/40s=0.050s.



53. (a) The waves have the same amplitude, the same angular frequency, and the same
angular wave number, but they travel in opposite directions. We take them to be

V1= Y sin(kx — aX), y2 =y sin(kx + ax).

The amplitude y,, is half the maximum displacement of the standing wave, or 5.0 x 10~
m.

(b) Since the standing wave has three loops, the string is three half-wavelengths long: L =
3M/2, or A=2L/3. With L = 3.0m, A = 2.0 m. The angular wave number is

k=2m/A=2m/2.0m)=3.1m".
(c) If v is the wave speed, then the frequency is

_ 3v _3(100m/s) 50 Hy

4 2L 2(3.0m)

v
A
The angular frequency is the same as that of the standing wave, or

w=27n f=21(50 Hz) = 314 rad/s.
(d) The two waves are
¥ =(5.0x107 m)sin| (3.14m™" ) x— (31457 )¢

and
¥, =(5.0x107 m)sin| (3.14m™ ) x+ (31457 )¢ .

Thus, if one of the waves has the form y(x,#)=y, sin(kx+at), then the other wave must
have the form y'(x,t)=y, sin(kx—at). The sign in front of @ for y'(x,?)1is minus.



54. From the x = 0 plot (and the requirement of an anti-node at x = 0), we infer a standing
wave function of the form y(x,t)=—(0.04)cos(kx)sin(ar), where w=27/T = rad/s ,

with length in meters and time in seconds. The parameter k is determined by the
existence of the node at x = 0.10 (presumably the first node that one encounters as one
moves from the origin in the positive x direction). This implies £(0.10) = 7/2 so that k£ =
5w rad/m.

(a) With the parameters determined as discussed above and # = 0.50 s, we find

¥(0.20 m, 0.50 s) =—0.04 cos(kx)sin(aw¢) = 0.040m .
(b) The above equation yields 1(0.30 m, 0.50 s) =—0.04 cos(kx)sin(wt) =0 .

(c) We take the derivative with respect to time and obtain, at = 0.50 s and x = 0.20 m,

u :Z =—0.04® cos(kx)cos(wt)=0.

d) The above equation yields u =—0.13 m/s att=1.0 s.

(e) The sketch of this function at = 0.50 s for 0 <x < 0.40 m is shown below:

»x,0.5)

0.04

0.02]

x (m)




55. (a) The angular frequency is w= 8.00m/2 = 4.007 rad/s, so the frequency is
f= @?2n = (4.00m rad/s)/2w = 2.00 Hz.
(b) The angular wave number is k£ = 2.007/2 = 1.00n m ', so the wavelength is
A =2n/k =2m/(1.00mr m ') =2.00 m.
(c) The wave speed is

v=A=(2.00m)(2.00Hz) = 4.00 m/s.

(d) We need to add two cosine functions. First convert them to sine functions using cos &
= sin (o + 1/2), then apply

cosa+cos,B=sin(a+§j+sin(ﬂ+§j:2sin[a+§+n)cos(0{+ﬁj

2
(e pef 52

Letting o= kx and = a¥, we find
v, cos(kx+at)+y, cos(kx—mt) =2y, cos(kx)cos(wt).

Nodes occur where cos(kx) = 0 or kx = nt + ©/2, where n is an integer (including zero).
Since k= 1.0n m™', this means x=(n+4)(1.00m). Thus, the smallest value of x which

corresponds to a node is x = 0.500 m (n=0).

(e) The second smallest value of x which corresponds to a node is x = 1.50 m (n=1).

(f) The third smallest value of x which corresponds to a node is x = 2.50 m (n=2).

(g) The displacement is a maximum where cos(kx) = =1. This means kx = nm, where 7 is
an integer. Thus, x = n(1.00 m). The smallest value of x which corresponds to an anti-

node (maximum) is x = 0 (n=0).

(h) The second smallest value of x which corresponds to an anti-node (maximum) is
x=1.00 m (n=1).

(1) The third smallest value of x which corresponds to an anti-node (maximum) is
x=2.00 m (n=2).



56. Reference to point A4 as an anti-node suggests that this is a standing wave pattern and
thus that the waves are traveling in opposite directions. Thus, we expect one of them to
be of the form y = y,, sin(kx + ®¢) and the other to be of the form y = y,, sin(kx — ¥).

(a) Using Eq. 16-60, we conclude that y,, =%(9.0 mm) = 4.5 mm, due to the fact that the
amplitude of the standing wave is %(1 .80 cm) =0.90 cm = 9.0 mm.
(b) Since one full cycle of the wave (one wavelength) is 40 cm, k=2m/A =~ 16 m™.

(c) The problem tells us that the time of half a full period of motion is 6.0 ms, so 7= 12
ms and Eq. 16-5 gives @= 5.2 x10” rad/s.

(d) The two waves are therefore

yi(x, £) = (4.5 mm) sin[(16 m )x + (520 s7)7]
and
ya(x, £) = (4.5 mm) sin[(16 m )x — (520 s7)7] .

If one wave has the form y(x,#)=y, sin(kx+ax¢)as in y;, then the other wave must be of

the form y'(x,t)=y, sin(kx—a@t)as in y,. Therefore, the sign in front of @is minus.



57. Recalling the discussion in section 16-12, we observe that this problem presents us
with a standing wave condition with amplitude 12 cm. The angular wave number and
frequency are noted by comparing the given waves with the form y = yy, sin(kx £ ®¢).
The anti-node moves through 12 cm in simple harmonic motion, just as a mass on a
vertical spring would move from its upper turning point to its lower turning point —
which occurs during a half-period. Since the period 7 is related to the angular frequency
by Eq. 15-5, we have

_2n
4007

T= =0.500s.

ey

Thus, in a time of t=%T =0.250 s, the wave moves a distance Ax = v¢ where the speed

of the wave is v :% =1.00 m/s. Therefore, Ax = (1.00 m/s)(0.250 s) = 0.250 m.



58. With the string fixed on both ends, using Eq. 16-66 and Eq. 16-26, the resonant
frequencies can be written as

f:ﬂzl 1:1 E’ n:l,2,3,...
2L 20\ u 2L\ u

(a) The mass that allows the oscillator to set up the 4th harmonic (# =4 ) on the string is

_ 4(1.20 m)*(120 Hz)?(0.00160 kg/m)
- (4)*(9.80 m/s?)

2 2
I

x = 0.846 kg
n'g

(b) If the mass of the block is m =1.00 kg, the corresponding 7 is

o 4 f7u  [4(1.20 m)*(120 Hz)?(0.00160 kg/m) 368
g 9.80 m/s’ '

which is not an integer. Therefore, the mass cannot set up a standing wave on the string.



59. (a) The frequency of the wave is the same for both sections of the wire. The wave
speed and wavelength, however, are both different in different sections. Suppose there
are n; loops in the aluminum section of the wire. Then,

L1 = n17\,1/2 = n1v1/2f,

where A, is the wavelength and v, is the wave speed in that section. In this consideration,
we have substituted A; = vi/f, where f is the frequency. Thus /' = nvi/2L;. A similar
expression holds for the steel section: f= nyv,/2L,. Since the frequency is the same for the
two sections, n1vi/L; = nav»/L,. Now the wave speed in the aluminum section is given

by v, =./7/ 1, where 4 is the linear mass density of the aluminum wire. The mass of

aluminum in the wire is given by m; = p1AL,, where p; is the mass density (mass per unit
volume) for aluminum and 4 is the cross-sectional area of the wire. Thus

M= plALl/Ll = plA

and v, =,/7/p,A. A similar expression holds for the wave speed in the steel section:

v, =47/ p,A. We note that the cross-sectional area and the tension are the same for the
two sections. The equality of the frequencies for the two sections now leads to
n /L. p, =n,/L,\/p,, where 4 has been canceled from both sides. The ratio of the

integers is

n, LJp, (0.866m)4/7.80x10’ kg/m’

mo Lafp (0.600m)y2.60x10° kg/m’

=2.50.

The smallest integers that have this ratio are n; = 2 and n, = 5. The frequency is

f=nv /2L =(n/2L)t/pA.

The tension is provided by the hanging block and is 7 = mg, where m is the mass of the
block. Thus,

10.0kg)(9.80m/s”
r=tnme 2 (10.0ke)( Y) e
2L, \ pA 2(0.600m) Y\ (2.60x10°kg/m*)(1.00x10m’)

(b) The standing wave pattern has two loops in the aluminum section and five loops in
the steel section, or seven loops in all. There are eight nodes, counting the end points.



60. With the string fixed on both ends, using Eq. 16-66 and Eq. 16-26, the resonant
frequencies can be written as

](‘:ﬂ:i 121 E, n:1,2,3,...
2L 20\ u 2L\ u

The mass that allows the oscillator to set up the nth harmonic on the string is

2 2
m=4L2fﬂ'
ng

Thus, we see that the block mass is inversely proportional to the harmonic number
squared. Thus, if the 447 gram block corresponds to harmonic number » then

447  (n+1¥ A +2n+1 2t
286.1 ~ ot n - no
Therefore, % —1=10.5624 must equal an odd integer (2n + 1) divided by a squared

integer (n”). That is, multiplying 0.5624 by a square (such as 1, 4, 9, 16, etc) should give
us a number very close (within experimental uncertainty) to an odd number (1, 3, 5, ...).
Trying this out in succession (starting with multiplication by 1, then by 4, ...), we find
that multiplication by 16 gives a value very close to 9; we conclude n =4 (so n* = 16 and
2n+1=09). Plugging m = 0.447 kg, n = 4, and the other values given in the problem, we
find

1 =0.000845 kg/m = 0.845 g/m.



61. (a) The phasor diagram is shown here: y;, y», and y3 represent the original waves and
vm represents the resultant wave.

Y
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The horizontal component of the resultant is y,,; = y1 — v3 = y1 — ¥1/3 = 2y1/3. The vertical
component is y,,, = y2 = y1/2. The amplitude of the resultant is

23, Y 's
Yo =N Yo+ Vo = \/(%j +(%) =7 =083
(b) The phase constant for the resultant is

¢=tan™ (ﬂ) =tan™" [2)’1—/23j = tan™" G) =0.644 rad =37°.

(c) The resultant wave is

y :% 3, sin (kx — ot +0.644 rad).

The graph below shows the wave at time # = 0. As time goes on it moves to the right with
speed v = w'k.

Y-

L,V,ﬁ—/\ AN /
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—}l 11




62. Setting x =0 in y = yy sin(kx - wt + ¢) gives y = ym sin(—a)t + ¢) as the function
being plotted in the graph. We note that it has a positive “slope” (referring to its #-
derivative) at ¢ = 0:

d d m in(—m ¢+
H‘%: Y Slnc(itm q)):_ymg)cos(—g)t+q)) >0 at t=0.

This implies that — cos(¢) > 0 and consequently that ¢ is in either the second or third
quadrant. The graph shows (at # = 0) y = 2.00 mm, and (at some later #) y, = 6.00 mm.
Therefore,

Y =Vm sin(—mt + q))‘tzo = ¢=sin( %) = 0.34rad or 2.8rad

(bear in mind that sin(0) = sin(nt — 0)), and we must choose ¢ = 2.8 rad because this is
about 161° and is in second quadrant. Of course, this answer added to 2nr is still a valid
answer (where n is any integer), so that, for example, ¢ =2.8 — 2w =-3.48 rad is also an
acceptable result.



63. We compare the resultant wave given with the standard expression (Eq. 16-52) to
obtain k=20m™' =21/),2y, cos(+¢)=3.0mm, and 1¢ =0.820rad .

(a) Therefore, A =2n/k=0.31 m.
(b) The phase difference is ¢ = 1.64 rad.

(c) And the amplitude is y,, = 2.2 mm.



64. Setting x = 0 in a, = —* y (see the solution to part (b) of Sample Problem 16-2)
where y = yusin(kx — ot + ¢) gives a, = —0* ymsin(—o ¢ + ¢) as the function being
plotted in the graph. We note that it has a negative “slope” (referring to its #-derivative)
att=0:

da, _ d(0yysin(-0+ 9)) _
ds ds

Ym @ cos(—wz+0) <0 at £=0.

This implies that cos¢ < 0 and consequently that ¢ is in either the second or third
quadrant. The graph shows (att =0) a, =-100 m/s? and (at another ) a@max = 400 m/s2.
Therefore,

ay = —Gmax sin(—o)t + ¢)‘t:0 = ¢ = sin_l(%)= 0.25rad or 2.9rad

(bear in mind that sin@ = sin(rt — ), and we must choose ¢ = 2.9 rad because this is
about 166° and is in the second quadrant. Of course, this answer added to 2nr is still a
valid answer (where n is any integer), so that, for example, ¢ = 2.9 — 2w = -3.4 rad 1is
also an acceptable result.



65. We note that
dy/dt = —acos(kx — ot + ),

which we will refer to as u(x,?). so that the ratio of the function y(x,7) divided by u(x,?)
is — tan(kx — ®f + ¢)/®. With the given information (for x = 0 and ¢ = 0) then we can take
the inverse tangent of this ratio to solve for the phase constant:

= -0 (0.0 1 (2840)(0.0045))
0 =tan" ( 00 0)) 075 ) 1.2 rad.



66. (a) Recalling the discussion in §16-5, we see that the speed of the wave given by a
function with argument x — 5.0¢ (where x is in centimeters and 7 is in seconds) must be
5.0 ci/s.

(b) In part (c), we show several “snapshots” of the wave: the one on the left is as shown
in Figure 16-48 (at ¢ = 0), the middle one is at # = 1.0 s, and the rightmost one is at
t =2.0 s. It is clear that the wave is traveling to the right (the +x direction).

(c) The third picture in the sequence below shows the pulse at 2.0 s. The horizontal scale
(and, presumably, the vertical one also) is in centimeters.

2_
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1.6
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(d) The leading edge of the pulse reaches x = 10 cm at t = (10 — 4.0)/5 = 1.2 s. The
particle (say, of the string that carries the pulse) at that location reaches a maximum
displacement # =2 cm at ¢t = (10 — 3.0)/5 = 1.4 s. Finally, the trailing edge of the pulse
departs from x = 10 cm at £ = (10 — 1.0)/5 = 1.8 s. Thus, we find for A(¢) at x = 10 cm
(with the horizontal axis, ¢, in seconds):

24
1.8
1.6
1.4
1.2
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0.8
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0.4
0.2
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67. (a) The displacement of the string is assumed to have the form y(x, f) =
Vm sin (kx — ax). The velocity of a point on the string is

u(x, t) = dy/ot = —@y,, cos(kx — ax)

and its maximum value is u,, = @y,. For this wave the frequency is /= 120 Hz and the
angular frequency is @ = 27 = 27 (120 Hz) = 754 rad/s. Since the bar moves through a
distance of 1.00 cm, the amplitude is half of that, or y,, = 5.00 x 10~ m. The maximum
speed is

U = (754 rad/s) (5.00 x 10 m) = 3.77 m/s.

(b) Consider the string at coordinate x and at time ¢ and suppose it makes the angle 8 with
the x axis. The tension is along the string and makes the same angle with the x axis. Its
transverse component is Zans = 7sin 6. Now @is given by tan €= dy/dx = ky,, cos(kx — ax)
and its maximum value is given by tan 6, = ky,,. We must calculate the angular wave
number k. It is given by k = @/'v, where v is the wave speed. The wave speed is given by
v=,r/u, where 71is the tension in the rope and u is the linear mass density of the rope.

v | OON g g
0.120kg/m

_ 754rad/s
27.4m/s

Using the data given,

and

=27.5m™"

Thus,
tan@, =(27.5m™")(5.00x10°m)=0.138

and € = 7.83°. The maximum value of the transverse component of the tension in the
string is
Tirans = (90.0 N) sin 7.83°=12.3 N.

We note that sin @is nearly the same as tan @because dis small. We can approximate the
maximum value of the transverse component of the tension by 7ky,,.

(c) We consider the string at x. The transverse component of the tension pulling on it due
to the string to the left is —7(dy/dx) = —tky,, cos(kx — ax) and it reaches its maximum value
when cos(kx — a¥) =—1. The wave speed is

u = dy/ot =—ay,, cos (kx — ax)
and it also reaches its maximum value when cos(kx — ax) = —1. The two quantities reach

their maximum values at the same value of the phase. When cos(kx — ax) = —1 the value
of sin(kx — ax) is zero and the displacement of the string is y = 0.



(d) When the string at any point moves through a small displacement Ay, the tension does
work AW = Tans Ay. The rate at which it does work is

AW Ay

P= At - Ttrans A_t = Ttransu'

P has its maximum value when the transverse component 7,,s of the tension and the

string speed u have their maximum values. Hence the maximum power is (12.3 N)(3.77
m/s) =46.4 W.

(e) As shown above y = 0 when the transverse component of the tension and the string
speed have their maximum values.

(f) The power transferred is zero when the transverse component of the tension and the
string speed are zero.

(g) P = 0 when cos(kx — a¥) = 0 and sin(kx — a¥) = %1 at that time. The string
displacement is y = ty,, = £0.50 cm.



68. We use Eq. 16-52 in interpreting the figure.
(a) Since y’ = 6.0 mm when ¢ = 0, then Eq. 16-52 can be used to determine y,, = 3.0 mm.

(b) We note that y’ = 0 when the shift distance is 10 cm; this occurs because cos(¢/2) = 0
there = ¢=mrad or ' cycle. Since a full cycle corresponds to a distance of one full

wavelength, this % cycle shift corresponds to a distance of A/2. Therefore, =20 cm =
k=2m/A=31m".

(c) Since =120 Hz, w=2nf = 754 rad/s =7.5x10° rad/s.
(d) The sign in front of @is minus since the waves are traveling in the +x direction.

The results may be summarized as y = (3.0 mm) sin[(31.4 m x — (754 s (this
applies to each wave when they are in phase).



69. (a) We take the form of the displacement to be y (x, ) = y,, sin(kx — a¥). The speed of
a point on the cord is
u(x, t) = dy/ot = —ay,, cos(kx — ax),

and its maximum value is u,, = @wy,. The wave speed, on the other hand, is given by v =
MT = alk. The ratio is

u, oy, —hy = 2my,,

v wlk A

(b) The ratio of the speeds depends only on the ratio of the amplitude to the wavelength.
Different waves on different cords have the same ratio of speeds if they have the same
amplitude and wavelength, regardless of the wave speeds, linear densities of the cords,
and the tensions in the cords.



70. We write the expression for the displacement in the form y (x, ¢) = y,, sin(kx — ax).
(a) The amplitude is y,, = 2.0 cm = 0.020 m, as given in the problem.

(b) The angular wave number £ is k = 2m/A=2m/(0.10 m) = 63 m '

(¢) The angular frequency is @=2nf= 2m(400 Hz) = 2510 rad/s = 2.5x10’ rad/s.

(d) A minus sign is used before the a¥ term in the argument of the sine function because
the wave is traveling in the positive x direction.

Using the results above, the wave may be written as
»(x%.£)=(2.00cm)sin ((62.8m™) x—(2510s7")¢).
(e) The (transverse) speed of a point on the cord is given by taking the derivative of y:

u(x,t)= 9

a—); =-wy,, cos(kx—at)

which leads to a maximum speed of u,, = @y,, = (2510 rad/s)(0.020 m) = 50 m/s.

(f) The speed of the wave is

V:&:Q: 2510rad/s —40m/s.
T 62.8rad/m



71. (a) The amplitude is y,, = 1.00 cm = 0.0100 m, as given in the problem.
(b) Since the frequency is /= 550 Hz, the angular frequency is w= 27f= 3.46x10’ rad/s.

(c) The angular wave number is k=w/v=(3.46x10° rad/s)/(330 m/s)=10.5 rad/m.

(d) Since the wave is traveling in the —x direction, the sign in front of @ is plus and the
argument of the trig function is kx + ax.

The results may be summarized as

1%

y(x,t)=y,sin(kx+at)=y, sin[zﬂf(fﬂﬂ

=(0.010m)sin {27[(550HZ)( X +1H

330m/s
=(0.010m) sin[(10.5 rad/s) x + (3.46x10° rad/s)t].



72. We orient one phasor along the x axis with length 3.0 mm and angle 0 and the other at
70° (in the first quadrant) with length 5.0 mm. Adding the components, we obtain

(3.0 mm)+ (5.0 mm)cos(70°) =4.71mm along x axis
(5.0 mm)sin (70°) =4.70 mm along y axis.

(a) Thus, amplitude of the resultant wave is \/ (4.71 mm)* +(4.70 mm)> = 6.7 mm.

(b) And the angle (phase constant) is tan™' (4.70/4.71) = 45°.



73. (a) Using v = fA, we obtain

r= 240m/s — 75 Hy.

3.2m

(b) Since frequency is the reciprocal of the period, we find

1

r=1
f 75Hz

=0.0133s =13 ms.



74. By Eq. 16-66, the higher frequencies are integer multiples of the lowest (the
fundamental).

(a) The frequency of the second harmonic is f; = 2(440) = 880 Hz.

(b) The frequency of the third harmonic is and f; = 3(440) = 1320 Hz.



75. We make use of Eq. 1665 with L = 120 cm.

(a) The longest wavelength for waves traveling on the string if standing waves are to be
setupis A4 =2L/1=240 cm.

(b) The second longest wavelength for waves traveling on the string if standing waves
are tobe setup is 4, =2L/2=120 cm.

(c) The third longest wavelength for waves traveling on the string if standing waves are
to be setup is 4, =2L/3=80.0 cm.

The three standing waves are shown below:



76.(a) Atx =23 mand ¢t = 0.16 s the displacement is

y(x,t)=0.155in[(0.79)(2.3) -=13(0.16)Jm = —0.039m.

(b) We choose y,, = 0.15 m, so that there would be nodes (where the wave amplitude is
zero) in the string as a result.

(c) The second wave must be traveling with the same speed and frequency. This implies
k=079 m™",

(d)and w=13 rad/s.

(e) The wave must be traveling in —x direction, implying a plus sign in front of @.
Thus, its general form is y” (x,7) = (0.15 m)sin(0.79x + 13¢).

(f) The displacement of the standing wave atx =2.3 mand r=0.16 s is

y(x,£) =—0.039 m +(0.15m)sin[(0.79)(2.3) +13(0.16)] = —0.14 m.



77. (a) The wave speed is

N 120N =144 m)s.
4 \8.70x10” kg/1.50m

(b) For the one-loop standing wave we have A; = 2L = 2(1.50 m) = 3.00 m.

(¢c) For the two-loop standing wave A, = L =1.50 m.
(d) The frequency for the one-loop wave is f; = v/A; = (144 m/s)/(3.00 m) = 48.0 Hz.

(e) The frequency for the two-loop wave is f> = v/A; = (144 m/s)/(1.50 m) = 96.0 Hz.



78. We use Pz%,uva)zyiocvfzocx/;fz.

(a) If the tension is quadrupled, then P, = R, \/:_—7 =P /% =2P.
1 1

(b) If the frequency is halved, then P, =P, L 2 _p[ /2 ]
” 2 1 - E = —P
/ L) o4



79. We use Eq. 16-2, Eq. 16-5, Eq. 16-9, Eq. 16-13, and take the derivative to obtain the
transverse speed u.

(a) The amplitude is y,, = 2.0 mm.
(b) Since w= 600 rad/s, the frequency is found to be /= 600/2nt = 95 Hz.

(c) Since k& = 20 rad/m, the velocity of the wave is v = @k = 600/20 = 30 m/s in the +x
direction.

(d) The wavelength is A = 2m/k = 0.31 m, or 31 cm.

(e) We obtain
dy
u= o -y, cos(kx—awt) = u, =wy,

so that the maximum transverse speed is u,, = (600)(2.0) = 1200 mm/s, or 1.2 m/s.



80. (a) Since the string has four loops its length must be two wavelengths. That is, A =
L/2, where A is the wavelength and L is the length of the string. The wavelength is related
to the frequency f'and wave speed v by A = v/f, so L/2 = v/f and

L =2v/f=2(400 m/s)/(600 Hz) = 1.3 m.
(b) We write the expression for the string displacement in the form y = y,, sin(kx) cos(ax),
where y,, is the maximum displacement, k£ is the angular wave number, and @ is the
angular frequency. The angular wave number is
k=2m/k = 2mflv = 21(600 Hz)/(400 m/s) = 9.4m '
and the angular frequency is
w=2nf=2n(600 Hz) = 3800 rad/s.

With y,, = 2.0 mm, the displacement is given by

y(x,t) = (2.0mm)sin[(9.4m™")x]cos[(3800s 7" )¢].



81. To oscillate in four loops means n = 4 in Eq. 16-65 (treating both ends of the string as
effectively “fixed”). Thus, A = 2(0.90 m)/4 = 0.45 m. Therefore, the speed of the wave is
v =fA =27 m/s. The mass-per-unit-length is

u=m/L=(0.044 kg)/(0.90 m) = 0.049 kg/m.
Thus, using Eq. 16-26, we obtain the tension:

7=v* 1= (27 m/s)*(0.049 kg/m) = 36 N.



82. (a) This distance is determined by the longitudinal speed:
d, =v,1=(2000m/s)(40x107s) =8.0x10m.

(b) Assuming the acceleration is constant (justified by the near-straightness of the curve a
=300/40 x 10"®) we find the stopping distance d:

(300)° (40x10™°)
2(300)

vi=vl+2ad = d =

which gives d = 6.0x10~> m. This and the radius » form the legs of a right triangle (where
r is opposite from 8= 60°). Therefore,

tan 60° :%:,» r=dtan60° =1.0x107m.



83. (a) Let the cross-sectional area of the wire be 4 and the density of steel be p. The
tensile stress is given by 774 where 7is the tension in the wire. Also, (/= pA. Thus,

8 2
S T/ A _ [7:00x10 N/}m —3.00x10° m/s
U P 7800kg/m

(b) The result does not depend on the diameter of the wire.



84. (a) Let the displacements of the wave at (y,7) be z(y,7). Then

z(y,t) =z, sin(ky — ax),

where z,, = 3.0 mm, £ = 60 cmﬁl, and @=21/T=271/0.20 s = 10n s ". Thus
z(y,t) = (3.0mm)sin[(600m_l)y —(lOns"l)t].

(b) The maximum transverse speed is u, = wz, =(21/0.20s)(3.0mm)=94 mm/s.



85. (a) With length in centimeters and time in seconds, we have

u= d_y =—60mcos (E - 47ttj.
dt 8

Thus, when x = 6 and ¢ =4, we obtain

w=—60mcos—~ = 0% _ 133
4 2

so that the speed there is 1.33 m/s.

(b) The numerical coefficient of the cosine in the expression for u is —60m. Thus, the
maximum speed is 1.88 m/s.

(c) Taking another derivative,
a=" - 2407 sin (E - 4mj
dt 8

so that when x = 6 and ¢ = § we obtain a = —24077 sin(—4) which yields a = 16.7 m/s*.

(d) The numerical coefficient of the sine in the expression for @ is —240m”. Thus, the
maximum acceleration is 23.7 m/s’.



86. Repeating the steps of Eq. 16-47 — Eq. 16-53, but applying

cosa+cos = ZCO{MJ cos (Lﬂj
2 2

(see Appendix E) instead of Eq. 16-50, we obtain y"=[0.10costx]cos4mnt, with SI units
understood.

(a) For non-negative x, the smallest value to produce cos mx = 0 is x = 1/2, so the answer
isx=10.50 m.

(b) Taking the derivative,

W=

o 0.10cos Tux | (—4msin 47r)

We observe that the last factor is zero when ¢ =0,4,4,2,... Thus, the value of the first
time the particle at x=0 has zero velocity is ¢ = 0.

(c) Using the result obtained in (b), the second time where the velocity at x =0 vanishes
would be = 0.25 s,

(d) and the third time is # = 0.50 s.



87. (a) From the frequency information, we find @ = 2nf'= 10% rad/s. A point on the
rope undergoing simple harmonic motion (discussed in Chapter 15) has maximum speed
as it passes through its "middle" point, which is equal to y,,®. Thus,

50m/s=y,0 = y,=0.16m .

(b) Because of the oscillation being in the fundamental mode (as illustrated in Fig. 16-
23(a) in the textbook), we have A = 2L = 4.0 m. Therefore, the speed of waves along the
rope is v=_fA =20 m/s. Then, with 4= m/L = 0.60 kg/m, Eq. 16-26 leads to

v= \/E = 1=uv'=240N =2.4x10°N.

(c) We note that for the fundamental, k£ = 2n/A = m/L, and we observe that the anti-node
having zero displacement at # = 0 suggests the use of sine instead of cosine for the simple
harmonic motion factor. Now, if the fundamental mode is the only one present (so the
amplitude calculated in part (a) is indeed the amplitude of the fundamental wave pattern)
then we have

y= (0.16 m) sin (%) sin (107f)=(0.16 m)sin[(1.57 m™")x]sin[(31.4 rad/s)¢]



88. (a) The frequency is f=1/T=1/4 Hz, so v=fA = 5.0 cm/s.

(b) We refer to the graph to see that the maximum transverse speed (which we will refer
to as u,) is 5.0 cm/s. Recalling from Ch. 11 the simple harmonic motion relation u,, =

Vm@=Y,2Tf, we have
1
50=y, (an) = y,=32cm

(c) As already noted, /= 0.25 Hz.

(d) Since k£ = 2m/A, we have k = 10m rad/m. There must be a sign difference between the ¢
and x terms in the argument in order for the wave to travel to the right. The figure shows
that at x = 0, the transverse velocity function is 0.050 sin7z/2. Therefore, the function
u(x,?) is

u(x,7) = 0.050sin Gz - IOTcxj

with lengths in meters and time in seconds. Integrating this with respect to time yields

2(0.050)

y(x,t)=— cos(%t—lOnxJ+C

where C is an integration constant (which we will assume to be zero). The sketch of this
function at = 2.0 s for 0 <x < 0.20 m is shown below.

y(x, 1)

A 006 008 0.1 0.12 0.14 O.16 0.18 0.2




89. (a) The wave speed is

N 7 \/kM(é +Al)
i \\m/(l+A0) m ’
(b) The time required is
L 2m(+Al) 2wl +AD) :M\/E /1+i,
v JEAL(L+ ALY/ m k Al

Thus if /¢/Af>1 , then ftoec~/l/Al <1/~Al; and if /(/Al<1

t = 2mm/k = const.

b

then



90. (a) The wave number for each wave is k = 25.1/m, which means A = 27/k = 250.3 mm.
The angular frequency is @ = 440/s; therefore, the period is 7 = 2w/w = 14.3 ms. We plot
the superposition of the two waves y = y; + », over the time interval 0 < ¢# < 15 ms. The
first two graphs below show the oscillatory behavior at x = 0 (the graph on the left) and at
x = A8 = 31 mm. The time unit is understood to be the millisecond and vertical axis (y) is
in millimeters.

1 ]
] 21
] 5 ] 5 1 15
L ! L1 [ A A | 1
0 | ! 0: !
: -2
—14 N

The following three graphs show the oscillation at x = A/4 =62.6 mm = 63 mm (graph on
the left), at x = 3A/8 = 94 mm (middle graph), and at x = A/2 = 125 mm.

N SN L)

T T
(b) We can think of wave y; as being made of two smaller waves going in the same
direction, a wave yj, of amplitude 1.50 mm (the same as y,) and a wave y,; of amplitude
1.00 mm. It is made clear in §16-12 that two equal-magnitude oppositely-moving waves
form a standing wave pattern. Thus, waves y;, and y, form a standing wave, which leaves
1 as the remaining traveling wave. Since the argument of y;, involves the subtraction
kx — ax, then y); travels in the +x direction.

|
[\

(c) If y» (which travels in the —x direction, which for simplicity will be called “leftward”)
had the larger amplitude, then the system would consist of a standing wave plus a
leftward moving wave. A simple way to obtain such a situation would be to interchange
the amplitudes of the given waves.

(d) Examining carefully the vertical axes, the graphs above certainly suggest that the
largest amplitude of oscillation iS y. = 4.0 mm and occurs at x = A/4 = 62.6 mm.

(e) The smallest amplitude of oscillation is ymi, = 1.0 mm and occurs at x = 0 and at x =
A2 =125 mm.

(f) The largest amplitude can be related to the amplitudes of y; and y» in a simple way:
Vmax = Yim T Vom, Where y1,, = 2.5 mm and y»,, = 1.5 mm are the amplitudes of the original
traveling waves.

(g) The smallest amplitudes iS ymin = Yim — Vam, Where yi, = 2.5 mm and y,,, = 1.5 mm are
the amplitudes of the original traveling waves.



91. Using Eq. 16-50, we have
y'= [0.60 cosg} sin (STcx —200mt + %j

with length in meters and time in seconds (see Eq. 16-55 for comparison).

(a) The amplitude is seen to be

0.60005% ~0.3v3=0.52m.

(b) Since k=5m and @ =200, then (using Eq. 16-12) v = % =40m/s.

(c) k=2m/Aleads to A=0.40 m.



92. (a) For visible light

¢ _3.0x10°m/s

Sonin = = ——=4.3x10"Hz
A 700x10°m
and
8
o= e 30X 50
A  400x10°m
(b) For radio waves
8
A = c =3.O><106m/s=1'0m
A,.. 300x10°Hz
and
8
A =C =3'OXI06m/S=2.0><102m.
A, 15x10°Hz
(c) For X rays
8
A =3'0X10_?/S=6.0><1016Hz
A, S5.0x107m
and
8
ro= c _3.0x10 m/S=3.O><1019Hz.

A 1.0x10"'m

min



93. (a) Centimeters are to be understood as the length unit and seconds as the time unit.
Making sure our (graphing) calculator is in radians mode, we find

LB R 9
0 100 120 140 160

-]

(b) The previous graph is at £ = 0, and this next one is at = 0.050 s.

o T fer— X
i 20 140 60/ 80 100 \120 140/ 160
_l,
]
And the final one, shown below, is at = 0.010 s.
y
2_
‘l,
S BABA AN RS R AR LA AR AR X
] 120 140 160

(c) The wave can be written as y(x,t)=y, sin(kx+at), where v=w/k is the speed of

propagation. From the problem statement, we see that w=27/0.40=5x rad/s and
k=2m/80=m/40 rad/cm . This yields v=2.0x10" cm/s=2.0 m/s

(d) These graphs (as well as the discussion in the textbook) make it clear that the wave is
traveling in the —x direction.



Chapter 17




A-PDF Split DEMO : Purchase from www.A-PDF.com to remove the watermark

1. (a) When the speed is constant, we have v = d/t where v = 343 m/s is assumed.
Therefore, with ¢ = 15/2 s being the time for sound to travel to the far wall we obtain d =

(343 m/s) x (15/2 s) which yields a distance of 2.6 km.

(b) Just as the 1 factor in part (a) was 1/(n + 1) for n = 1 reflection, so also can we write

15sj . (343)(15)

n=-—>"—~ ‘-
n+l1

d =(343m/s)( y

for multiple reflections (with d in meters). For d = 25.7 m, we find n =199 =2.0x10°.


http://www.a-pdf.com/?product-split-demo

2. The time it takes for a soldier in the rear end of the column to switch from the left to
the right foot to stride forward is # = 1 min/120 = 1/120 min = 0.50 s. This is also the time
for the sound of the music to reach from the musicians (who are in the front) to the rear
end of the column. Thus the length of the column is

1 =vt=(343m/s)(0.50s) =1.7 x 10°m.



3. (a) The time for the sound to travel from the kicker to a spectator is given by d/v,
where d is the distance and v is the speed of sound. The time for light to travel the same
distance is given by d/c, where c is the speed of light. The delay between seeing and
hearing the kick is Az = (d/v) — (d/c). The speed of light is so much greater than the speed
of sound that the delay can be approximated by At = d/v. This means d = v At. The
distance from the kicker to spectator 4 is

ds=v Aty = (343 m/s)(0.23 s) =79 m.
(b) The distance from the kicker to spectator B is dz = v Atz = (343 m/s)(0.12 s) =41 m.
(c) Lines from the kicker to each spectator and from one spectator to the other form a

right triangle with the line joining the spectators as the hypotenuse, so the distance
between the spectators is

D=\ld’+d} =\[(79m)’ +(41m)’ =89m.




4. The density of oxygen gas is

_0.0320kg

= m = 143kg/m3

From v =/B/p we find

B=v'p=(317m/s)’ (1.43kg/m’) = 1.44x10’ Pa.



5. Let trbe the time for the stone to fall to the water and ¢, be the time for the sound of the
splash to travel from the water to the top of the well. Then, the total time elapsed from
dropping the stone to hearing the splash is ¢ = #,+ ¢,. If d is the depth of the well, then the

kinematics of free fall gives
d =%gt; = t,=42d/g.

The sound travels at a constant speed vy, so d = v, or ¢, = d/vs. Thus the total time is
t=4/2d /g +d/v,. This equation is to be solved for d. Rewrite it as \|2d /g =t—d /v,
and square both sides to obtain

2d/g = —2(t/v)d + (1 + v)d".
Now multiply by gv? and rearrange to get
2 22 _
gd —2v(gt+vy)d+gv t=0.

This is a quadratic equation for d. Its solutions are

J 2v, (gt+vs)i\/4vf (gt+vs)2 —4g*Vt’
= 22 .
The physical solution must yield d = 0 for # = 0, so we take the solution with the negative

sign in front of the square root. Once values are substituted the result d = 40.7 m is
obtained.



6. Using Egs. 16-13 and 17-3, the speed of sound can be expressed as

v:zf:ﬁ,
P

where B=—(dp/dV)/V . Since V,A and p are not changed appreciably, the frequency

ratio becomes
v _ |B _ |dp/dV),
v B \(plar),

ME[L) (;j —9.00
@v/dp), B, \/f. 0.333

=

Thus, we have



7. If d is the distance from the location of the earthquake to the seismograph and vy is the
speed of the S waves then the time for these waves to reach the seismograph is #. = d/v;.
Similarly, the time for P waves to reach the seismograph is #, = d/v,. The time delay is

At = (dIvs) — (dIvy) = d(vy — vs)/vevp,
SO
_ v,AL (4.5 km/s)(8.0km/s)(3.0min)(60s /min)

= =1.9x10° km.
v,—v,) 8.0km/s —4.5km/s

We note that values for the speeds were substituted as given, in km/s, but that the value
for the time delay was converted from minutes to seconds.



8. Let ¢ be the length of the rod. Then the time of travel for sound in air (speed v;) will
be t, = //v . And the time of travel for compressional waves in the rod (speed v,) will be

t.=/(/v, . In these terms, the problem tells us that

t—1, =0.12s=£(l—lj.
v v

N r

Thus, with vy = 343 m/s and v, = 15v;, = 5145 m/s, we find / =44 m.



9. (a) Using A = v/f, where v is the speed of sound in air and fis the frequency, we find

343m/s

=~ =7.62x107 m,
4.50x10° Hz

(b) Now, A = v/f, where v is the speed of sound in tissue. The frequency is the same for
air and tissue. Thus

A= (1500 m/s)/(4.50 x 10° Hz) =3.33 x 10 * m.



10. (a) The amplitude of a sinusoidal wave is the numerical coefficient of the sine (or

cosine) function: p,, = 1.50 Pa.

(b) We identify £ = 0.9t and @= 3157 (in SI units), which leads to f= @/2w = 158 Hz.

(c) We also obtain A = 2m/k = 2.22 m.

(d) The speed of the wave 1s v= @k = 350 m/s.



11. Without loss of generality we take x = 0, and let # = 0 be when s = 0. This means the
phase is ¢= —/2 and the function is s = (6.0 nm)sin(a¥) at x = 0. Noting that ® = 3000
rad/s, we note that at ¢ = sin '(1/3)/@ = 0.1133 ms the displacement is s = +2.0 nm.
Doubling that time (so that we consider the excursion from —2.0 nm to +2.0 nm) we
conclude that the time required is 2(0.1133 ms) = 0.23 ms.



12. The key idea here is that the time delay Az is due to the distance d that each
wavefront must travel to reach your left ear (L) after it reaches your right ear (R).

(a) From the figure, we find Az = 4 = Dsin6 .
v v

(b) Since the speed of sound in water is now v, , with 8 =90°, we have

At :Ds1n90 :2.

w
v v

w w

(c) The apparent angle can be found by substituting D /v, for Az:

DsinH_Q
% v

w

At =

Solving for 8 with v, =1482 m/s (see Table 17-1), we obtain

6 =sin"' LLJ =sin”' [%} =sin"'(0.231)=13°
v, s



13. (a) Consider a string of pulses returning to the stage. A pulse which came back just
before the previous one has traveled an extra distance of 2w, taking an extra amount of

time At = 2w/v. The frequency of the pulse is therefore

L_ v _38ms 0y

S = AT 2w 2(075m)

(b) Since fo< 1/w, the frequency would be higher if w were smaller.



14. (a) The period is 7 = 2.0 ms (or 0.0020 s) and the amplitude is Ap,, = 8.0 mPa (which
is equivalent to 0.0080 N/m?). From Eq. 17-15 we get

_Apw _ _Apy -9
o _ vpQu/T) 6.1x10" " m.

where p=1.21 kg/m’ and v = 343 m/s.
(b) The angular wave number is k£ = /v = 2n/vT = 9.2 rad/m.
(c) The angular frequency is @=21t/T = 3142 rad/s =3.1x 10’ rad/s.

The results may be summarized as s(x, £) = (6.1 nm) cos[(9.2 m " )x — (3.1 x 10° s7")7].

(d) Using similar reasoning, but with the new values for density (o’ = 1.35 kg/m3) and
speed (v'= 320 m/s), we obtain

A A
s M A,

= = =5.9%10"° m.
vip'wo v'p'Qr/T)

(e) The angular wave number is k = ®/v’ = 2nt/v’T = 9.8 rad/m.
(f) The angular frequency is @= 21/T = 3142 rad/s =3.1x10’ rad/s.

The new displacement function is s(x, /) = (5.9 nm) cos[(9.8 m ")x — (3.1 x 10* s7")].



2

15. The problem says “At one instant..” and we choose that instant (without loss of
generality) to be # = 0. Thus, the displacement of “air molecule 4™ at that instant is

S4= +Sm = SmCOS(kxy — F + @)| _, = smcos(kxs + @),
where x,=2.00 m. Regarding “air molecule B” we have

1
S8 = +3Sm = Sm COS( kxp — f + @)| _ = smcos( kxz + @).

These statements lead to the following conditions:

IOCA + ¢= O
kxs + ¢=cos '(1/3)=1.231

where x3 = 2.07 m. Subtracting these equations leads to

k(xp—x4)=1231 = k=17.6rad/m.

Using the fact that k£ = 21t/A we find A = 0.357 m, which means

f=v/A=343/0.357 = 960 Hz.

Another way to complete this problem (once k is found) is to use kv = @ and then the
fact that o= 2nf.



16. Let the separation between the point and the two sources (labeled 1 and 2) be x; and
Xy, respectively. Then the phase difference is

270(x, —x,) _ 27(4.40m—4.00m)
A (330m/s)/540Hz

=4.12rad.

—g—¢ =27l Dt f |l—ox| 224 | =
Ap=¢ -0, 2ﬂ(ﬂ+ﬁ} 27r(l+ﬁj



17. (a) The problem is asking at how many angles will there be “loud” resultant waves,
and at how many will there be “quiet” ones? We note that at all points (at large distance
from the origin) along the x axis there will be quiet ones; one way to see this is to note
that the path-length difference (for the waves traveling from their respective sources)
divided by wavelength gives the (dimensionless) value 3.5, implying a half-wavelength
(180°) phase difference (destructive interference) between the waves. To distinguish the
destructive interference along the +x axis from the destructive interference along the —x
axis, we label one with +3.5 and the other —3.5. This labeling is useful in that it suggests
that the complete enumeration of the quiet directions in the upper-half plane (including
the x axis) is: -3.5, -2.5, —-1.5, -0.5, +0.5, +1.5, +2.5, +3.5. Similarly, the complete
enumeration of the loud directions in the upper-half plane is: -3, -2, -1, 0, +1, +2, +3.
Counting also the “other” -3, -2, -1, 0, +1, +2, +3 values for the lower-half plane, then
we conclude there are a total of 7+ 7 =14 “loud” directions.

(b) The discussion about the “quiet” directions was started in part (a). The number of
values in the list: -3.5, -2.5, -1.5, -0.5, +0.5, +1.5, +2.5, +3.5 along with -2.5,-1.5, 0.5,
+0.5, +1.5, +2.5 (for the lower-half plane) is 14. There are 14 “quiet” directions.



18. At the location of the detector, the phase difference between the wave which traveled
straight down the tube and the other one which took the semi-circular detour is

AP =kAd = %(nr =2r).

For r = rmin we have A¢ = m, which is the smallest phase difference for a destructive

interference to occur. Thus,
A 40.0cm

Voin = = =17.5cm.
2(t-2) 2(mn-2)




19. Let L, be the distance from the closer speaker to the listener. The distance from the
other speaker to the listener is L, =/L; +d’ , where d is the distance between the

speakers. The phase difference at the listener is ¢ = 2m(L, — L;)/A, where A is the
wavelength.

For a minimum in intensity at the listener, ¢ = (2n + 1)xt, where n is an integer. Thus,

A= 2(L2 —Ll)/(2n + 1)

The frequency is
pob_ Cnrbv (2n+DB43ms) — (2n+1)(343 Hz).
A 2(1/Lf +d? - LI) 2(\/(3.75 m)? +(2.00m)* — 3.75m)

Now 20,000/343 = 58.3, so 2n + 1 must range from 0 to 57 for the frequency to be in the
audible range. This means n ranges from 0 to 28.

(a) The lowest frequency that gives minimum signal is (n =0) f . =343 Hz.

min,1

(b) The second lowest frequency is (n = 1) f.. ,=[2(1)+1]343 Hz=1029 Hz=3f_

Thus, the factor is 3.

in2 — in,l *

(c) The third lowest frequency is (n=2) f.

the factor is 5.

=[2(2)+1]343 Hz=1715 Hz=5f.._,. Thus,

min,3 min,l*

For a maximum in intensity at the listener, ¢ = 2nm, where n is any positive integer. Thus

kz(l/n)(«/Lf +d’ —Ll) and

v nv n(343m/s)
f=_: 2 2 - 2 2
A B +d® -1 J(3.75m)* +(2.00m)* —=3.75m

=n(686 Hz).

Since 20,000/686 = 29.2, n must be in the range from 1 to 29 for the frequency to be
audible.

(d) The lowest frequency that gives maximum signal is (n =1) f._ , =686 Hz.

max,l

=2(686 Hz)=1372 Hz=2f

max,]*

(e) The second lowest frequency is (n = 2) f. Thus,

max,2
the factor is 2.

(f) The third lowest frequency is (n = 3) f.

max,3

=3(686 Hz)=2058 Hz=3f, .. Thus, the

factor is 3.



20. (a) To be out of phase (and thus result in destructive interference if they superpose)
means their path difference must be A4/2 (or 34/2 or 54/2 or ...). Here we see their path
difference is L, so we must have (in the least possibility) L = A/2, or ¢ =L/A = 0.5.

(b) As noted above, the next possibility is L =34/2, or ¢ =L/A=1.5.



21. Building on the theory developed in §17 — 5, we set AL/A=n—-1/2, n=1,2,... in

order to have destructive interference. Since v = fA, we can write this in terms of
frequency:

_(2n-1)

= =(n—1/2)(286 Hz
winn =27 =( X )

where we have used v = 343 m/s (note the remarks made in the textbook at the beginning
of the exercises and problems section) and AL = (19.5 - 183 ) m=1.2 m.

(a) The lowest frequency that gives destructive interference is (n = 1)

foms = (1=1/2)(286 Hz) =143 Hz.

(b) The second lowest frequency that gives destructive interference is (n = 2)

foins = (2=1/2)(286 Hz) = 429 Hz = 3(143 Hz) =3,

in,l*
So the factor is 3.
(c) The third lowest frequency that gives destructive interference is (n = 3)

foms =(3=1/2)(286 Hz) = 715 Hz = 5(143 Hz) = 5,

in,l*
So the factor is 5.

Now we set AL/ A =1 (even numbers) — which can be written more simply as “(all
integers n =1, 2,...)” — in order to establish constructive interference. Thus,

ny

=—=n(286 Hz).
Fuwns =3y = n(286 Hz)

(d) The lowest frequency that gives constructive interference is (n =1) f, __, =(286 Hz).

ax, |
(e) The second lowest frequency that gives constructive interference is (n = 2)

fowr =2(286 Hz) =572 Hz =2,

ax,1*

Thus, the factor is 2.
(f) The third lowest frequency that gives constructive interference is (n = 3)

fows =3(286 Hz) =858 Hz =3 1,

ax,l *

Thus, the factor is 3.



22. (a) The problem indicates that we should ignore the decrease in sound amplitude
which means that all waves passing through point P have equal amplitude. Their
superposition at P if d = A/4 results in a net effect of zero there since there are four
sources (so the first and third are A/2 apart and thus interfere destructively; similarly for
the second and fourth sources).

(b) Their superposition at P if d = A/2 also results in a net effect of zero there since there
are an even number of sources (so the first and second being A/2 apart will interfere
destructively; similarly for the waves from the third and fourth sources).

(c) If d = A then the waves from the first and second sources will arrive at P in phase;
similar observations apply to the second and third, and to the third and fourth sources.
Thus, four waves interfere constructively there with net amplitude equal to 4s,,.



23. (a) If point P is infinitely far away, then the small distance d between the two sources
is of no consequence (they seem effectively to be the same distance away from P). Thus,
there is no perceived phase difference.

(b) Since the sources oscillate in phase, then the situation described in part (a) produces
fully constructive interference.

(c) For finite values of x, the difference in source positions becomes significant. The path
lengths for waves to travel from §; and S, become now different. We interpret the
question as asking for the behavior of the absolute value of the phase difference |Ad), in
which case any change from zero (the answer for part (a)) is certainly an increase.

The path length difference for waves traveling from S) and S is

Al=~d*+x* —x for x>0.

The phase difference in “cycles” (in absolute value) is therefore

Al NdP+x -
-5

Thus, in terms of A, the phase difference is identical to the path length difference:

| A¢|=A¢>0. Consider A¢=X\/2. Then vJd*+x* =x+A/2. Squaring both sides,
rearranging, and solving, we find
_d? A

X= .
A 4
In general, if A/ = &N for some multiplier £> 0, we find

d> 1 64.0
Tt e e

where we have used d = 16.0 m and A =2.00 m.

(d) For A/=0.50x, or £=0.50, we have x =(64.0/0.50—-0.50) m=127.5 m =128 m.
(e) For A/ =1.00x, or £=1.00, we have x =(64.0/1.00—1.00) m=63.0 m.

(f) For A¢ =1.50X\, or £=1.50, we have x=(64.0/1.50-1.50) m=41.2 m.

Note that since whole cycle phase differences are equivalent (as far as the wave

superposition goes) to zero phase difference, then the £ = 1, 2 cases give constructive

interference. A shift of a half-cycle brings “troughs” of one wave in superposition with
—1 3 5

“crests” of the other, thereby canceling the waves; therefore, the & =1, 32,3 cases

produce destructive interference.



24. (a) Since intensity is power divided by area, and for an isotropic source the area may
be written 4 = 41/? (the area of a sphere), then we have

=2 =LW2 =0.080 W/m”.
A 4n(1.0m)

(b) This calculation may be done exactly as shown in part (a) (but with » = 2.5 m instead
of » = 1.0 m), or it may be done by setting up a ratio. We illustrate the latter approach.
Thus,

’

r

I' _Plan(r’y _(rY
[ Plam’

leads to 7 = (0.080 W/m?*)(1.0/2.5)* = 0.013 W/m”.



25. The intensity is the rate of energy flow per unit area perpendicular to the flow. The
rate at which energy flow across every sphere centered at the source is the same,
regardless of the sphere radius, and is the same as the power output of the source. If P is
the power output and / is the intensity a distance r from the source, then P = I4 = 4m/°I,
where 4 (= 4% is the surface area of a sphere of radius ». Thus

P=4m(2.50 m)* (1.91 x 10* W/m?) =150 x 10> W.



26. Sample Problem 17-5 shows that a decibel difference Af is directly related to an
intensity ratio (which we write as /2 =1’/1). Thus,

AB=10log(R) = R =10""=10"" =1.26.



27. The intensity is given by I =1 pv@’s’, where p is the density of air, v is the speed of

sound in air, @ is the angular frequency, and s, is the displacement amplitude for the
sound wave. Replace @ with 2mf and solve for s,,:

I 1.00x10°° W/m? i
s, = - = - - - =3.68x10"° m.
2 pv f 21 (1.21kg/m’*)(343m/s)(300 Hz)




28. (a) The intensity is given by [ = P/ATr* when the source is “point-like.” Therefore, at
r=3.00 m,
-6
- LOOXI0TW _ ¢ 84510 Wi,
47(3.00m)
(b) The sound level there is

8.84%10”° W/m?
1.00x107"* W/m?

ﬂlelog( J:39.5dB.



29. (a) Let I, be the original intensity and I, be the final intensity. The original sound
level is S = (10 dB) log(7,/Iy) and the final sound level is £ = (10 dB) log(Z»/1y), where I,
is the reference intensity. Since £ = £ + 30 dB which yields

(10 dB) log(1>/Io) = (10 dB) log(Zi/Io) + 30 dB,
or
(10 dB) log(1/I) — (10 dB) log(I;/I) = 30 dB.

Divide by 10 dB and use log(2/1p) — log(1i/1y) = log(l»/I) to obtain log(l»/I;) = 3. Now
use each side as an exponent of 10 and recognize that 10"e/h) = I,/1,. The result is /I
= 10°. The intensity is increased by a factor of 1.0x10°.

(b) The pressure amplitude is proportional to the square root of the intensity so it is
increased by a factor of /1000 = 32.



30. (a) Eq. 17-29 gives the relation between sound level  and intensity 7, namely

] zlolo(ﬂ/IOdB) :(10—12 W/mZ)lo(ﬂ/lodB) :10—12+(ﬂ/10dB) W/mZ

Thus we find that for a =70 dB level we have a high intensity value of = 10 ﬂW/mz.
(b) Similarly, for = 50 dB level we have a low intensity value of Jio, = 0.10 ZW/m’.

(c) Eq. 17-27 gives the relation between the displacement amplitude and /. Using the
values for density and wave speed, we find s,, = 70 nm for the high intensity case.

(d) Similarly, for the low intensity case we have s,, = 7.0 nm.

We note that although the intensities differed by a factor of 100, the amplitudes differed
by only a factor of 10.



31. We use = 10 log(Z/I,) with I, = 1 x 10> W/m* and Eq. 17-27 with @ = 2nf =
2m(260 Hz), v = 343 m/s and p=1.21 kg/m’.

1210(108'5)=%,0v(2nf)zsf7 = 5,=7.6x10"m=0.76 um.



32. (a) Since w=2nf, Eq. 17-15 leads to

1.13%x107° Pa
= 27'[ = =
Ap, =vp(2xf)s, = s, 2m(1665 Hz) (343m/s) (1.21 kg/m’)

which yields s,, = 0.26 nm. The nano prefix represents 10~°. We use the speed of sound
and air density values given at the beginning of the exercises and problems section in the
textbook.

(b) We can plug into Eq. 17-27 or into its equivalent form, rewritten in terms of the
pressure amplitude:

18, (1.13x107 Pa)’

. =1.5 nW/m”.
2 pv 2(1.21kg/m’)(343mvs)




33. We use =10 log (I/I,) with I, = 1 x 107> W/m® and I = P/4m/* (an assumption we
are asked to make in the problem). We estimate » = 0.3 m (distance from knuckle to ear)
and find

P=4n(0.3m) (1x107? W/m*)10° = 2x10° W =2 4/W.



34. The difference in sound level is given by Eq. 17-37:

AB=p,-B =010 db)log(i—f].

1

Thus, if AB=5.0 db, then log(/, /1;)=1/2, which implies that /, = \/Eli. On the other
. . . . P .
hand, the intensity at a distance » from the source is / = P where P is the power of
r
the source. A fixed P implies that /7’ =1 /,rfz. . Thus, with » =1.2 m, we obtain

/ 172 1 1/4
r.=|—4Y| r=|— 1.2m)=0.67 m.

J



35. (a) The intensity is

P 30.0W

= ~=5.97x10" W/m”’.
4mr” (4m)(200m)

(b) Let 4 (= 0.750 cm?) be the cross-sectional area of the microphone. Then the power
intercepted by the microphone is

P'=I4=0=(6.0x10"W/m>)(0.750cm*)(10~* m*/cm?*) = 4.48x10~° W.



36. Combining Eqs.17-28 and 17-29 we have = 10 log(l f;rz) . Taking differences (for

sounds 4 and B) we find

_ P, Pp \ _ Py
AB= 1010g(104nr2) — 1010g(104m2) = lolog(PB)

using well-known properties of logarithms. Thus, we see that ASis independent of » and
can be evaluated anywhere.

(a) We can solve the above relation (once we know AP = 5.0) for the ratio of powers; we
find PA/PB =3.2.

(b) At »=1000 m it is easily seen (in the graph) that AR = 5.0 dB. This is the same A we
expect to find, then, at » = 10 m.



37. (a) As discussed on page 408, the average potential energy transport rate is the same
as that of the kinetic energy. This implies that the (average) rate for the total energy is

dE\ _ (dKY _ )
(dt)avg _2(dt)avg = 2( A,DAV(()ZSW, )

using Eq. 17-44. In this equation, we substitute p = 1.21 kg/m’, A = m* = 70.020 m), v
=343 m/s, @= 3000 rad/s, 5, = 12 x10™ m, and obtain the answer 3.4 x 10™'°W.

(b) The second string is in a separate tube, so there is no question about the waves
superposing. The total rate of energy, then, is just the addition of the two: 2(3.4 x 107'°
W)=6.8x10""W.
(c) Now we do have superposition, with ¢ = 0, so the resultant amplitude is twice that of
the individual wave which leads to the energy transport rate being four times that of part
(a). We obtain 4(3.4x 107°W) =14 x 10" W.
(d) In this case ¢ = 0.4m, which means (using Eq. 17-39)

Sn” = 2 5,c08(¢/2) = 1.618s,.

This means the energy transport rate is (1.618)* = 2.618 times that of part (a). We obtain
2.6183.4x 107" W)=8.8x10""W.

(e) The situation is as shown in Fig. 17-14(b). The answer is zero.



38. (a) Using Eq. 17-39 with v =343 m/s and n = 1, we find /' = nv/2L = 86 Hz for the
fundamental frequency in a nasal passage of length L = 2.0 m (subject to various
assumptions about the nature of the passage as a “bent tube open at both ends”).

(b) The sound would be perceptible as sound (as opposed to just a general vibration) of
very low frequency.

(c) Smaller L implies larger f by the formula cited above. Thus, the female's sound is of
higher pitch (frequency).



39. (a) From Eq. 17-53, we have

v _ (D@250mss) _ o
2L 2(0.150m)

f= 33Hz.

(b) The frequency of the wave on the string is the same as the frequency of the sound
wave it produces during its vibration. Consequently, the wavelength in air is

Jo= Yeoma _ 3885 _ ) o

S/ 833Hz




40. The distance between nodes referred to in the problem means that A/2 = 3.8 cm, or
A=0.076 m. Therefore, the frequency is

F=v/h= (1500 m/s)/(0.076 m) = 20 x 10’ Hz.



41. (a) We note that 1.2 = 6/5. This suggests that both even and odd harmonics are
present, which means the pipe is open at both ends (see Eq. 17-39).

(b) Here we observe 1.4 = 7/5. This suggests that only odd harmonics are present, which
means the pipe is open at only one end (see Eq. 17-41).



42. At the beginning of the exercises and problems section in the textbook, we are told to
assume Vsound = 343 m/s unless told otherwise. The second harmonic of pipe 4 is found
from Eq. 17-39 with n =2 and L = L4, and the third harmonic of pipe B is found from Eq.
17-41 with n =3 and L = L. Since these frequencies are equal, we have

sound __ 3vsound = LB = ELA
2L, 4L, 4

(a) Since the fundamental frequency for pipe 4 is 300 Hz, we immediately know that the
second harmonic has /= 2(300 Hz) = 600 Hz. Using this, Eq. 17-39 gives

L= (2)(343 m/s)/2(600 s™") = 0.572 m.

(b) The length of pipe Bis L, =3 L, =0.429m.



43. (a) When the string (fixed at both ends) is vibrating at its lowest resonant frequency,
exactly one-half of a wavelength fits between the ends. Thus, A = 2L. We obtain

v = fL=2Lf=2(0.220 m)(920 Hz) = 405 m/s.

(b) The wave speed is given by v=./7/u, where 7is the tension in the string and g is

the linear mass density of the string. If M is the mass of the (uniform) string, then ¢ =
M/L. Thus,

7=’ = (M/L)V* = [(800 x 107° kg)/(0.220 m)] (405 m/s)* = 596 N.
(¢) The wavelength is A = 2L = 2(0.220 m) = 0.440 m.
(d) The frequency of the sound wave in air is the same as the frequency of oscillation of
the string. The wavelength is different because the wave speed is different. If v, is the

speed of sound in air the wavelength in air is

e = valf = (343 m/s)/(920 Hz) = 0.373 m.



44. The frequency is /= 686 Hz and the speed of sound is vsouna = 343 m/s. If L is the
length of the air-column, then using Eq. 17-41, the water height is (in unit of meters)

h=1.00—1=1.00—"""=1,00-"C%)
4f 4(686)

=(1.00-0.1257n) m
where n =1, 3, 5,... with only one end closed.

(a) There are 4 values of n (n = 1,3,5,7) which satisfies 4 > 0.

(b) The smallest water height for resonance to occur corresponds to n = 7 with
h=0.125m.

(c) The second smallest water height corresponds to n =5 with 2 = 0.375 m.



45. (a) Since the pipe is open at both ends there are displacement antinodes at both ends
and an integer number of half-wavelengths fit into the length of the pipe. If L is the pipe
length and A is the wavelength then A = 2L/n, where n is an integer. If v is the speed of
sound then the resonant frequencies are given by /= v/A = nv/2L. Now L = 0.457 m, so

f=n(344 m/s)/2(0.457 m) = 376.4n Hz.
To find the resonant frequencies that lie between 1000 Hz and 2000 Hz, first set /= 1000
Hz and solve for n, then set /= 2000 Hz and again solve for n. The results are 2.66 and
5.32, which imply that » = 3, 4, and 5 are the appropriate values of n. Thus, there are 3
frequencies.
(b) The lowest frequency at which resonance occurs is (7 = 3) /= 3(376.4 Hz) = 1129 Hz.

(c) The second lowest frequency at which resonance occurs is (n = 4)

f=4(376.4 Hz) = 1506 Hz.



46. (a) Since the difference between consecutive harmonics is equal to the fundamental
frequency (see section 17-6) then f; = (390 — 325) Hz = 65 Hz. The next harmonic after
195 Hz is therefore (195 + 65) Hz = 260 Hz.

(b) Since f, =nf, then n=260/65=4.

(c) Only odd harmonics are present in tube B so the difference between consecutive

harmonics is equal to fwice the fundamental frequency in this case (consider taking
differences of Eq. 17-41 for various values of n). Therefore,

/i =5(1320 - 1080) Hz = 120 Hz.

The next harmonic after 600 Hz is consequently [600 + 2(120)] Hz = 840 Hz.

(d) Since f, =nf, (for n odd) then n = 840/120 =7.



47. The string is fixed at both ends so the resonant wavelengths are given by A = 2L/n,
where L is the length of the string and # is an integer. The resonant frequencies are given

by /= v/A = nv/2L, where v is the wave speed on the string. Now v =./7/u , where 7is
the tension in the string and g is the linear mass density of the string. Thus
f=(m/2L)\t/u . Suppose the lower frequency is associated with n = n; and the higher

frequency is associated with n = n; + 1. There are no resonant frequencies between so
you know that the integers associated with the given frequencies differ by 1. Thus

fi=(n,/2L)\JT/u and

f2:n1+1 lzﬂ £+L lzfl"'L 1
2L \Nu 2L\Nu 2L\ u 2L\ u

This means f, — f, =(1/2L),/7/u and

T=4Lu(f, - f;)* =4(0.300m)*(0.650x10~° kg/m)(1320 Hz— 880 Hz)* = 45.3 N,



48. (a) Using Eq. 17-39 with n = 1 (for the fundamental mode of vibration) and 343 m/s
for the speed of sound, we obtain

oDV _ 343m0s

= =71.5Hz.
4L.,.. 4(1.20m)
(b) For the wire (using Eq. 17-53) we have
, AV, 1 T
f = = |—
2Lwire 2Lwire ﬂ

where 1 = myjire/ Lwire. Recognizing that f = f” (both the wire and the air in the tube vibrate
at the same frequency), we solve this for the tension .

wire ~wire

7=(2L,. f) (HZL) =4f*m_. L. =4(71.5Hz)’(9.60x107° kg)(0.330m)=64.8N.

wire



49. The top of the water is a displacement node and the top of the well is a displacement
anti-node. At the lowest resonant frequency exactly one-fourth of a wavelength fits into
the depth of the well. If d is the depth and A is the wavelength then A = 4d. The frequency
is /= v/A = v/4d, where v is the speed of sound. The speed of sound is given by

v=4/B/p, where B is the bulk modulus and p is the density of air in the well. Thus
f=(1/4d){B/ p and

5
oL [B_ 1 1.33x10 P3a 4
4f\p 4(7.00Hz)\ 1.10kg/m




50. We observe that “third lowest ... frequency” corresponds to harmonic number n4 = 3
for pipe A which is open at both ends. Also, “second lowest ... frequency” corresponds
to harmonic number ng = 3 for pipe B which is closed at one end.

(a) Since the frequency of B matches the frequency of A, using Eqs. 17-39 and 17-41, we
have
vo_ v

= :} _ =
1= T 2L, 4L,

which implies L, =L,/2=(1.20m)/2=0.60 m . Using Eq. 17-40, the corresponding
wavelength is

4L, 4(0.60 m)
3

A= =0.80 m.

The change from node to anti-node requires a distance of A/4 so that every increment of
0.20 m along the x axis involves a switch between node and anti-node. Since the closed
end is a node, the next node appears at x = 0.40 m So there are 2 nodes. The situation
corresponds to that illustrated in Fig. 17-15(b) with n=3.

(b) The smallest value of x where a node is present is x = 0.
(c) The second smallest value of x where a node is present is x = 0.40m.

(d) Using v = 343 m/s, we find f3 = v/A = 429 Hz. Now, we find the fundamental resonant
frequency by dividing by the harmonic number, f; = f3/3 = 143 Hz.



51. Let the period be 7. Then the beat frequency is 1/7 —440Hz =4.00beats/s.

Therefore, T = 2.25 x 10~ s. The string that is “too tightly stretched” has the higher
tension and thus the higher (fundamental) frequency.



52. Since the beat frequency equals the difference between the frequencies of the two
tuning forks, the frequency of the first fork is either 381 Hz or 387 Hz. When mass is
added to this fork its frequency decreases (recall, for example, that the frequency of a

mass-spring oscillator is proportional to 1/ Jm ). Since the beat frequency also decreases

the frequency of the first fork must be greater than the frequency of the second. It must
be 387 Hz.



53. Each wire is vibrating in its fundamental mode so the wavelength is twice the length
of the wire (A = 2L) and the frequency is

f=vin=(0/2DW7/ 1,

where v =./7/u is the wave speed for the wire, 7is the tension in the wire, and # is the

linear mass density of the wire. Suppose the tension in one wire is 7 and the oscillation
frequency of that wire is f;. The tension in the other wire is 7+ A7 and its frequency is f>.

You want to calculate A7/7for f; = 600 Hz and f, = 606 Hz. Now, f, =(1/2L)\/7/u and

fr=1/20)\(t+AT/ 1, so

£l fi=J@+Ar)/ T =1+(A7/7).

This leads to A7/7=(f,/ f,)* —1=[(606 Hz) /(600 Hz)J —1 = 0.020.



54. (a) The number of different ways of picking up a pair of tuning forks out of a set of
five is 5!/(2!3!) = 10. For each of the pairs selected, there will be one beat frequency. If
these frequencies are all different from each other, we get the maximum possible number
of 10.

(b) First, we note that the minimum number occurs when the frequencies of these forks,
labeled 1 through 5, increase in equal increments: f, = f; + nAf, where n =2, 3, 4, 5. Now,
there are only 4 different beat frequencies: foess = nAf, where n =1, 2, 3, 4.



55. In the general Doppler shift equation, the trooper’s speed is the source speed and the
speeder’s speed is the detector’s speed. The Doppler effect formula, Eq. 17-47, and its

accompanying rule for choosing = signs, are discussed in §17-10. Using that notation, we
have v =343 m/s,

vp =vs= 160 km/h = (160000 m)/(3600 s) = 44.4 m/s,
and /= 500 Hz. Thus,

= (500 HZ)(343 m/s —44.4 m/s

343 m/s—44.4 m/s

szOOHZ — Af=0.



56. The Doppler effect formula, Eq. 1747, and its accompanying rule for choosing *
signs, are discussed in §17-10. Using that notation, we have v =343 m/s, vp = 2.44 m/s,
f7=1590 Hz and f= 1600 Hz. Thus,

v+,
V+vg

f’:f[ ] = vsz% (v+v,)—v=4.61m/s.



57. We use vs = r@ (with » = 0.600 m and @ = 15.0 rad/s) for the linear speed during
circular motion, and Eq. 17-47 for the Doppler effect (where f'= 540 Hz, and v =343 m/s
for the speed of sound).

(a) The lowest frequency is
v+0

f’:f[ j=526Hz.

V+vg

(b) The highest frequency is

f':f( V+O]:555 Hz.

V—=V¢



58. We are combining two effects: the reception of a moving object (the truck of speed u
= 45.0 m/s) of waves emitted by a stationary object (the motion detector), and the
subsequent emission of those waves by the moving object (the truck) which are picked up
by the stationary detector. This could be figured in two steps, but is more compactly
computed in one step as shown here:

343m/s + 45m/s
343m/s — 45m/s

v+u

f final — finiual (—

jz(O.lSOMHZ)[ ]20.195MHZ.



59. In this case, the intruder is moving away from the source with a speed u satisfying u/v
< 1. The Doppler shift (with u =—-0.950 m/s) leads to

_2|u

1%

_2(0.95m/s)(28.0 kHz)
343m/s

fl‘)eat =

I =

f. )=155Hz.



60. We use Eq. 17-47 with f= 1200 Hz and v = 329 m/s.

(a) In this case, vp = 65.8 m/s and vs = 29.9 m/s, and we choose signs so that /" is larger
than f:

329 m/s+65.8 m/s
329 m/s —29.9 m/s

f’:f( j:1.58><103 Hz.

(b) The wavelength is A = v/f” = 0.208 m.

(c) The wave (of frequency f ') “emitted” by the moving reflector (now treated as a
“source,” so vs = 65.8 m/s) is returned to the detector (now treated as a detector, so vp =
29.9 m/s) and registered as a new frequency f”:

329 m/s +29.9 m/s
329 m/s —65.8 m/s

f”:f’( ]=2.16X103Hz.

(d) This has wavelength v/ f” =0.152 m.



61. We denote the speed of the French submarine by u; and that of the U.S. sub by u,.

(a) The frequency as detected by the U.S. sub is

5470 km/h +70.00 km/h
5470 km/h — 50.00 km/h

v+u,

j=1.022 x 10° Hz.

ﬁ’zfl( ]=(1.000><103 Hz)(
V—Uu,

(b) If the French sub were stationary, the frequency of the reflected wave would be f, =
Sfi(vtuz)/(v — up). Since the French sub is moving towards the reflected signal with speed
uy, then

e f(v+ulj_ f(v+u1)(v+u2)_(l.000><103 Hz)(5470+50.00)(5470+70.00)
P N ywv-w) (5470)(5470—70.00)

=1.045x%10° Hz.



62. When the detector is stationary (with respect to the air) then Eq. 17-47 gives

f

B 1-v /v

f/

where v is the speed of the source (assumed to be approaching the detector in the way
we’ve written it, above). The difference between the approach and the recession is

f"f”:f(l— 1vs/v 1 1vs/v) :f(%j

which, after setting ( f'— f”)/f = 1/2, leads to an equation which can be solved for the
ratio v¢/v. The result is \/g —2 =0.236. Thus, vy¢/v=0.236.



63. As a result of the Doppler effect, the frequency of the reflected sound as heard by the
bat is

f. =f'[%j — (3.9x10* Hz) (

V= ubat

v+v/40

v—v/40

J: 4.1x10* Hz.



64. The “third harmonic” refers to a resonant frequency f3 = 3 fi, where f; is the
fundamental lowest resonant frequency. When the source is stationary, with respect to the

air, then Eq. 17-47 gives
, v
i)
%

where v, is the speed of the detector (assumed to be moving away from the source, in the
way we’ve written it, above). The problem, then, wants us to find v, such that /"= f;
when the emitted frequency is f= f;. That is, we require 1 — v,/v = 1/3. Clearly, the
solution to this is v,/v = 2/3 (independent of length and whether one or both ends are

open [the latter point being due to the fact that the odd harmonics occur in both systems]).
Thus,

(a) For tube 1, v,=2v/3.
(b) For tube 2, v,=2v /3.
(c) For tube 3, v,=2v /3.

(d) For tube 4, v,=2v /3.



65. (a) The expression for the Doppler shifted frequency is

vty
f'=r—=,

VF Vg

where f'is the unshifted frequency, v is the speed of sound, vp is the speed of the detector
(the uncle), and v is the speed of the source (the locomotive). All speeds are relative to
the air. The uncle is at rest with respect to the air, so vp = 0. The speed of the source is vg
= 10 m/s. Since the locomotive is moving away from the uncle the frequency decreases
and we use the plus sign in the denominator. Thus

343m/s
343m/s + 10.00m/s

\%
V+vg

I'=r

= (500.0 Hz) [ j: 485.8 Hz.

(b) The girl is now the detector. Relative to the air she is moving with speed vp = 10.00
m/s toward the source. This tends to increase the frequency and we use the plus sign in
the numerator. The source is moving at vg = 10.00 m/s away from the girl. This tends to
decrease the frequency and we use the plus sign in the denominator. Thus (v + vp) =

(v + vs) and /"= f=500.0 Hz.

(c) Relative to the air the locomotive is moving at vg = 20.00 m/s away from the uncle.
Use the plus sign in the denominator. Relative to the air the uncle is moving at vp =
10.00 m/s toward the locomotive. Use the plus sign in the numerator. Thus

343m/s + 10.00 m/s
343m/s + 20.00 m/s

v+v,
v+

f'=r

=(500.0 Hz) [ j =486.2 Hz.

(d) Relative to the air the locomotive is moving at vs = 20.00 m/s away from the girl and
the girl is moving at vp = 20.00 m/s toward the locomotive. Use the plus signs in both the
numerator and the denominator. Thus (v + vp) = (v + vs) and f”= /= 500.0 Hz.



66. We use Eq. 1747 with f= 500 Hz and v = 343 m/s. We choose signs to produce /> f.

(a) The frequency heard in still air is

343 m/s+30.5 m/s
343 m/s—30.5 m/s

f'=(500 Hz)[ j=598Hz.

(b) In a frame of reference where the air seems still, the velocity of the detector is 30.5 —
30.5 =0, and that of the source is 2(30.5). Therefore,

343 m/s+0
343 m/s —2(30.5 m/s)

f =(500 HZ)[ ) =608 Hz.

(c) We again pick a frame of reference where the air seems still. Now, the velocity of the
source is 30.5 — 30.5 = 0, and that of the detector is 2(30.5). Consequently,

343 m/s+2(30.5 m/s)
343 m/s—-0

£7=(500 Hz)( ] =589 Hz.



67. The Doppler shift formula, Eq. 1747, is valid only when both ug and up are
measured with respect to a stationary medium (i.e., no wind). To modify this formula in
the presence of a wind, we switch to a new reference frame in which there is no wind.

(a) When the wind is blowing from the source to the observer with a speed w, we have u
= up = w in the new reference frame that moves together with the wind. Since the
observer is now approaching the source while the source is backing off from the observer,
we have, in the new reference frame,

f’=f[v+”z’j=f(V+WJ=2.0><103 Hz.

v+ug v+w

In other words, there is no Doppler shift.

(b) In this case, all we need to do is to reverse the signs in front of both u 7 and us. The
result is that there is still no Doppler shift:

f’=f(v_“;f ]=f(v_wj=2.0><103 Hz.

V=g V—w

In general, there will always be no Doppler shift as long as there is no relative motion
between the observer and the source, regardless of whether a wind is present or not.



68. We note that 1350 km/h is vs = 375 m/s. Then, with 8= 60°, Eq. 17-57 gives v =
3.3x10° m/s.



69. (a) The half angle 8 of the Mach cone is given by sin 8= v/vs, where v is the speed of
sound and vy is the speed of the plane. Since vg = 1.5v, sin 8= v/1.5v = 1/1.5. This means
0=42°.

(b) Let 4 be the altitude of the plane and suppose the Mach
cone intersects Earth's surface a distance d behind the plane. Yoo
The situation is shown on the diagram below, with P <«———
indicating the plane and O indicating the observer. The cone
angle is related to 4 and d by tan 6= h/d, so d = h/tan 6. The
shock wave reaches O in the time the plane takes to fly the
distance d:

d h 5000 m
v vtan@ 1.5(331 m/s)tan42°




70. The altitude H and the horizontal distance x for the legs of a right triangle, so we have

H=xtanf = vpttanH =1.25vtsin @

where v is the speed of sound, v, is the speed of the plane and

0 =sin | 2 | =sin”! ( v j =53.1°.
v, 1.25v

H =xtan8 = (1.25)(330m/s)(60s)(tan53.1°) = 3.30x10* m.

Thus the altitude is



71. (a) Incorporating a term (A/2) to account for the phase shift upon reflection, then the
path difference for the waves (when they come back together) is

AL+ (2d? — L + M2 = A(path) .

Setting this equal to the condition needed to destructive interference (A/2, 3A/2, SA/2 ...)
leads to d =0, 2.10 m, ...  Since the problem explicitly excludes the d = 0 possibility,

then our answer is d =2.10 m.

(b) Setting this equal to the condition needed to constructive interference (4, 24, 31 ...)
leadstod=1.47m, ... Ouranswerisd=1.47 m.



72. When the source is stationary (with respect to the air) then Eq. 17-47 gives

f’=f[ ——j

where v 4is the speed of the detector (assumed to be moving away from the source, in the
way we’ve written it, above). The difference between the approach and the recession is

rer=(w (A7)

which, after setting ( f”— f”)/f =1/2, leads to an equation which can be solved for the
ratio vy /v. The result is 1/4. Thus, v,/v = 0.250.



73. (a) Adapting Eq. 17-39 to the notation of this chapter, we have
Sn” = 2 s,co8(¢2) =2(12 nm) cos(776) = 20.78 nm.
Thus, the amplitude of the resultant wave is roughly 21 nm.
(b) The wavelength (A = 35 cm) does not change as a result of the superposition.
(c) Recalling Eq. 17-47 (and the accompanying discussion) from the previous chapter, we
conclude that the standing wave amplitude is 2(12 nm) = 24 nm when they are traveling

in opposite directions.

(d) Again, the wavelength (A = 35 cm) does not change as a result of the superposition.



74. (a) The separation distance between points 4 and B is one-quarter of a wavelength;
therefore, A = 4(0.15 m) = 0.60 m. The frequency, then, is

f=v/A= (343 m/s)/(0.60 m) = 572 Hz.

(b) The separation distance between points C and D is one-half of a wavelength;
therefore, A =2(0.15 m) = 0.30 m. The frequency, then, is

f=v/A= (343 m/s)/(0.30 m) = 1144 Hz (or approximately 1.14 kHz).



75. Any phase changes associated with the reflections themselves are rendered
inconsequential by the fact that there are an even number of reflections. The additional
path length traveled by wave 4 consists of the vertical legs in the zig-zag path: 2L. To be
(minimally) out of phase means, therefore, that 2L = A/2 (corresponding to a half-cycle,

or 180°, phase difference). Thus, L = /4, or L/A=1/4=0.25.



76. Since they are approaching each other, the sound produced (of emitted frequency f)
by the flatcar-trumpet received by an observer on the ground will be of higher pitch /7. In
these terms, we are told /* — /= 4.0 Hz, and consequently that /**/ = 444/440 = 1.0091.
With vg designating the speed of the flatcar and v = 343 m/s being the speed of sound, the
Doppler equation leads to

L0 (343 )

fov=vs

1.0091-1 — 3 1ms,




77. The siren is between you and the cliff, moving away from you and towards the cliff.
Both “detectors” (you and the cliff) are stationary, so vp = 0 in Eq. 17-47 (and see the
discussion in the textbook immediately after that equation regarding the selection of *
signs). The source is the siren with v¢ = 10 m/s. The problem asks us to use v = 330 m/s
for the speed of sound.

(a) With /= 1000 Hz, the frequency f, you hear becomes

v+0

fy=f[ j:970.6HZz9.7x102Hz.

v+

(b) The frequency heard by an observer at the cliff (and thus the frequency of the sound
reflected by the cliff, ultimately reaching your ears at some distance from the cliff) is

v+0

fC:fL ]=1031.3H2z1.0x103Hz.

V=V

(c) The beat frequency is f. — f, = 60 beats/s (which, due to specific features of the human
ear, is too large to be perceptible).



78. Let r stand for the ratio of the source speed to the speed of sound. Then, Eq. 17-55
(plus the fact that frequency is inversely proportional to wavelength) leads to

1 1
2(l+rj =1,

Solving, we find » = 1/3. Thus, v¢/v =0.33.




79. The source being isotropic means Agphere = 417 is used in the intensity definition / =
P/A4, which further implies

(a) With 7; = 9.60 x 10™* W/m?, r; = 6.10 m, and r, = 30.0 m, we find
L =(9.60 x 10* W/m?)(6.10/30.0)>=3.97 x 10> W/m".

(b) Using Eq. 17-27 with I; = 9.60 x 10* W/m®, @= 2m(2000 Hz), v = 343 m/s and p =
1.21 kg/m’, we obtain

s, = 2]2 =1.71x10" m.
PV

(c) Eq. 17-15 gives the pressure amplitude:

Ap,, = pvws, =0.893 Pa.



80. When ¢ = 0 it is clear that the superposition wave has amplitude 2Ap,,. For the other
cases, it is useful to write

Ap, +Ap, = Ap,, (sin (@t ) +sin (ot - ¢)) = (2Apm cosgj sin(wt —gj

The factor in front of the sine function gives the amplitude Ap,. Thus,
Ap, I Ap, =2cos(¢/2).

(a) When ¢=0, Ap,/Ap, =2cos(0)=2.00.
(b) When ¢=7/2, Ap. /Ap, =2cos(m/4)=2=1.41.
(c) When ¢=7/3, Ap. /Ap, =2cos(rr/6)=~/3=1.73.

(d) When ¢o=7/4, Ap, / Ap, =2cos(/8)=1.85.



81. (a) With » =10 m in Eq. 17-28, we have

P
47t

I= = P=10W.

2

(b) Using that value of P in Eq. 17-28 with a new value for r, we obtain

JES Sy

41(5.0) m
Alternatively, a ratio /I = (+/r”)* could have been used.

¢) Using Eq. 17-29 with 7= 0.0080 W/mz, we have
(c) Using Eq

b= IOIOin: 99dB

0

where Iy = 1.0 x 107> W/m?>.



82. We use v = /B/ p to find the bulk modulus B:

B=v'p=(54x10° m/s)2 (2.7x10° kg/m’) =7.9x10" Pa.



83. Let the frequencies of sound heard by the person from the left and right forks be f;
and f,, respectively.

(a) If the speeds of both forks are u, then f;, = fv/(v + u) and

vi—u®(343m/s)’ —(3.00m/s)’

fo= 11 ]_ 2fuv _ 2(440Hz)(3.00mv/s)(343m/s)

f,—ﬁ|=fv(

=7.70Hz.

v—u v+u

(b) If the speed of the listener is u, then f;, = v = u)/v and

3.00m/s

:2f(%j:2(440Hz)£ e

f;aeat = |ﬁ _~fr

] =7.70Hz.
S



84. The rule: if you divide the time (in seconds) by 3, then you get (approximately) the
straight-line distance d. We note that the speed of sound we are to use is given at the
beginning of the problem section in the textbook, and that the speed of light is very much
larger than the speed of sound. The proof of our rule is as follows:

o d 4 d
sound =, 343m/s  0.343km/s’

sound

t=t Lo =t

sound ~ ‘“light

Cross-multiplying yields (approximately) (0.3 km/s)t = d which (since 1/3 = 0.3)
demonstrates why the rule works fairly well.



85. (a) The intensity is given by I =1 pve’s., where p is the density of the medium, v is
the speed of sound, w1is the angular frequency, and s, is the displacement amplitude. The
displacement and pressure amplitudes are related by Ap,, = pvass,,, so s, = Apn/pve and [

= (Apm)2/2pv. For waves of the same frequency the ratio of the intensity for propagation
in water to the intensity for propagation in air is

1, (89, ) P,
] Apn‘l(l vaW ’

a

where the subscript a denotes air and the subscript w denotes water. Since 7, = I,

Ap,.  [pv. \/(0.998><103 kg/m*)(1482m/s) _ .

Ap,. oV, (1.21kg/m*)(343m/s)

The speeds of sound are given in Table 17-1 and the densities are given in Table 15-1.
(b) Now, Apuw = APma, SO

1, _py, _ (1.21kg/m")(343m/s) 5 81x10™
I, pyv, (0.998x10°kg/m’)(1482m/s) '

a




86. We use Af, = B — £ = (10 dB) log(/i/).
(a) Since AB, = (10 dB) log(1/I;) = 37 dB, we get

L/L=10°79B10B = 1037 = 50 x 10°,
(b) Since Ap,, o< s,, o< JI , we have
Ap, | Ap,, =1,/ 1, =~/5.0x10° =71.

(c) The displacement amplitude ratio is s,,,/s,, =/, /1, =71.



87. (a) When the right side of the instrument is pulled out a distance d the path length for
sound waves increases by 2d. Since the interference pattern changes from a minimum to
the next maximum, this distance must be half a wavelength of the sound. So 2d = A/2,
where A is the wavelength. Thus A = 4d and, if v is the speed of sound, the frequency is

f=v/A=v/4d = (343 m/s)/4(0.0165 m) = 5.2 x 10’ Hz.

(b) The displacement amplitude is proportional to the square root of the intensity (see Eq.
17-27). Write JI= Cs,,, where I is the intensity, s, 1s the displacement amplitude, and C

is a constant of proportionality. At the minimum, interference is destructive and the
displacement amplitude is the difference in the amplitudes of the individual waves: s, =
ssap — Ssap, Where the subscripts indicate the paths of the waves. At the maximum, the
waves interfere constructively and the displacement amplitude is the sum of the
amplitudes of the individual waves: s, = ss4p + Ssap. Solve

V100 = Clsgy —5g5p)  and \/900 = Csg, — S50
for ss4p and sspp. Adding the equations give
sep = (/100 ++/900/2C =20/C,
while subtracting them yields
Semp = (+/900 —+/100)/2C =10/ C.

Thus, the ratio of the amplitudes is ss4p/sszp = 2.

(c) Any energy losses, such as might be caused by frictional forces of the walls on the air
in the tubes, result in a decrease in the displacement amplitude. Those losses are greater
on path B since it is longer than path A.



88. The angle is sin ' (v/v;) = sin ' (343/685) = 30°.



89. The round-trip time is ¢ = 2L/v where we estimate from the chart that the time
between clicks is 3 ms. Thus, with v = 1372 m/s, we find L = Jv¢ = 2.1 m.



90. The wave is written as s(x,t) =s, cos(kxt arx).

(a) The amplitude s, is equal to the maximum displacement: s, =0.30 cm.
(b) Since A = 24 cm, the angular wave number is k =27/A=0.26 cm™.

(c) The angular frequency is @= 27z f =27(25 Hz) =1.6x10" rad/s .

d) The speed of the wave is v = Af= (24 cm)(25 Hz) = 6.0 x 10” crn/s.
(d) p

(e) Since the direction of propagation is —x, the sign is plus, i.e., s(x,?) =s, cos(kx+ar).



91. The source being a “point source” means Aphere = 4mtr? is used in the intensity
definition / = P/A, which further implies

29

From the discussion in §17-5, we know that the intensity ratio between “barely audible
and the “painful threshold” is 10> = I,/I,. Thus, with 7, = 10000 m, we find

7 =r\10" =0.0lm =1 cm.



92. (a) The time it takes for sound to travel in air is ¢, = L/v, while it takes ¢, = L/v,, for
the sound to travel in the metal. Thus,

L —
=g, -, =E L EO V)
v oy v,V

(b) Using the values indicated (see Table 17-1), we obtain

P 1.00s 1
1v=1/v, 1/(343m/s) — 1/(5941nvs)




93. (a) We observe that “third lowest ... frequency” corresponds to harmonic number n =
5 for such a system. Using Eq. 1741, we have

F=™ o gs0Hz=—
4L 4(0.60 m)

so that v = 3.6x10% m/s.

(b) As noted, n = 5; therefore, f; = 750/5 = 150 Hz.



94. We note that waves 1 and 3 differ in phase by = radians (so they cancel upon
superposition). Waves 2 and 4 also differ in phase by & radians (and also cancel upon
superposition). Consequently, there is no resultant wave.



95. Since they oscillate out of phase, then their waves will cancel (producing a node) at a
point exactly midway between them (the midpoint of the system, where we choose x = 0).
We note that Figure 17-14, and the n = 3 case of Figure 17-15(a) have this property (of a
node at the midpoint). The distance Ax between nodes is A/2, where A = v/f and /= 300
Hz and v = 343 m/s. Thus, Ax = v/2f=0.572 m.

Therefore, nodes are found at the following positions:

x=nAx=n(0.572m), n=0,£1,£2,...
(a) The shortest distance from the midpoint where nodes are found is Ax =0.

(b) The second shortest distance from the midpoint where nodes are found is Ax=0.572 m.

(c) The third shortest distance from the midpoint where nodes are found is 2Ax =1.14 m.



96. (a) With /= 686 Hz and v = 343 m/s, then the “separation between adjacent
wavefronts” is 4= v/f=0.50 m.

(b) This is one of the effects which are part of the Doppler phenomena. Here, the
wavelength shift (relative to its “true” value in part (a)) equals the source speed v, (with

appropriate * sign) relative to the speed of sound v:

AL

4N
v

A

In front of the source, the shift in wavelength is —(0.50 m)(110 m/s)/(343 m/s) =—0.16 m,
and the wavefront separation is 0.50 m — 0.16 m = 0.34 m.

(c) Behind the source, the shift in wavelength is +(0.50 m)(110 m/s)/(343 m/s) = +0.16 m,
and the wavefront separation is 0.50 m + 0.16 m = 0.66 m.



97. We use [ o< 72 appropriate for an isotropic source. We have

(D-d)" 1

D? 2

2

where d = 50.0 m. We solve for

D:D=~2d/(N2-1)=+2(50.0m)/(~2-1)=171m.



98. (a) Using m = 7.3 x 10’ kg, the initial gravitational potential energy is
U =mgy=3.9x10" J, where 1 = 550 m. Assuming this converts primarily into kinetic

energy during the fall, then K = 3.9 x 10" T just before impact with the ground. Using
instead the mass estimate m = 1.7 x 10® kg, we arrive at K =9.2 x 10" J.

(b) The process of converting this kinetic energy into other forms of energy (during the
impact with the ground) is assumed to take A7 = 0.50 s (and in the average sense, we take
the “power” P to be wave-energy/Ar). With 20% of the energy going into creating a
seismic wave, the intensity of the body wave is estimated to be

S P _(020)K/A_

1 2
Ahemisphere 2 (475}" )

using 7 = 200 x 10’ m and the smaller value for K from part (a). Using instead the larger
estimate for K, we obtain I = 1.5 W/m®.

(c) The surface area of a cylinder of “height” d is 2mrd, so the intensity of the surface
wave is

7= P _ (0.20)K/At — 25%10° W/m?
A (2mrd)

cylinder

using d = 5.0 m, » = 200 x 10’ m and the smaller value for K from part (a). Using instead
the larger estimate for K, we obtain / = 58 kW/m®.

(d) Although several factors are involved in determining which seismic waves are most
likely to be detected, we observe that on the basis of the above findings we should expect
the more intense waves (the surface waves) to be more readily detected.



99. (a) The period is the reciprocal of the frequency:
T=1/f=1/(90 Hz)=1.1 x 10 s.

(b) Using v =343 m/s, we find A =v/f=3.8 m.



100. (a) The problem asks for the source frequency f. We use Eq. 1747 with great care
(regarding its £ sign conventions).

340m/s—16m/s]

4 :f(340 m/s— 40 m/s

Therefore, with = 950 Hz, we obtain f= 880 Hz.

(b) We now have

340m/s+16m/sj

4 =f(340m/s+40m/s

so that with /'= 880 Hz, we find f/” = 824 Hz.



101. (a) The blood is moving towards the right (towards the detector), because the
Doppler shift in frequency is an increase: Af > 0.

(b) The reception of the ultrasound by the blood and the subsequent remitting of the
signal by the blood back toward the detector is a two-step process which may be

compactly written as
vV+v

V=

where v, = v, , cos@. If we write the ratio of frequencies as R = (f + Af)/f, then the
solution of the above equation for the speed of the blood is

R-1
v = CR=DY 6 60mss
(R+1)cos@

where v = 1540 m/s, #=20°, and R = 1 + 5495/5 x 10°.

(c) We interpret the question as asking how Af (still taken to be positive, since the
detector is in the “forward” direction) changes as the detection angle & changes. Since
larger @ means smaller horizontal component of velocity v, then we expect Af to decrease
towards zero as @1is increased towards 90°.



102. Pipe A (which can only support odd harmonics — see Eq. 17-41) has length L,. Pipe
B (which supports both odd and even harmonics [any value of n] — see Eq. 17-39) has
length Lz = 4L, . Taking ratios of these equations leads to the condition:

(@B N (nOdd)A

Solving for nz we have nz = 2no4q.

(a) Thus, the smallest value of nz at which a harmonic frequency of B matches that of 4
is np=2(1)=2.

(b) The second smallest value of np at which a harmonic frequency of B matches that of
A is ng=2(3)=6.

(c) The third smallest value of np at which a harmonic frequency of B matches that of 4
is np=2(5)=10.



103. The points and the least-squares fit is shown in the graph that follows.

/

30
25

20

1/L

The graph has frequency in Hertz along the vertical axis and 1/L in inverse meters along
the horizontal axis. The function found by the least squares fit procedure is f=276(1/L) +
0.037. We shall assume that this fits either the model of an open organ pipe
(mathematically similar to a string fixed at both ends) or that of a pipe closed at one end.

(a) In a tube with two open ends, f = v/2L. If the least-squares slope of 276 fits the first
model, then a value of

v=2(276 m/s) = 553 m/s =5.5x10*> m/s
is implied.

(b) In a tube with only one open end, /' = v/4L, and we find v = 4(276 m/s) = 1106 m/s
~1.1x10° m/s which is more “in the ballpark™ of the 1400 m/s value cited in the problem.

(c) This suggests that the acoustic resonance involved in this situation is more closely
related to the n = 1 case of Figure 17-15(b) than to Figure 17-14.



104. (a) Since the source is moving toward the wall, the frequency of the sound as
received at the wall is

rr= | = |= (ad0Hz)| —3BDS | _467my,
V=V 343m/s —20.0m/s

(b) Since the person is moving with a speed u toward the reflected sound with frequency
f”, the frequency registered at the source is

y :f,(v+uj:(467HZ)(343m/s+20.0m/s

= 494 Hz.
343m/s j

v



105. Using Eq. 17-47 with great care (regarding its * sign conventions), we have

340 m/s —80.0 m/s
340 m/s —54.0 m/s

£ = (440 Hz)( ]:400 Hz.



106. (a) Let P be the power output of the source. This is the rate at which energy crosses
the surface of any sphere centered at the source and is therefore equal to the product of
the intensity / at the sphere surface and the area of the sphere. For a sphere of radius r, P
= 4m/” I and I = P/4m”. The intensity is proportional to the square of the displacement
amplitude s,. If we write 7/ =Cs> , where C is a constant of proportionality, then

Cs2 = P/4mr’ . Thus,

5, =\P/4m’C = (NP/4rC)(1/7).

The displacement amplitude is proportional to the reciprocal of the distance from the
source. We take the wave to be sinusoidal. It travels radially outward from the source,
with points on a sphere of radius r in phase. If w is the angular frequency and £ is the
angular wave number then the time dependence is sin(kr — a¥). Letting b=+ P/4nC, the
displacement wave is then given by

s(r,t)= P lsin(kr —wt) = ésin(kr — ).
4nC r r

(b) Since s and r both have dimensions of length and the trigonometric function is
dimensionless, the dimensions of » must be length squared.



107. (a) The problem is asking at how many angles will there be “loud” resultant waves,
and at how many will there be “quiet” ones? We consider the resultant wave (at large
distance from the origin) along the +x axis; we note that the path-length difference (for
the waves traveling from their respective sources) divided by wavelength gives the
(dimensionless) value n = 3.2, implying a sort of intermediate condition between
constructive interference (which would follow if, say, n = 3) and destructive interference
(such as the n = 3.5 situation found in the solution to the previous problem) between the
waves. To distinguish this resultant along the +x axis from the similar one along the —x
axis, we label one with n = +3.2 and the other » = -3.2. This labeling facilitates the
complete enumeration of the loud directions in the upper-half plane: » = -3, -2, -1, 0, +1,
+2, +3. Counting also the “other” -3, -2, -1, 0, +1, +2, +3 values for the lower-half
plane, then we conclude there are a total of 7+ 7 =14 “loud” directions.

(b) The labeling also helps us enumerate the quiet directions. In the upper-half plane we
find: n= -2.5,-1.5, -0.5, +0.5, +1.5, +2.5. This is duplicated in the lower half plane, so
the total number of quiet directions is 6 + 6 = 12.



108. The source being isotropic means Asphere = 41 is used in the intensity definition / =
P/A. Since intensity is proportional to the square of the amplitude (see Eq. 17-27), this

further implies
2

sz\z B P/4Tcr§ (rl\

(
= i h

Sm]J B P/anr: \r,

1
I]

or sz/Sml = 7"1/1"2.
(a) I = P/4mr” = (10 W)/4m(3.0 m)* = 0.088 W/m”.
(b) Using the notation A instead of s,, for the amplitude, we find

ﬁ_w:ojy

4, 40m



109. (a) In regions where the speed is constant, it is equal to distance divided by time.
Thus, we conclude that the time difference is

L—-d d L
At = + - —
14 V-AV) V

where the first term is the travel time through bone and rock and the last term is the
expected travel time purely through rock. Solving for d and simplifying, we obtain

ViV -AV 2
AV AV

(b) If we estimate d = 10 cm (as the lower limit of a range that goes up to a diameter of
20 cm), then the above expression (with the numerical values given in the problem) leads
to At = 0.8 us (as the lower limit of a range that goes up to a time difference of 1.6 s).



110. (a) We expect the center of the star to be a displacement node. The star has spherical
symmetry and the waves are spherical. If matter at the center moved it would move
equally in all directions and this is not possible.

(b) We assume the oscillation is at the lowest resonance frequency. Then, exactly one-
fourth of a wavelength fits the star radius. If A is the wavelength and R is the star radius
then A = 4R. The frequency is f = v/A = v/4R, where v is the speed of sound in the star.
The period is 7= 1/f=4R/v.

(c) The speed of sound is v=+/B/ p , where B is the bulk modulus and p is the density

of stellar material. The radius is R = 9.0 X 1073RS, where R; is the radius of the Sun (6.96
x 10® m). Thus

10 3
T:4R\/E:4(9.O><10‘3)(6.96><108m) 1.0x10 ljf/m =22s.
B 1.33x10” Pa



111. We find the difference in the two applications of the Doppler formula:

340 m/s+25 m/s 340 m/s 25 m/s
.

340m/s—15m/s 340 m/s—15m/s 340 m/s —15 m/s

which leads to f =4.8x10° Hz.



112. (a) We proceed by dividing the (velocity) equation involving the new (fundamental)
frequency f” by the equation when the frequency fis 440 Hz to obtain

TN i
fA T/ u f T
where we are making an assumption that the mass-per-unit-length of the string does not

change significantly. Thus, with 7" =127, we have f'/440=+/1.2, which
gives /" =482 Hz.

(b) In this case, neither tension nor mass-per-unit-length change, so the wave speed v is
unchanged. Hence, using Eq. 17-38 with n=1,

fX=/h = f(2L)=f(2L)

Since L’ =2 L, we obtain f’=3(440)=660Hz.



Chapter 18
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1. Let 7; be the temperature and p; be the pressure in the left-hand thermometer.
Similarly, let Tk be the temperature and pr be the pressure in the right-hand thermometer.
According to the problem statement, the pressure is the same in the two thermometers
when they are both at the triple point of water. We take this pressure to be p3. Writing Eq.
18-5 for each thermometer,

TL=(273.16K)(ﬂj and TR:(273.16K)(&}
Ps D3

we subtract the second equation from the first to obtain

T, - T, =(273.16K) (u).

D3

First, we take 7, = 373.125 K (the boiling point of water) and Tz = 273.16 K (the triple
point of water). Then, p; — pg = 120 torr. We solve

373.125K —273.16K = (273.16K) (120t0rrj

b3
for ps. The result is p3 = 328 torr. Now, we let 7, = 273.16 K (the triple point of water)

and T be the unknown temperature. The pressure difference is p; — pr = 90.0 torr.
Solving the equation

273.16K ~ T, = (273.16K) (Mj

328 torr

for the unknown temperature, we obtain 7z = 348 K.
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2. We take p; to be 80 kPa for both thermometers. According to Fig. 18-6, the nitrogen
thermometer gives 373.35 K for the boiling point of water. Use Eq. 18-5 to compute the
pressure:

T (373.351{
J4N

=———p,=| — | (80kPa) =109.343kPa.
273.16K 273.16K

The hydrogen thermometer gives 373.16 K for the boiling point of water and

_(373.16K

- 80kPa) = 109.287 kPa.
P 273.16Kj( )

(a) The difference is px— pu= 0.056 kPa =0.06 kPa.

(b) The pressure in the nitrogen thermometer is higher than the pressure in the hydrogen
thermometer.



3. From Eq. 18-6, we see that the limiting value of the pressure ratio is the same as the
absolute temperature ratio: (373.15 K)/(273.16 K) = 1.366.



4. (a) Let the reading on the Celsius scale be x and the reading on the Fahrenheit scale be
v. Then y=2x+432.Forx =-71°C, this gives y = —96°F.

(b) The relationship between y and x may be inverted to yield x =3 (y—32). Thus, for y
=134 we find x = 56.7 on the Celsius scale.



5. (a) Let the reading on the Celsius scale be x and the reading on the Fahrenheit scale be
v. Then y =2x+32.If we require y = 2x, then we have

2x=%x+32 =  x=(5)(32)=160°C

which yields y = 2x = 320°F.

(b) In this case, we require y =+ x and find

lx=2x+32 = xz—wz—24.6oc
2 5 13

which yields y = x/2 = —12.3°F.



6. We assume scales X and Y are linearly related in the sense that reading x is related to
reading y by a linear relationship y = mx + b. We determine the constants m and b by
solving the simultaneous equations:

~70.00 = m(~125.0) + b
~30.00 = m(375.0) + b

which yield the solutions m = 40.00/500.0 = 8.000 x 10> and b = —60.00. With these
values, we find x for y = 50.00:

L _¥=b _50.00+60.00
m 0.08000

=1375°X.




7. We assume scale X is a linear scale in the sense that if its reading is x then it is related
to a reading y on the Kelvin scale by a linear relationship y = mx + b. We determine the
constants m and b by solving the simultaneous equations:

373.15 = m(=53.5)+b
273.15 = m(~170) +b

which yield the solutions m = 100/(170 — 53.5) = 0.858 and b = 419. With these values,
we find x for y = 340:

__y=b_340-419
m  0.858

-92.1°X.




8. The change in length for the aluminum pole is

Al =000, AT = (33m)(23x107° / C°)(15 °C)=0.011m.



9. Since a volume is the product of three lengths, the change in volume due to a
temperature change AT is given by AV =3 a) AT, where V' is the original volume and « is
the coefficient of linear expansion. See Eq. 18-11. Since ¥ = (41/3)R’, where R is the
original radius of the sphere, then

AV =3« (?zﬁj AT=(23x107°/C°)(4m)(10cm)’ (100°C) = 29 cm’.

The value for the coefficient of linear expansion is found in Table 18-2.



10. (a) The coefficient of linear expansion « for the alloy is

AL 10.015cm—10.000cm

o= = =1.88x107/C°.
LAT  (10.01cm)(100°C —20.000°C)

Thus, from 100°C to 0°C we have
AL = LoAT =(10.015¢cm)(1.88x107° /C°)(0°C —100°C) = —1.88 x 10~ cm.
The length at 0°C is therefore L= L + AL = (10.015 cm — 0.0188 cm) = 9.996 cm.

(b) Let the temperature be 7y. Then from 20°C to 7, we have
AL =10.009cm —10.000cm = oL AT = (1.88x107°/C°)(10.000cm) AT,

giving AT =48 °C. Thus, T = (20°C + 48 °C )= 68°C.



11. The new diameter is

D =D,(1+a,AT)=(2.725cm)[1+(23x107° / C°)(100.0°C — 0.000°C)] = 2.73 1 cm.



12. The increase in the surface area of the brass cube (which has six faces), which had
side length is L at 20°, is

AA=6(L+AL)’ —6L' =12LAL =120, I’ AT =12 (19x107°/C®) (30cm)’(75°C —20°C)

=1lcm?’.



13. The volume at 30°C is given by

V'=V(1+ BAT)=V(1+30AT) = (50.00cm’)[1+3(29.00x107° / C°) (30.00°C — 60.00°C)]
=49.87cm’

where we have used =3



14. (a) We use p=m/V and
Ap=Am/V)=mA(1/V)=-mAVIV? =—p(AVIV)=-3p(AL/L).
The percent change in density is

Ap_ _3% = -3(0.23%) = ~0.69%.

Yo,

(b) Since o= AL/LAT ) = (0.23 x 107%) / (100°C — 0.0°C) = 23 x 10°° /C°, the metal is
aluminum (using Table 18-2).



15. If V. is the original volume of the cup, ¢, is the coefficient of linear expansion of
aluminum, and AT is the temperature increase, then the change in the volume of the cup
is AV, = 3¢, V. AT. See Eq. 18-11. If f is the coefficient of volume expansion for

glycerin then the change in the volume of glycerin is AV, = V. AT. Note that the original
volume of glycerin is the same as the original volume of the cup. The volume of glycerin

that spills is

AV, AV, =(B=3a,)V.AT =[(5.1x10%/C°)-3(23x10° /C°) | (100em*) (6.0°C)

=0.26cm’.



16. The change in length for the section of the steel ruler between its 20.05 cm mark and
20.11 cm mark is

AL =L AT =(20.11¢cm)(11x107°/C°)(270°C - 20°C) = 0.055cm.

Thus, the actual change in length for the rod is
AL =(20.11 cm —20.05 cm) + 0.055 cm =0.115 cm.

The coefficient of thermal expansion for the material of which the rod is made is then

g=2 _OIDM _o500ce
AT~ 270°C — 20°C




17. After the change in temperature the diameter of the steel rod is Dy = Dyy + oxDso AT
and the diameter of the brass ring is Dy = Dyy + aDpo AT, where Dy and Dy are the
original diameters, & and o are the coefficients of linear expansion, and AT is the
change in temperature. The rod just fits through the ring if Dy = D;. This means

Dy + aDso AT = Dy + c,Dpo AT.

Therefore,
Ar—_ DD _ 3.000cm—2.992 cm
o, D,y —a. D, (19.00 x10°/C°)(2.992cm)—(11.00x107°/C°)(3.000cm)
=335.0°C.

The temperature is 7= (25.00°C + 335.0 °C) = 360.0°C.



18. (a) Since 4 = mD*/4, we have the differential d4 = 2(nD/4)dD. Dividing the latter
relation by the former, we obtain d4A/A = 2 dD/D. In terms of A's, this reads

for £<<1.
D

We can think of the factor of 2 as being due to the fact that area is a two-dimensional
quantity. Therefore, the area increases by 2(0.18%) = 0.36%.

(b) Assuming that all dimensions are allowed to freely expand, then the thickness
increases by 0.18%.

(c) The volume (a three-dimensional quantity) increases by 3(0.18%) = 0.54%.
(d) The mass does not change.

(e) The coefficient of linear expansion is

AD _ 0.18x107
DAT  100°C

=1.8x107 /C°.



19. The initial volume V; of the liquid is sp4y where Ay is the initial cross-section area
and %y = 0.64 m. Its final volume is V' = h4 where h — h is what we wish to compute.

Now, the area expands according to how the glass expands, which we analyze as follows:

Using A=rr’, we obtain
dA=2xrdr=2nr(radl)= 20(nr*)dT =2 AdT .

Therefore, the height is
(1 + IBquuidAT)

Vs
4y (1420, AT)

h:K:
A

glass

Thus, with Vy/Ag = hy we obtain

1+ 3. AT 1+ (4x107)(10°
h—hy = h, w&—l =(0.64) ( )(10°) =1.3x10"* m.
1420, AT 1+2(1x107°)(10°)

glass




20. We divide Eq. 18-9 by the time increment At and equate it to the (constant) speed v =
100 x 10~ m/s.

v=oL,—
At

where Lo = 0.0200 m and or= 23 X 107%/Ce. Thus, we obtain

£ = 0.217C— = 0.2175.
At S S



21. Consider half the bar. Its original length is /;=L;/2 and its length after the
temperature increase is ¢ =/, + o/ AT . The old position of the half-bar, its new position,

and the distance x that one end is displaced form a right triangle, with a hypotenuse of
length 7, one side of length 7, and the other side of length x. The Pythagorean theorem

yields
X' =0 =0, =l,(1+0AT) - 1.

Since the change in length is small we may approximate (1 + o AT )* by 1 + 2« AT,
where the small term (e AT )* was neglected. Then,

x* =00+ 2000 AT — 05 =200 AT

and

3'77m\/2(25><10‘6/C°)(32°C) =7.5x107 m.

x=L 200 AT = 5



22. (a) The specific heat is given by ¢ = O/m(Ty— T;), where Q is the heat added, m is the
mass of the sample, 7; is the initial temperature, and 77 is the final temperature. Thus,
recalling that a change in Celsius degrees is equal to the corresponding change on the
Kelvin scale,

c= - 314] =523J/kg- K.
(30.0x107 kg)(45.0°C—25.0°C)

(b) The molar specific heat is given by

¢ =—92 S1a) = 26.2J/mol - K.
N(T, =)~ (0.600mol)(45.0°C—25.0°C)

(c) If N is the number of moles of the substance and M is the mass per mole, then m =
NM, so

-3
=2 300x107ke 00 mol.

M 50x107 kg/mol




23. We use Q = cmAT. The textbook notes that a nutritionist's “Calorie” is equivalent to
1000 cal. The mass m of the water that must be consumed is

3
.0 _ 350010’ cal —946x10'g,
cAT  (1g/cal-C°)(37.0°C-0.0°C )

which is equivalent to 9.46 x 10* g/(1000 g/liter) = 94.6 liters of water. This is certainly
too much to drink in a single day!



24. The amount of water m that is frozen is

_ 0 _ 502K

=2 = 22 _0.151kg=151g
L. 333klkg

Therefore the amount of water which remains unfrozen is 260 g — 151 g= 109 g.



25. The melting point of silver is 1235 K, so the temperature of the silver must first be
raised from 15.0° C (= 288 K) to 1235 K. This requires heat

0 =cm(T, —T;) = (236J/kg - K)(0.130kg)(1235°C — 288°C) = 2.91x10* J.

Now the silver at its melting point must be melted. If Lg is the heat of fusion for silver
this requires

Q =mL, =(0.130kg)(105x10° J/kg) =1.36 10" I.

The total heat required is ( 2.91 x 10* T+ 1.36 x 10* J ) =4.27 x 10* I.



26. (a) The water (of mass m) releases energy in two steps, first by lowering its
temperature from 20°C to 0°C, and then by freezing into ice. Thus the total energy
transferred from the water to the surroundings is

O = c,mAT + L,m = (4190J/kg - K)(125kg) (20°C) + (333 kJ/kg) (125kg) = 5.2x107 J.

(b) Before all the water freezes, the lowest temperature possible is 0°C, below which the
water must have already turned into ice.



27. The mass m = 0.100 kg of water, with specific heat ¢ = 4190 J/kg-'K, is raised from an
initial temperature 7; = 23°C to its boiling point 7y= 100°C. The heat input is given by O
= cm(Ty— T;). This must be the power output of the heater P multiplied by the time ¢; O =
Pt. Thus,
o QO cm(T,—T) (4190J/kg-K)(0.100kg)(100°C—23°C)
P P 2001J/s

=160s.



28. The work the man has to do to climb to the top of Mt. Everest is given by
W = mgy = (73.0 kg)(9.80 m/s*)(8840 m) = 6.32 x 10° J.

Thus, the amount of butter needed is

~(632x10°0) (455
- 6000 cal/g

) =250g.



29. Let the mass of the steam be m, and that of the ice be m;. Then

Lym,+c m (T, —0.0°C)=mL +mc, (100°C-T}),
where Ty= 50°C is the final temperature. We solve for m;:

_ Lym,+c,m (T, —0.0°C) _(79.7cal/g)(150g)+(Ical/ g°C)(150g)(50°C — 0.0°C)

m
’ L +¢,(100°C~-T,) 539cal/g+(1cal/g-C°)(100°C—50°C)
=33g.



30. (a) Using Eq. 18-17, the heat transferred to the water is

0, =c,m AT+ L,m, = (1cal/g-C°)(220g)(100°C —20.0°C)+(539cal/g)(5.00g)

w w

=20.3kcal.
(b) The heat transferred to the bowl is
Q,=c,m,AT=(0.0923cal/g-C°)(150g)(100°C —20.0°C)=1.11kcal.

(c) If the original temperature of the cylinder be 7}, then Q,, + Oy = com(T; — Ty), which
leads to
_0,+Q,  , _  20.3keal + I.11kcal

T =
" em, 7 (0.0923cal/g-C°)(300g)

+100°C = 873°C.




31. We note from Eq. 18-12 that 1 Btu =252 cal. The heat relates to the power, and to the
temperature change, through Q = Pt = cmAT. Therefore, the time ¢ required is

, _cmAT _ (1000cal/ kg-C°)(40gal)(1000 kg / 264 gal)(100°F ~ 70°F)(5°C/9°F)
J2 (2.0x10° Btu/h)(252.0 cal/ Btu)(1 h/ 60 min)

=3.0min.

The metric version proceeds similarly:

. cpVAT (4190 J/kg:C°)(1000 kg/m*)(150 L)(1 m*> /1000 L)(38°C —21°C)
P (59000 J/s)(60 s/1min)

=3.0min.




32. We note that the heat capacity of sample B is given by the reciprocal of the slope of
the line in Figure 18-32(b) (compare with Eq. 18-14). Since the reciprocal of that slope is
16/4 = 4 kl/kg:C°, then ¢z = 4000 J/kg:C° = 4000 J/kg'K (since a change in Celsius is
equivalent to a change in Kelvins). Now, following the same procedure as shown in
Sample Problem 18-4, we find

Cymy (D'—TA)‘FCBMB(]}'—TB):O
¢4 (5.0 kg)(40°C — 100°C) + (4000 J/kg-C°)(1.5 kg)(40°C — 20°C) =0

which leads to ¢, = 4.0x10° J/kgK.



33. The power consumed by the system is

P_( 1 )cmAT_( 1 j(4.18J/g-°C)(200><103cm3)(lg/cm3)(4O°C—2O°C)

20% t 20% (1.0h)(3600s/h)
=23x10*"W.
4
The area needed is then 4= M =33m°.

00W /m?



34. While the sample is in its liquid phase, its temperature change (in absolute values) is
| AT'| =30°C. Thus, with m = 0.40 kg, the absolute value of Eq. 18-14 leads to

|0|= cm |AT| = (3000 J/ kg-°C )(0.40 kg)(30°C) = 36000 J .
The rate (which is constant) is
P =|0|/t=(36000 J)/(40 min) = 900 J/min,
which is equivalent to 15 Watts.
(a) During the next 30 minutes, a phase change occurs which is described by Eq. 18-16:
|0l = Pt=(900 J/min)(30 min) =27000J = Lm .
Thus, with m = 0.40 kg, we find L = 67500 J/kg = 68 kJ/kg.

(b) During the final 20 minutes, the sample is solid and undergoes a temperature change
(in absolute values) of | AT | =20 C°. Now, the absolute value of Eq. 18-14 leads to

Ol Pt (900)20) I kJ
CEIAT] m AT (0.40)20) ~ 220 e = 23 g -




35. We denote the ice with subscript / and the coffee with c, respectively. Let the final
temperature be 7y The heat absorbed by the ice is

Or = Agmy + myc,, (Ty— 0°C),

and the heat given away by the coffee is |Q.| = myc,, (T;— Tj). Setting O; = |Q.|, we solve
for T:

Cmye,T,—A.m, _ (130g)(4190/kg- C°) (80.0°C)—(333 x 10° I/g) (12.0g)
(m, +m_)c, (12.0g+130g) (4190 J/kg - C°)
=66.5°C.

!

Note that we work in Celsius temperature, which poses no difficulty for the J/kg-K values
of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is
numerically equal to the corresponding change on the Celsius scale. Therefore, the
temperature of the coffee will cool by |AT | = 80.0°C — 66.5°C = 13.5C°.



36. (a) Eq. 18-14 (in absolute value) gives

10| = (4190 J/ kg-°C )(0.530 kg)(40 °C) = 83828 J.

(1Y

Since T is assumed constant (we will call it P) then we have

I)__88828J4788828J
© 40min  2400s

=37TW.

(b) During that same time (used in part (a)) the ice warms by 20 C°. Using Table 18-3
and Eq. 18-14 again we have

088828
Mice = X7 = (2220)20%) ~ 20Kke-

(c) To find the ice produced (by freezing the water that has already reached 0°C — so we
concerned with the 40 min < ¢ < 60 min time span), we use Table 18-4 and Eq. 18-16:

min 44414
Myyater becoming ice — ZOF = 333000 0.13 kg.




37. To accomplish the phase change at 78°C,
Q = Lym = (879 kl/kg) (0.510 kg) =448.29 k]
must be removed. To cool the liquid to —114°C,

O = cm|AT) = (2.43 kJ/ kg-K) (0.510 kg) (192 K) = 237.95 kJ,

must be removed. Finally, to accomplish the phase change at —114°C,
O = Lrm = (109 kJ/kg) (0.510 kg) = 55.59 kJ

must be removed. The grand total of heat removed is therefore (448.29 + 237.95 + 55.59)
kJ =742 kI.



38. The heat needed is found by integrating the heat capacity:

T, T, 15.0°C 5
0= L em dT =m .[r cdT =(2.09) LOOC (0.20+0.14T +0.023T2)dT

= (2.0)(0.207 +0.070T* + 0.00767T3)‘155(')0 (cal)
=82 cal



39. We compute with Celsius temperature, which poses no difficulty for the J/kg-K
values of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is
numerically equal to the corresponding change on the Celsius scale. If the equilibrium
temperature is 7y then the energy absorbed as heat by the ice is

Q] = LFI’I’U + chI(Tf— OOC),

while the energy transferred as heat from the water is Q,, = ¢,,m,(Ty— T;). The system is
insulated, so O,, + O;= 0, and we solve for 7:

f :
(m] + mC)cw

(a) Now T;=90°C so

- _ (41903 /kg- C°)(0.500kg)(90°C) ~ (333x10' I/ kg)(0.500kg)

. =5.3°C,
- (0.500kg +0.500kg)(41907 / kg - C°)

(b) Since no ice has remained at 7, =5.3°C , we have m, =0.

(c) If we were to use the formula above with 7; = 70°C, we would get 7y < 0, which is
impossible. In fact, not all the ice has melted in this case and the equilibrium temperature
is Ty=0°C.

(d) The amount of ice that melts is given by

, _c,m, (T, —0°C) (4190]/kg-C°)(0.500kg)(70C°
m — w W(l —_ g g
! L, 333x10°J /kg

=0.440kg.

Therefore, the amount of (solid) ice remaining is m, = m; — m'; = 500 g — 440 g = 60.0 g,
and (as mentioned) we have 7y = 0°C (because the system is an ice-water mixture in
thermal equilibrium).



40. (a) Using Eq. 18-32, we find the rate of energy conducted upward to be

P, _Q_jyluzle (0.400 W/m-°C) 4 >0 °C
! L 0.12m

= (16.74) W.

Recall that a change in Celsius temperature is numerically equivalent to a change on the
Kelvin scale.

(b) The heat of fusion in this process is Q=L,m, where L, =3.33x10" Jkg .

Differentiating the expression with respect to ¢ and equating the result with P_,, we have

ond *

dQ dm

cond dt F dt .
Thus, the rate of mass converted from liquid to ice is

—_6TAW 5 00%10° 4) kess .

am _E
dt L, 3.33x10° J/kg

cond

(¢) Since m = pV = pAh , differentiating both sides of the expression gives

am_d
dt dt

dh
Ah)=pA—.
(p4h)=p 7

Thus, the rate of change of the icicle length is

dh 1 dm _ 5.02x107kg/m’ s
dt pA dt 1000 kg/m’

=5.02x10"° m/s



41. (a) We work in Celsius temperature, which poses no difficulty for the J/kg-K values
of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is
numerically equal to the corresponding change on the Celsius scale. There are three
possibilities:

* None of the ice melts and the water-ice system reaches thermal equilibrium at a
temperature that is at or below the melting point of ice.

* The system reaches thermal equilibrium at the melting point of ice, with some of the ice
melted.

* All of the ice melts and the system reaches thermal equilibrium at a temperature at or
above the melting point of ice.

First, suppose that no ice melts. The temperature of the water decreases from Ty; = 25°C

to some final temperature 7y and the temperature of the ice increases from 7 = —15°C to
T If my 1s the mass of the water and ¢y is its specific heat then the water rejects heat

| Q= cyymy, (T, -T)).
If m; is the mass of the ice and ¢; is its specific heat then the ice absorbs heat
0= cymy (Tf _T]i)'

Since no energy is lost to the environment, these two heats (in absolute value) must be
the same. Consequently,

iy, (T, — Tf) =cim,; (Tf =T,
The solution for the equilibrium temperature is

_ Gty Ty, + ¢,y T,

Tf
Cy My, + cm,;

_ (41901 /kg-K)(0.200kg)(25°C) +(2220/kg - K)(0.100kg)(—15°C)
(4190J/kg - K)(0.200kg) + (2220T/kg - K)(0.100kg)
=16.6°C.

This is above the melting point of ice, which invalidates our assumption that no ice has
melted. That is, the calculation just completed does not take into account the melting of
the ice and is in error. Consequently, we start with a new assumption: that the water and
ice reach thermal equilibrium at 7, = 0°C, with mass m (< my) of the ice melted. The
magnitude of the heat rejected by the water is

| Q1= cymy Ty,



and the heat absorbed by the ice is

QZC[WZI(O—TH)-FWZLF,

where Ly is the heat of fusion for water. The first term is the energy required to warm all
the ice from its initial temperature to 0°C and the second term is the energy required to
melt mass m of the ice. The two heats are equal, so

Cyty Ty, =—c,m, T +mLy.

This equation can be solved for the mass m of ice melted:

_ ymy Ty, +¢m T,

= L

(41907 /kg-K)(0.200kg)(25°C) + (22201 / kg - K)(0.100kg)(~15°C )
B 333%x10°J/ kg

=53%x10"kg=53g.

Since the total mass of ice present initially was 100 g, there is enough ice to bring the
water temperature down to 0°C. This is then the solution: the ice and water reach thermal
equilibrium at a temperature of 0°C with 53 g of ice melted.

(b) Now there is less than 53 g of ice present initially. All the ice melts and the final
temperature is above the melting point of ice. The heat rejected by the water is

|Q| = cymy (T, =T;)
and the heat absorbed by the ice and the water it becomes when it melts is
Q=c;m (0=T;) + cym; (T, = 0) + m,L,.
The first term is the energy required to raise the temperature of the ice to 0°C, the second
term is the energy required to raise the temperature of the melted ice from 0°C to 7}, and
the third term is the energy required to melt all the ice. Since the two heats are equal,

¢y, (T, —7}) = c,m,(—T,l.)+ch,Tf +m,L,.

The solution for 7yis
Cy My Ty +comy Ty —my Ly,

.=
¢y (my, + my)

Inserting the given values, we obtain 7y= 2.5°C.



42. If the ring diameter at 0.000°C is D, then its diameter when the ring and sphere are in
thermal equilibrium is
Dr:DrO(l +ach)’

where T is the final temperature and ¢ is the coefficient of linear expansion for copper.
Similarly, if the sphere diameter at 7; (= 100.0°C) is Dy then its diameter at the final
temperature is

D,=D,[l+e, (Tf -1l

where ¢, is the coefficient of linear expansion for aluminum. At equilibrium the two
diameters are equal, so
D1+ eaT,) =Dyl + e, (T, —T)]

The solution for the final temperature is

_ DrO _Dso + Dsoaa];

B Do —-D .

_2.54000cm —2.54508 cm + (2.54508 cm)(23x107°/C°)(100.0°C)
©(2.54508cm)(23x107° /C°) —(2.54000cm) (17 x 107°/C°)

=50.38°C.

Tf

The expansion coefficients are from Table 18-2 of the text. Since the initial temperature

of the ring is 0°C, the heat it absorbs is O = ¢,m, T, , where c. is the specific heat of

copper and m, is the mass of the ring. The heat rejected up by the sphere is
|Q| = Cams(T; _Tf)

where ¢, is the specific heat of aluminum and m; is the mass of the sphere. Since these
two heats are equal,
CcmrT/' = cams (T; - T/)?

we use specific heat capacities from the textbook to obtain

e, T, (386]/kg-K)(0.0200kg)(50.38°C)
m' = = =
* e (T-T,)  (900J/kg-K)(100°C—50.38°C)

=8.71x10" ke.



43. Over a cycle, the internal energy is the same at the beginning and end, so the heat Q
absorbed equals the work done: O = W. Over the portion of the cycle from 4 to B the
pressure p is a linear function of the volume /" and we may write

p=¥ Pa + (? Pa/m3jV,

where the coefficients were chosen so that p = 10 Pa when ¥ = 1.0 m’ and p = 30 Pa
when 7= 4.0 m’. The work done by the gas during this portion of the cycle is

4

10 20 10 10
Wy, = |pdV=||—+=V|dV=—V+=V>
w= [ f(3 3) (3 3 jl
- (4_0+@_E_E)J:60 I.
33 3 3

The BC portion of the cycle is at constant pressure and the work done by the gas is
Wse=pAV = (30 Pa)(1.0 m® — 4.0 m*) =90 J.

The CA portion of the cycle is at constant volume, so no work is done. The total work
done by the gas is
W= WAB+ Wgc+ WCA=6OJ—9OJ+O=—3OJ

and the total heat absorbed is Q = W = -30 J. This means the gas loses 30 J of energy in
the form of heat.



44. (a) Since work is done on the system (perhaps to compress it) we write W =-200 J.
(b) Since heat leaves the system, we have Q =—70.0 cal =-293 J.

(c) The change in internal energy is AEi = Q — W=-293J—(-200J)=-93 J.



45. (a) One part of path 4 represents a constant pressure process. The volume changes
from 1.0 m® to 4.0 m® while the pressure remains at 40 Pa. The work done is

W, = pAV =(40Pa)(4.0m’ —-1.0m’) =1.2x10° J.

(b) The other part of the path represents a constant volume process. No work is done
during this process. The total work done over the entire path is 120 J. To find the work
done over path B we need to know the pressure as a function of volume. Then, we can
evaluate the integral W = [ p dV. According to the graph, the pressure is a linear function
of the volume, so we may write p = a + bV, where a and b are constants. In order for the
pressure to be 40 Pa when the volume is 1.0 m® and 10 Pa when the volume is 4.00 m’
the values of the constants must be @ = 50 Pa and b =—10 Pa/m’. Thus,

p=150Pa— (10 Pa/m’)V
and

Wy = fp dv = f(50—10V)dV=(50V—5V2)‘f =200J-50J-80J + 5.0J=75J.

(c) One part of path C represents a constant pressure process in which the volume
changes from 1.0 m® to 4.0 m® while p remains at 10 Pa. The work done is

W, =pAV = (10Pa)(4.0m’ —1.0m’) =301,

The other part of the process is at constant volume and no work is done. The total work is
30 J. We note that the work is different for different paths.



46. During process A — B, the system is expanding, doing work on its environment, so W
> 0, and since AEj, > 0 is given then O = W + AEj, must also be positive.

(a) 0> 0.
(b) W>0.
During process B — C, the system is neither expanding nor contracting. Thus,
(c) W=0.

(d) The sign of AEj, must be the same (by the first law of thermodynamics) as that of O
which is given as positive. Thus, AEi, > 0.

During process C — A4, the system is contracting. The environment is doing work on the
system, which implies W < 0. Also, AEiy < 0 because 2. AEi,; = 0 (for the whole cycle)
and the other values of AEj, (for the other processes) were positive. Therefore, Q = W +
AE;,; must also be negative.

(e) 0 <0.

(H) w<o.
(8) AEin < 0.

(h) The area of a triangle is 1 (base)(height). Applying this to the figure, we find
7,
occurs at higher average pressure) than the positive work done during process 4 — B,

then the net work done during the cycle must be negative. The answer is therefore Wi
=-201.

|=1(2.0m*)(20Pa) =20J . Since process C — 4 involves larger negative work (it

et



47. We note that there is no work done in the process going from d to a, so Qu, = AEint du
=80 J. Also, since the total change in internal energy around the cycle is zero, then

AEint ac Y AEini ca + AEini a0 =0
-200) +AEpc +80] =0

which yields AFEi .= 120 J. Thus, applying the first law of thermodynamics to the ¢ to
d process gives the work done as

ch:Qca’_AEintcd :180J —120J :60J.



48. (a) We note that process a to b is an expansion, so W > 0 for it. Thus, W,, = +5.0 J.
We are told that the change in internal energy during that process is +3.0 J, so application
of the first law of thermodynamics for that process immediately yields Q,»= +8.0 J.

(b) The net work (+1.2 J) is the same as the net heat (O, + Os. + O.q), and we are told
that Q., = +2.5 J. Thus we readily find Qp.= (1.2 -8.0-2.5)J=-9.3 ]J.



49. (a) The change in internal energy AEi, is the same for path iaf and path ibf.
According to the first law of thermodynamics, AEi, = Q — W, where Q is the heat
absorbed and W is the work done by the system. Along iaf

AFEini = Q — W= 50 cal — 20 cal = 30 cal.
Along ibf',
W= Q — AEiy = 36 cal — 30 cal = 6.0 cal.

(b) Since the curved path is traversed from f'to i the change in internal energy is —30 cal
and Q = AEj, + W=-30 cal — 13 cal =— 43 cal.

(C) Let AEj = Eint,f_ Ei, i Then, Eiy, = AEi + Eing, ; = 30 cal + 10 cal = 40 cal.
(d) The work Wy, for the path bf'is zero, so Qpr = Eint, r— Eint, » = 40 cal — 22 cal = 18 cal.

(e) For the path ibf, O =36 cal so Qi = O — Q=36 cal — 18 cal = 18 cal.



50. Since the process is a complete cycle (beginning and ending in the same
thermodynamic state) the change in the internal energy is zero and the heat absorbed by
the gas is equal to the work done by the gas: Q = W. In terms of the contributions of the
individual parts of the cycle Q45 + Opc + Qcs = W and

QCA =W- QAB_ QBC: +15.0J-200J-0=-5.01J.

This means 5.0 J of energy leaves the gas in the form of heat.



51. The rate of heat flow is given by

P =kale=le

cond — ’

where £ is the thermal conductivity of copper (401 W/m-'K), 4 is the cross-sectional area
(in a plane perpendicular to the flow), L is the distance along the direction of flow
between the points where the temperature is 7y and 7¢. Thus,

(401W/m-K)(90.0x10™* m*)(125°C—10.0°C)

P, = =1.66x10° J/s.
0.250m

The thermal conductivity is found in Table 18-6 of the text. Recall that a change in
Kelvin temperature is numerically equivalent to a change on the Celsius scale.



52. (a) We estimate the surface area of the average human body to be about 2 m” and the
skin temperature to be about 300 K (somewhat less than the internal temperature of
310 K). Then from Eq. 18-37

P, =0eAT* =(5.67x10™ W/m® - K*)(0.9)(2.0m”) (300K)" =8 x 10> W.

(b) The energy lost is given by

AE = PAt = (8x10° W)(30s) =2x10*I.



53. (a) Recalling that a change in Kelvin temperature is numerically equivalent to a
change on the Celsius scale, we find that the rate of heat conduction is

KA(T. =T 401W/m-K)(4.8x10* m?)(100°C
Pcond: ( 12 C):( )( 12 )( ):16 J/S
.Zm

(b) Using Table 18-4, the rate at which ice melts is

[@m| _ P _ 16155 _ 4

ldt| L, 333l




54. We refer to the polyurethane foam with subscript p and silver with subscript s. We
use Eq. 18-32 to find L = kR.

(a) From Table 18-6 we find &, = 0.024 W/m'K so

LP = kPRP
= (0.024W/m~K)(30ft2 -F"~h/Btu)(lm/3.281ft)2 (5C°/9F°)(3600s/h)(1Btu/10557)
=0.13m.

(b) For silver k;, = 428 W/m'K, so

42
L =kR, = kR, L, = _428(30) (0.13m)=2.3x10"m.
C kR, 0.024(30)



55. We use Egs. 18-38 through 18-40. Note that the surface area of the sphere is given by
A =41, where = 0.500 m is the radius.

(a) The temperature of the sphere is 7= (273.15 + 27.00) K = 300.15 K. Thus

P, =0eAT* =(5.67x10* W/m* -K*)(0.850)(47)(0.500m)’ (300.15K )’
=1.23%10° W.

(b) Now, Teny =273.15 +77.00 = 350.15 K so

env

P, =0e AT}, =(5.67x107° W/m?-K*)(0.850)(47)(0.500m)’ (350.15K )" = 2.28x10° W.
(c) From Eq. 18-40, we have

P =P —P =228x10°W-1.23x10°W =1.05x10° W.



56. (a) The surface area of the cylinder is given by
A =27ri+2mrh =27(2.5x107 my +27(2.5x10°m)(5.0x10°m) =1.18x10°m’,

its temperature is 7 = 273 + 30 = 303 K, and the temperature of the environment is Teny =
273 + 50 =323 K. From Eq. 18-39 we have

R =o0e4,(T,,—T*)=(0.85)(1.18x107 m*)((323K)* - (303K)* ) = 1.4 W.

env

(b) Let the new height of the cylinder be 4,. Since the volume V of the cylinder is fixed,
we must have V = zr i = r3h, . We solve for hs:

2 2
h=| 1| p= 2-cm (5.0cm)= 125cm=1.25m.
7 0.50cm

The corresponding new surface area A, of the cylinder is
A, =27r 427k, = 272(0.50x107 m)* +272(0.50x 107> m)(1.25 m) =3.94x10~° m’.

Consequently,
P4 3.94%x107°m*

—ﬁ 3.3.
P 4 1.18x107m



57. We use Peong = kAAT/L o< A/L. Comparing cases (a) and (b) in Figure 18—44, we have

AL
Pcond b = (ﬁj R)ond a = 4Pcond a*
b

a

Consequently, it would take 2.0 min/4 = 0.50 min for the same amount of heat to be
conducted through the rods welded as shown in Fig. 18-44(b).



58. (a) As in Sample Problem 18-6, we take the rate of conductive heat transfer through
each layer to be the same. Thus, the rate of heat transfer across the entire wall P, is equal
to the rate across layer 2 (P,). Using Eq. 18-37 and canceling out the common factor of
area A, we obtain

Ty - T AT 45 C° AT
(Li/ki+ Lolko + Ly/ks) . (Lo/ka) — (1 +7/9+35/80)  (7/9)

which leads to AT, = 15.8 °C.

(b) We expect (and this is supported by the result in the next part) that greater
conductivity should mean a larger rate of conductive heat transfer.

(c) Repeating the calculation above with the new value for &, , we have

45 C° AT
(1+7/11 +35/80) (7/11)

which leads to A7, = 13.8 °C. This is less than our part (a) result which implies that the
temperature gradients across layers 1 and 3 (the ones where the parameters did not
change) are greater than in part (a); those larger temperature gradients lead to larger
conductive heat currents (which is basically a statement of “Ohm’s law as applied to heat
conduction”).



59. (a) We use

[)cond = kA TH - TC
L

with the conductivity of glass given in Table 18-6 as 1.0 W/m-K. We choose to use the
Celsius scale for the temperature: a temperature difference of

T, —T,. = 72°F—(~20°F) =92 °F

is equivalent to 5(92) =51.1C°. This, in turn, is equal to 51.1 K since a change in Kelvin
temperature is entirely equivalent to a Celsius change. Thus,

P o :kTH_TC :(l.OW/m‘K) 51—12 =1.7x10* W/mz,
A 3.0x107m

(b) The energy now passes in succession through 3 layers, one of air and two of glass.
The heat transfer rate P is the same in each layer and is given by

P = A(TH _TC)
cond ZL/k

where the sum in the denominator is over the layers. If L, is the thickness of a glass layer,
L, is the thickness of the air layer, k, is the thermal conductivity of glass, and %, is the
thermal conductivity of air, then the denominator is

L 2L, L, 2Lk,+Lk,
= + _a — - - -
k k, Kk, k.k,

4
Therefore, the heat conducted per unit area occurs at the following rate:

p,, (T,-T.)kk, (51.1°C)(0.026 W/m-K ) (1.0 W/m - K)

A 2Lk, +Lk,  2(3.0x10°m)(0.026 W/m-K)+(0.075m)(1.0 W/m-K)

=18W/m”.



60. The surface area of the ball is 4=47R*> =47(0.020 m)* =5.03x10~° m’. Using Eq.
18-37 with 7, =35+273=308 K and 7, =47+273=320K , the power required to
maintain the temperature is

P =0 AT} —T") = (5.67x10™ W/m® - K*)(0.80)(5.03x10™* m")[ (320 K)* — (308 K)* |
=0.34W.

Thus, the heat each bee must produce during the 20-minutes interval is

O _ Pt (0.34 W)(20 min)(60 s/min)
N N 500

=0.81J.



61. We divide both sides of Eq. 18-32 by area A, which gives us the (uniform) rate of
heat conduction per unit area:

})cond kl TH_]I:k4T_TC
A L L,

where Ty =30°C, 71 = 25°C and T =-10°C. We solve for the unknown 7.

kL,

T =T, +-=%(T, -T,)=—4.2°C.

41



62. (a) For each individual penguin, the surface area that radiates is the sum of the top
surface area and the sides:

A =a+27rrh=a+27r\/£h:a+2hx/7m ,
T

where we have used » =+a/z (from a=7zr") for the radius of the cylinder. For the

huddled cylinder, the radius is "=~/ Na /7 (since Na=r"), and the total surface area
is

A, = Na+2xr'’h= Na+2rx, /&h = Na+2h\Nra .
V4

Since the power radiated is proportional to the surface area, we have

P, A, _Na+2hJINma 1+2i\7/Na
NP. NA, N(a+2hma) 1+2Wmia

With N =1000, ¢ =0.34 m* and 4 =1.1 m, the ratio is

P, 1+2hJm/Na _1+2(1.1 m)\z/(1000-0.34 m?)
NP 1+2i7/a 1+2(1.1 m)y/7/(0.34 m?)

=0.16.

(b) The total radiation loss is reduced by 1.00—-0.16 =0.84 , or 84%.



63. We assume (although this should be viewed as a “controversial” assumption) that the
top surface of the ice is at 7¢ = —5.0°C. Less controversial are the assumptions that the
bottom of the body of water is at 7y = 4.0°C and the interface between the ice and the
water is at Ty = 0.0°C. The primary mechanism for the heat transfer through the total
distance L = 1.4 m is assumed to be conduction, and we use Eq. 18-34:

1ce

L-L, L 14-L, L

ice 1ce

kao ATy =Ty) _ kAT =To)  _ (0.12)4(4.0°-00°) _ (0.40)4(0.0°+5.0°)

We cancel the area A4 and solve for thickness of the ice layer: Lice = 1.1 m.



64. (a) Using Eq. 18-32, the rate of energy flow through the surface is

kA(T —T °C-100°
—( ) =(0.026 W/m-K)(4.00x10°° m2)300 C 1?0 C =0.208W =0.21 W.
17 1.0x10™* m

cond —

(Recall that a change in Celsius temperature is numerically equivalent to a change on the
Kelvin scale.)
(b) With P_ t=L,m=L,(pV)=L,(pAh), the drop will last a duration of

ond

. L,pAh _ (2.256x10° J/kg)(1000 kg/m*)(4.00x10™° m*)(1.50x10~° m)
P 0.208W

cond

=65s.




65. Let 4 be the thickness of the slab and A be its area. Then, the rate of heat flow through
the slab is
_ kA (T H T, c )

cond — h

where £ is the thermal conductivity of ice, Ty is the temperature of the water (0°C), and
T¢ is the temperature of the air above the ice (—~10°C). The heat leaving the water freezes
it, the heat required to freeze mass m of water being Q = Lgm, where L is the heat of
fusion for water. Differentiate with respect to time and recognize that dQ/dt = Pyonq to
obtain

dm

cond F dt .

Now, the mass of the ice is given by m = pA4h, where p is the density of ice and /4 is the
thickness of the ice slab, so dm/dt = pA(dh/dt) and

dh
=L.pA—.
Y Jt

P

cond

We equate the two expressions for Pong and solve for dh/dt:

dt L,.ph

dh _k(T,~T,)

Since 1 cal = 4.186 Jand 1 cm = 1 x 102 m, the thermal conductivity of ice has the SI
value
k = (0.0040 cal/s-cmK) (4.186 J/cal)/(1 x 10 m/cm) = 1.674 W/m'K.

The density of ice is p=0.92 g/cm’ = 0.92 x 10’ kg/m’. Thus,

dh (1.674W/m-K)(0°C + 10°C)
dt (333x10°J/kg)(0.92x10° kg/m*)(0.050m)

=1.1x10°m/s =0.40cm/h.



66. The condition that the energy lost by the beverage can due to evaporation equals the
energy gained via radiation exchange implies

LV‘;—’;“:P = e A(T* ~T").

rad env

The total area of the top and side surfaces of the can is
A=7rr’ +2xrh = 7(0.022 m)* +272(0.022 m)(0.10 m) =1.53x10~ m”.

With 7, =32°C=305K, T=15°C=288 K and & =1, the rate of water mass loss is
dm _ o€4 (T* —T%) = (5.67x107° W/m* -K*)(1.0)(1.53x107° m?)
a L, ™ 2.256x10° J/kg

Vv

=6.82x107 kg/s = 0.68 mg/s.

[(305 K)* — (288 K)' |



67. We denote the total mass M and the melted mass m. The problem tells us that
Work/M = p/p, and that all the work is assumed to contribute to the phase change O =
Lm where L =150 x 10° J/kg. Thus,

6
Prfoim = o 3SXI0 M
p 1200 15010

which yields m = 0.0306M. Dividing this by 0.30 M (the mass of the fats, which we are
told is equal to 30% of the total mass), leads to a percentage 0.0306/0.30 = 10%.



68. As is shown in the textbook for Sample Problem 18-4, we can express the final
temperature in the following way:

mAcATA +chBTB CATA +CBTB
Ty = =
mycy+ mpcp catcep

where the last equality is made possible by the fact that m, = mp. Thus, in a graph of 7
versus T, the “slope” must be ¢4 /(c4 + cp), and the “y intercept” is cg /(c4 + cp)Ts.
From the observation that the “slope” is equal to 2/5 we can determine, then, not only the
ratio of the heat capacities but also the coefficient of 73 in the “y intercept”; that is,

Cp /(CA + CB)TB = (1 — “slope”)TB .
(a) We observe that the “y intercept” is 150 K, so

Tp =150/(1 — “slope”) = 150/(3/5)
which yields 7 = 2.5x10* K.

(b) As noted already, c4 /(c4 + cp) = %, so5c¢y =2c¢c4+ 2cp, which leads to cg/cy = %21.5.



69. The graph shows that the absolute value of the temperature change is |AT | = 25 °C.
Since a Watt is a Joule per second, we reason that the energy removed is

|O] = (2.81 J/s)(20 min)(60 s/min) = 3372 J .

Thus, with m = 0.30 kg, the absolute value of Eq. 18-14 leads to

Ol _, 502 J/kgK .

€7 m|AT)



70. Let m,, = 14 kg, m. = 3.6 kg, m,, = 1.8 kg, T;; = 180°C, T;» = 16.0°C, and Ty= 18.0°C.
The specific heat c,, of the metal then satisfies

(mwcw+mccm)(Tf—7;2)+m c (Tf—ﬂl)=0

m-m

which we solve for ¢,,:

m,c, (T,-T,) (14kg)(4.18kJ/kg-K)(16.0°C ~18.0°C)
c, = =
" m (T, -T,)+m,(T,-T,) (3.6kg)(18.0°C~16.0°C)+(1.8kg)(18.0°C-180°C)
=0.41kJ/kg-C°=0.41kJ/kg K.




71. Its initial volume is 5° = 125 c¢m’, and using Table 18-2, Eq. 18-10 and Eq. 18-11, we
find

AV =(125m”) (3x23x107°/C°) (50.0 C°) =0.432cm’.



72. (a) We denote Ty = 100°C, T¢ = 0°C, the temperature of the copper-aluminum
junction by 7. and that of the aluminum-brass junction by 75. Then,

kA

k A
R _T(TH—T])Z ;

L

k, A

7 -L)==~T-1)

cond —

We solve for 77 and 7> to obtain

o

T.-T, o 0.00°C-100°C
=T, + =100°C+ =
I+k (k,+k,)/ kK, 1+401(235+109)/[(235)(109)]

(b) and
T+ T, -T, —0.00°C 4+ 100°C—-0.00°C
1+k, (k +k,)/kk, 1+109(235+401) /[(235)(401)]
=57.6°C.




73. The work (the “area under the curve”) for process 1 is 4p;V;, so that
Uy—U, = 01— W= 6pV;
by the First Law of Thermodynamics.

(a) Path 2 involves more work than path 1 (note the triangle in the figure of area
1(4V)(p/2) = p:V7). With W, = 4p,V; + p:V; = 5p;V;, we obtain

Q,=W,+U,=U,=5pV, +6pV, =11p}V.

(b) Path 3 starts at @ and ends at b so that AU = U, — U, = 6p,V;.



74. We use Peond = kA(Tr— T¢)/L. The temperature 7 at a depth of 35.0 km is

P I (54.0x107 W/m*)(35.0x10° m)
TH = —C](;lj + TC = 2 SOW/ K + IOOOC = 766OC
. m-




75. The volume of the disk (thought of as a short cylinder) is wr2L where L = 0.50 cm is
its thickness and » = 8.0 c¢m is its radius. Eq. 18-10, Eq. 18-11 and Table 18-2 (which
gives o= 3.2 x107%/C°) lead to

AV = (mPL)(30)(60°C — 10°C) = 4.83 x 10 cm”.



76. We use Q = cmAT and m = pV. The volume of water needed is

m_ 0 (1.00 x 10° keal/day ) (5 days)
~p pCAT  (1.00x10° kg/m®)(1.00keal/kg) (50.0°C — 22.0°C)

=357m’.



77. We have W= [ p dV (Eq. 18-24). Therefore,

W=alviay="(v;-v})=231



78. (a) The rate of heat flow is

kA(T, -T.) (0.040W/m-K)(1.8m?)(33°C-1.0°C)

P .= = = =2.3x10%J/s.
L 1.0x10" m
(b) The new rate of heat flow is
, P 0.60W/m-K)(230J/
Pcond = k cond — ( o )( S) :35X103J/S,
k 0.040 W/m-K

which is about 15 times as fast as the original heat flow.



79. We note that there is no work done in process ¢ — b, since there is no change of
volume. We also note that the magnitude of work done in process b — c is given, but not
its sign (which we identify as negative as a result of the discussion in §18-8). The total
(or net) heat transfer is Qpet = [(—40) + (—130) + (+400)] J = 230 J. By the First Law of
Thermodynamics (or, equivalently, conservation of energy), we have

Qnet = I/Vnet
230] = Wl—)c + VVc—>b + VVb—m
=W, +0+(-807)

Therefore, W, _,.= 3.1x10%J.



80. If the window is L; high and L, wide at the lower temperature and L, + AL; high and
L, + AL, wide at the higher temperature then its area changes from 4, = L,L; to

A, =(L+AL) (L, +AL))=LL,+L AL, + L, AL,

where the term AL, AL, has been omitted because it is much smaller than the other terms,
if the changes in the lengths are small. Consequently, the change in area is

Ad=A, —A =L AL +L, AL,

If AT is the change in temperature then AL, = ol AT and AL, = oL, AT, where « is the
coefficient of linear expansion. Thus

M =o(LL,+LL)AT =2aLLAT
—2(9x10°°/C°) (30cm) (20cm) (30°C)
=0.32cm’.



81. Following the method of Sample Problem 18-4 (particularly its third Key Idea), we
have

(900

kg~Jco )(2.50 kg)(T; — 92.0°C) + (4190

2 )(8.00 kg)(Ty —5.0°C) = 0

where Table 18-3 has been used. Thus we find 7y = 10.5°C.



82. We use Q = —Apmijce = W + AEiy. In this case AEi, = 0. Since AT = 0 for the ideal gas,
then the work done on the gas is

W'=—W =\.m =(3331/g)(100g) = 33.3KJ.



83. This is similar to Sample Problem 18-3. An important difference with part (b) of that
sample problem is that, in this case, the final state of the H,O is all liquid at T;> 0. As
discussed in part (a) of that sample problem, there are three steps to the total process:

O = m [ciee0 C° = (=150 C°)) + Lr + criquia Ty — 0 C°)]

Thus,
Ol (ciee(150°) + L)
Cliquid

T =179.5°C .



84. We take absolute values of Eq. 18-9 and Eq. 12-25:

|AL|=La|AT| and £=E£
A L

The ultimate strength for steel is (F/4)wpure = Su = 400 X 10° N/m? from Table 12-1.
Combining the above equations (eliminating the ratio AL/L), we find the rod will rupture
if the temperature change exceeds

6 2
AT |=Se 4900><120 N/m ____isec
Eo: (200x10°N/m®) (11x107/C°)

Since we are dealing with a temperature decrease, then, the temperature at which the rod
will rupture is 7= 25.0°C — 182°C =-157°C.



85. The problem asks for 0.5% of E, where £ = Pt with t = 120 s and P given by Eq. 18-
38. Therefore, with 4 = 417 = 5.0 x 10 > m’, we obtain

(0.005) Pt =(0.005)0e ATt =8.6 J.



86. From the law of cosines, with ¢ = 59.95°, we have
LIn%/ar = Lallzlm + Lstgel - 2LalumLSteel Cos (I)

Plugging in L = Ly (1 + aA7), dividing by Ly (which is the same for all sides) and
ignoring terms of order (AT)* or higher, we obtain

1+ 20LInvarAT =2+2 (aalum + asteel) AT — 2 (1 + (aalum + asteel) AT) COS ¢ .
This is rearranged to yield

B cos 0 -%
(aalum + 0Csteel) (1 - COS (I)) - Olipvar

AT ==46°C,

so that the final temperature is 7= 20.0° + AT = 66° C. Essentially the same argument,
but arguably more elegant, can be made in terms of the differential of the above cosine
law expression.



87. We assume the ice is at 0°C to being with, so that the only heat needed for melting is
that described by Eq. 18-16 (which requires information from Table 18-4). Thus,

O=Lm = (333 J/g)(1.00 g) =333 J .



88. Let the initial water temperature be 7,,; and the initial thermometer temperature be 7;.
Then, the heat absorbed by the thermometer is equal (in magnitude) to the heat lost by the

water:
em, (T, =T,)=c,m, (T, ~T;).

We solve for the initial temperature of the water:

em, (T, -T,) L (0.0550ke)(0.837k/kg K)(444-1500K .

T . = .
" c,m, ! (4.18kJ /kg-C°)(0.300kg)
=45.5°C.




89. For a cylinder of height 4, the surface area is A. = 2nrh, and the area of a sphere is 4,
= 4ntR*. The net radiative heat transfer is given by Eq. 18-40.

(a) We estimate the surface area 4 of the body as that of a cylinder of height 1.8 m and
radius 7 = 0.15 m plus that of a sphere of radius R = 0.10 m. Thus, we have 4 = A, + 4, =
1.8 m®. The emissivity £ = 0.80 is given in the problem, and the Stefan-Boltzmann
constant is found in §18-11: 6 = 5.67 x 10°* W/m*K". The “environment” temperature is
Teny = 303 K, and the skin temperature is 7= 5 (102 — 32) + 273 = 312 K. Therefore,

P

net

=0ed(T,, —T*)=—-86W.

env

The corresponding sign convention is discussed in the textbook immediately after Eq. 18-
40. We conclude that heat is being lost by the body at a rate of roughly 90 W.

(b) Half the body surface area is roughly 4 = 1.8/2 = 0.9 m*. Now, with T,y = 248 K, we
find

| P

net|:

|oeA (T, —T*)| = 2.3%10° W.

env

(c) Finally, with Tiy = 193 K (and still with A = 0.9 m?) we obtain |Ppe| = 3.3x10> W.



90. One method is to simply compute the change in length in each edge (xo = 0.200 m
and yo = 0.300 m) from Eq. 18-9 (Ax = 3.6 x 10 > m and Ay = 5.4 x 10 > m) and then
compute the area change:

A— Ay =(x,+Ax) (v, + AY) — x,, =2.16 X107 m’.

Another (though related) method uses A4 = 2aA4,AT (valid for A 4/ A< 1) which can be
derived by taking the differential of 4 = xy and replacing d 's with A's.



91. (a) Let the number of weight lift repetitions be N. Then Nmgh = Q, or (using Eq. 18-
12 and the discussion preceding it)

3500 Cal)(4186J/Cal
v @ - al)( ) | erxiot

- mgh  (80.0kg) (9.80ms* ) (1.00m)

(b) The time required is

¢ = (18700)(2.00s) [;'60‘”1

=10.4h.
00s



92. The heat needed is

0=(010%)mL,. = [%) (200,000 metric tons) (1000kg / metric ton) (333kJ/kg)

=6.7x1077J.



93. The net work may be computed as a sum of works (for the individual processes
involved) or as the “area” (with appropriate * sign) inside the figure (representing the
cycle). In this solution, we take the former approach (sum over the processes) and will
need the following fact related to processes represented in pV diagrams:

+p,
for straight line Work = %AV

which is easily verified using the definition Eq. 18-25. The cycle represented by the
“triangle” BC consists of three processes:

« “tilted” straight line from (1.0 m’, 40 Pa) to (4.0 m’, 10 Pa), with

40Pa + IOPa(

Work = 4.Om3—1.0m3):75J

« horizontal line from (4.0 m>, 10 Pa) to (1.0 m®, 10 Pa), with
Work = (10Pa)(1.0m* —4.0m’) = -30]

« vertical line from (1.0 m®, 10 Pa) to (1.0 m’, 40 Pa), with

Work = 10Pa+40Pa(

1.0m3—1.0m3)=0

(a) and (b) Thus, the total work during the BC cycle is (75 — 30) J = 45 J. During the B4
cycle, the “tilted” part is the same as before, and the main difference is that the horizontal
portion is at higher pressure, with Work = (40 Pa)(=3.0 m®) = —120 J. Therefore, the total
work during the B4 cycle is (75 —120) J =—-45].



94. For isotropic materials, the coefficient of linear expansion « is related to that for
volume expansion by o=+ (Eq. 18-11). The radius of Earth may be found in the

Appendix. With these assumptions, the radius of the Earth should have increased by
approximately

AR, = R,0AT =(6.4x10’ km)(éj(}OX 10 /K) (3000K —300K) =1.7x10* km.



95. (a) Regarding part (a), it is important to recognize that the problem is asking for the
total work done during the two-step “path”: a — b followed by b — c¢. During the latter
part of this “path” there is no volume change and consequently no work done. Thus, the
answer to part (b) is also the answer to part (a). Since AU for process ¢ — a is —160 J,
then U, — U, = 160 J. Therefore, using the First Law of Thermodynamics, we have

160=U, -U,+U,-U,
:Qbec _W;Jec +Qaeb _VVa—>b
=40-0+200—-W

a—b

(b) W, =80 1J.



96. Since the combination “p,V;,” appears frequently in this derivation we denote it as “x.
Thus for process 1, the heat transferred is O, = 5x = AEi1 + W, , and for path 2 (which
consists of two steps, one at constant volume followed by an expansion accompanied by
a linear pressure decrease) it is O, = 5.5x = AEi 2 + W,. If we subtract these two
expressions and make use of the fact that internal energy is state function (and thus has
the same value for path 1 as for path 2) then we have

1
55x—5x =W, — W, = “area” inside the triangle = 5 CV)(p2—p1).

Thus, dividing both sides by x (= p, V), we find

P2

05= -
P1

which leads immediately to the result: p,/p,=1.5.



97. The cube has six faces, each of which has an area of (6.0 x 10° m)”. Using Kelvin
temperatures and Eq. 18-40, we obtain

Py =0eA(T, ~T)
W

:(5.67><10‘82—K4j (0.75)(2.16x107'° m*) ((123.15K)* — (173.15K)*)
m .

=—6.1x10" W.



98. We denote the density of the liquid as p, the rate of liquid flowing in the calorimeter
as u, the specific heat of the liquid as ¢, the rate of heat flow as P, and the temperature
change as AT. Consider a time duration d¢, during this time interval, the amount of liquid
being heated is dm = updt. The energy required for the heating is

dQ = Pdt = c(dm) AT = cuATdt.

Thus,
P 250 W

C: =
PUAT  (8.0x10™°m’ /s)(0.85%10° kg/m’)(15°C)
=2.5%x10° J/kg-C°=2.5x10" J/kg-K.




99. Consider the object of mass m; falling through a distance 4. The loss of its
mechanical energy is AE = mjgh. This amount of energy is then used to heat up the
temperature of water of mass my: AE = migh = Q = mycAT. Thus, the maximum possible
rise in water temperature is

6.00ke)(9.8m/s?)(50.0
AT = "gh :( g)( *)(50.0m) —1.17°C.
me  (0.600kg)(41901/kg-C°)




Chapter 19
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1. (a) Eq. 19-3 yields n = Mgm/M =2.5/197 = 0.0127 mol.
(b) The number of atoms is found from Eq. 19-2:

N =nN, = (0.0127)(6.02 x 107) = 7.64 x 10*".


http://www.a-pdf.com/?product-split-demo

2. Each atom has a mass of m = M/Na, where M is the molar mass and N4 is the
Avogadro constant. The molar mass of arsenic is 74.9 g/mol or 74.9 x 10 kg/mol.
Therefore, 7.50 x 10** arsenic atoms have a total mass of

(7.50 x 10**) (74.9 x 10~ kg/mol)/(6.02 x 10* mol™") = 0.933 kg.



3. With V=1.0x 10°m’, p=1.01 x 10" Pa, and 7= 293 K, the ideal gas law gives

_pr (101x107" Pa) (1.0x 107 m’)

= =4.1x 107 mole.
RT (8.31J/mol-K)(293 K)

n

Consequently, Eq. 19-2 yields N = nNy = 25 molecules. We can express this as a ratio
(with ¥ now written as 1 cm®) N/V = 25 molecules/cm’.



4. (a) We solve the ideal gas law pV = nRT for n:

_ pr_ (100Pa)(1.0x10°m")

n= = =5.47 x 10 mol.
RT (8.31J/m01'K)(220K)

(b) Using Eq. 19-2, the number of molecules N is

N =nN, =(5.47 %10 mol) (6.02x 10 mol™") = 3.29 x 10" molecules.



5. Since (standard) air pressure is 101 kPa, then the initial (absolute) pressure of the air is
pi = 266 kPa. Setting up the gas law in ratio form (where n; = nyand thus cancels out —
see Sample Problem 19-1), we have

which yields

' T. -2 3
pr=p,| 2 || 2 | =(266kpa)| 102X 10 300K _ 567 1pa
v, \T 1.67x107m’ | 273K

Expressed as a gauge pressure, we subtract 101 kPa and obtain 186 kPa.



6. (a) With 7= 283 K, we obtain

~ pv (100 x10°Pa)(2.50m’)

n= = = 106mol.
RT  (8.31J/mol-K)(283K)

(b) We can use the answer to part (a) with the new values of pressure and temperature,
and solve the ideal gas law for the new volume, or we could set up the gas law in ratio
form as in Sample Problem 19-1 (where n; = nrand thus cancels out):

T
v, =v,| Lol 2L =(2.50m’) L00KPa 1 303K 1 _ 5 69 m.
p, \T 300kPa ) { 283K



7. (a) In solving pV = nRT for n, we first convert the temperature to the Kelvin scale:
T =(40.0+273.15)K =313.15 K . And we convert the volume to SI units: 1000 cm® =

1000 x 10°® m’. Now, according to the ideal gas law,

_pr_ (1.01x10°Pa)(1000 x 10 m")

n= = =3.88 x 10~ mol.
RT ~ (831J/mol-K)(313.15K)

(b) The ideal gas law pV = nRT leads to

o PV (1.06x10° Pa)(1500x 10 m’) 93K
nR  (3.88 %107 mol)(8.31J/mol -K)

We note that the final temperature may be expressed in degrees Celsius as 220°C.



8. The pressure p; due to the first gas is p; = nRT/V, and the pressure p, due to the
second gas is p, = nmoRT/V. So the total pressure on the container wall is

mRT
4

- ”zﬁT = (n, + 112)E

p=p +p,=

The fraction of P due to the second gas is then

)2 n,RT |V n, 0.5

p _(n1+n2)(RT/V) n + n, T2+05 7




9. (a) Eq. 19-45 (which gives 0) implies Q = W. Then Eq. 19-14, with T = (273 +
30.0)K leads to gives 0 =-3.14x 10° J, or| Q| =3.14 x 10° I.

(b) That negative sign in the result of part (a) implies the transfer of heat is from the gas.



10. The initial and final temperatures are 7, =5.00°C=278 K and 7, =75.0°C =348 K,

respectively. Using ideal-gas law with V; =V, we find the final pressure to be

Vv, T. T,
pf_f:—/ = pf:—fpiz ﬁ (1.00 atm)=1.25 atm .
oV T T 278K

i i



11. Using Eq. 19-14, we note that since it is an isothermal process (involving an ideal gas)
then Q = W = nRT In(V;/V;) applies at any point on the graph. An easy one to read is Q
= 1000 J and V; = 0.30 m’, and we can also infer from the graph that 7; = 0.20 m’. We
are told that » = 0.825 mol, so the above relation immediately yields 7= 360 K.



12. Since the pressure is constant the work is given by W = p(V, — V). The initial volume
is V, =(AT, —BT?)/p , where T1=315 K is the initial temperature, 4 =24.9 J/K and

B=0.00662 J/K*. The final volume is ¥V, = (4T, — BT})/p , where T»=315 K. Thus

W=AT,~T,)-B(T; ~T;")
=(24.9 J/K)(325 K —315 K)—(0.00662 J/K*)[(325 K)> — (315 K)*]=207 J..



13. Suppose the gas expands from volume V; to volume V; during the isothermal portion
of the process. The work it does is

V./ Vde Vf
W—ij pdV_nRTfK = nRTIn L,

i

where the ideal gas law pJ = nRT was used to replace p with nRT/V. Now V; = nRT/p;
and Vy=nRT/py, so V{/V: = pilps. Also replace nRT with p;V; to obtain

W =pV. In P
Py

Since the initial gauge pressure is 1.03 x 10° Pa,

pi=1.03x10°Pa+1.013 x 10> Pa=2.04 x 10’ Pa.
The final pressure is atmospheric pressure: py=1.013 X 10° Pa. Thus

2.04 x10° Pa

1 =2.00x10"J.
1.013x10° Pa

W = (2.04 x 10° Pa)(0.14m3) ln[

During the constant pressure portion of the process the work done by the gas is W =
pAVi— V). The gas starts in a state with pressure py, so this is the pressure throughout this
portion of the process. We also note that the volume decreases from V,to V. Now V=

piVilpy, so

W=p, Vi_p;V,- =(p,— 1)V, = (1.013x10° Pa — 2.04x10° Pa)(0.14m")
| », |
= —1.44x10*]J.

The total work done by the gas over the entire process is

W=200x10"]-1.44%x10*1=5.60x10J.



14. (a) At the surface, the air volume is
V= Ah=x(1.00 m)*(4.00 m)=12.57 m* =12.6 m’.

(b) The temperature and pressure of the air inside the submarine at the surface are
7, =20°C=293 K and p, = p, =1.00 atm . On the other hand, at depth #=80m, we

have 7, =-30°C =243 K and
1.00 atm

= p, + peh =1.00 atm + (1024 kg/m*)(9.80 m/s>)(80.0 m)————
P, =Dyt Pg ( g/m’)( ) )1.01><105 -

=1.00 atm+7.95 atm =8.95 atm.

Therefore, using ideal-gas law, pV = NkT , the air volume at this depth would be

2h Lo oy L Vlz(l.OOatm] 258 12,57 m) =116 m’.
pV, T, n\T, 8.95 atm )| 293K

(c) The decrease in volume is AV =V, =V, =11.44 m’. Using Eq. 19-5, the amount of air

this volume corresponds to is

pAV  (8.95 atm)(1.01x10° Pa/atm )(11.44m’ )
n= =

= 5.10x10° mol .
RT (8.31 J/mol-K) (243K)

Thus, in order for the submarine to maintain the original air volume in the chamber,
5.10x10° mol of air must be released.



15. (a) At point a, we know enough information to compute x:

2500Pa)(1.0m’
n= 214 = ( a)( o ) =1.5mol.
RT  (8.31J/mol-K) (200K)

(b) We can use the answer to part (a) with the new values of pressure and volume, and
solve the ideal gas law for the new temperature, or we could set up the gas law as in
Sample Problem 19-1 in terms of ratios (note: n, = n, and cancels out):

3
pV, _ T, — T, = (200K) 7.5kPa 3.Om3
pyV, T, 2.5kPa ) 1.0m

which yields an absolute temperature at b of T, = 1.8x10° K.

(c) As in the previous part, we choose to approach this using the gas law in ratio form
(see Sample Problem 19-1):

3
PV =£:TC _ (200K) 2.5kPa 3.om3
vV, T, 2.5kPa ) 1.0m

which yields an absolute temperature at ¢ of 7, = 6.0x10* K.

(d) The net energy added to the gas (as heat) is equal to the net work that is done as it
progresses through the cycle (represented as a right triangle in the pJ” diagram shown in
Fig. 19-21). This, in turn, is related to * “area” inside that triangle (with
area = 1 (base)(height) ), where we choose the plus sign because the volume change at

the largest pressure is an increase. Thus,

%(2.0m3) (5.0x10°Pa) =5.0x 10 J.



16. We assume that the pressure of the air in the bubble is essentially the same as the
pressure in the surrounding water. If d is the depth of the lake and p is the density of
water, then the pressure at the bottom of the lake is p; = po + pgd, where py is
atmospheric pressure. Since p; V7 = nRT), the number of moles of gas in the bubble is

n=p V]/RT] = (p() + ,Ogd)V1/RT1,

where V; is the volume of the bubble at the bottom of the lake and 77 is the temperature
there. At the surface of the lake the pressure is py and the volume of the bubble is V, =
nRT,/po. We substitute for n to obtain

Po + pgd v
by

293K ) [ 1.013x 10° Pa +(0.998 x 10’ kg/m" ) (9.8 m/s* ) (40m)

277K 1.013 % 10° Pa

T
V==
1

(20 cm3)

=1.0x10% cm’.



17. When the valve is closed the number of moles of the gas in container 4 is ny =

paV4/RT, and that in container B is np = 4ppV4/RTs. The total number of moles in both
containers is then

% 4
n=n,+n, = ?A (%+%J = const.
A B

After the valve is opened the pressure in container 4 is p’y = Rn’4T4/V4 and that in
container B is p’s = Rn’pTp/4V 4. Equating p’4 and p’p, we obtain Rn’4T4/Vy = Rn'sTp/4V 4,
orn’g=(4T4/Tp)n’ 4. Thus,

’ ’ ’ 4T 4
n=n,+tng; =n, (1+T_Aj:nA+nB:%(%+%j.
B y B

We solve the above equation for n’:

/
n,

(pA/TA +4pB/TB)
(1+ 47, /T,)

_r
R

Substituting this expression for n’ into p’V, = n’4RT4, we obtain the final pressure:

’_ n,RT, _Pat 4psT, /T,
v, 1+4T,/T,

=2.0x 10’ Pa.

p



18. Appendix F gives M = 4.00 x 107 kg/mol (Table 19-1 gives this to fewer significant
figures). Using Eq. 19-22, we obtain

= 2.50 x 10° m/s.

3RT (3 (8.31 J/mol-K) (1000K)
v = —
e M 4.00 x 10~ kg/mol



19. According to kinetic theory, the rms speed is

f3RT
vrms =
M

where T is the temperature and M is the molar mass. See Eq. 19-34. According to Table
19-1, the molar mass of molecular hydrogen is 2.02 g/mol = 2.02 x 10> kg/mol, so

=1.8x10% m/s.

ms

_[3(8.31J/mol-K)(2.7K)
“\ 2.02x107 kg/mol



20. The molar mass of argon is 39.95 g/mol. Eq. 19-22 gives

3(8.31J/mol-K) (313K
y = [PRT_ P3E31mol K)BISK) _ )
M 39.95 x 10 kg/mol




21. Table 19-1 gives M = 28.0 g/mol for nitrogen. This value can be used in Eq. 19-22
with 7 in Kelvins to obtain the results. A variation on this approach is to set up ratios,
using the fact that Table 19-1 also gives the rms speed for nitrogen gas at 300 K (the
value is 517 m/s). Here we illustrate the latter approach, using v for vips:

,/3RT /M \/Z
T

v1 3RT, /M

() With T, = (20.0 +273.15) K = 293 K, we obtain

=(517mvs) 293K =511m/s.
300K

(b) In this case, we set v, =+ v, and solve v, /v, =/T, /T, for T3:

2 2
nzg(ﬁj :(293K)(lj =73.0K
v, 2

which we write as 73.0 — 273 =—200°C.

(c) Now we have v4 = 2v; and obtain
2
T, :T{v_“j =(293K)(4):1.17 x 10° K
V,

which is equivalent to 899°C.



22. First we rewrite Eq. 19-22 using Eq. 19-4 and Eq. 19-7:

The mass of the electron is given in the problem, and & = 1.38 x 107> J/K is given in the
textbook. With 7= 2.00 x 10° K, the above expression gives vims = 9.53 x 10° m/s. The
pressure value given in the problem is not used in the solution.



23. In the reflection process, only the normal component of the momentum changes, so
for one molecule the change in momentum is 2mv cosd, where m is the mass of the
molecule, v is its speed, and @1is the angle between its velocity and the normal to the wall.
If N molecules collide with the wall, then the change in their total momentum is 2Nmv
cos 6, and if the total time taken for the collisions is Az, then the average rate of change of
the total momentum is 2(N/Af)mv cos@. This is the average force exerted by the N
molecules on the wall, and the pressure is the average force per unit area:

—3 ﬁ mv cos@
P=4\ A

- (WJ(LO x10757)(3.3 x 107" kg) (1.0 X 10° m/s ) cos 55°
. m

=1.9 x 10° Pa.

We note that the value given for the mass was converted to kg and the value given for the
area was converted to m”.



24. We can express the ideal gas law in terms of density using # = Mam/M:

M RT _ pM

V = => p= .
P M P =Ry

We can also use this to write the rms speed formula in terms of density:

\/3RT 3(pM/p) 3p
.

(a) We convert to SI units: p=1.24 x 102 kg/m’ and p = 1.01 x 10’ Pa. The rms speed is
\/3(1010)/0.0124 =494 m/s.

(b) We find M from p=pM/RT with T=273 K.

pRT _ (0.0124kg/m’) (8.31J/mol-K )(273K)

M = 3
p 1.01 x 10" Pa

=0.0279 kg/mol = 27.9 g/mol.

(c) From Table 19.1, we identify the gas to be N,.



25. (a) Eq. 19-24 gives K, == (1.38x 107 J/K)(273K)=5.65x 107" J .

N | W

(b) For T'=373 K, the average translational kinetic energy is K,,, = 7.72 X 1077 .

(¢) The unit mole may be thought of as a (large) collection: 6.02 x 10> molecules of
ideal gas, in this case. Each molecule has energy specified in part (a), so the large
collection has a total kinetic energy equal to

K,.=N.K

avg

= (6.02x107)(5.65%10' J)= 3.40x10° J.

mole
(d) Similarly, the result from part (b) leads to

K_ .= (6.02x107)(7.72x107' J)=4.65 x 10’ J.



26. The average translational kinetic energy is given by K, =3kT, where k is the

Boltzmann constant (1.38 x 10 >* J/K) and 7 is the temperature on the Kelvin scale. Thus

K, = 3 138 X107 J/K) (1600K) = 3,31 x 102
2



27. (a) We use € = Ly/N, where Ly is the heat of vaporization and N is the number of
molecules per gram. The molar mass of atomic hydrogen is 1 g/mol and the molar mass
of atomic oxygen is 16 g/mol so the molar mass of HO i1s (1.0 + 1.0 + 16) = 18 g/mol.
There are Ny = 6.02 x 10 molecules in a mole so the number of molecules in a gram of
water is (6.02 x 10% mol™")/(18 g/mol) = 3.34 x 10** molecules/g. Thus

e = (539 cal/g)/(3.34 x 10*/g) = 1.61 x 10° cal = 6.76 x 10" J.

(b) The average translational kinetic energy is

K. =3 kT = %(1.38 x 107 J/K)[(32.0+273.15)K] = 6.32 x 107" J.

avg E

The ratio &/Kayg is (6.76 X 102 1)/(6.32 x 10" J) =10.7.



28. We solve Eq. 19-25 for d:

1 1
d = =
\/7»75\/5 (N/V) \/(0.80 x 10° cm) T2 (2.7 10" /cm?)

which yields d=3.2 x 10" ¢m, or 0.32 nm.



29. (a) According to Eq. 19-25, the mean free path for molecules in a gas is given by

]
-~ Lrd*NIV

where d is the diameter of a molecule and N is the number of molecules in volume V.
Substitute d = 2.0 X 107 m and N/V = 1 x 10° molecules/m’ to obtain

1

A= =6x10" m.
V2m(2.0 x 10 m)> (1% 10° m™

(b) At this altitude most of the gas particles are in orbit around Earth and do not suffer
randomizing collisions. The mean free path has little physical significance.



30. Using v = fA with v= 331 m/s (see Table 17-1) with Eq. 19-2 and Eq. 19-25 leads to

f _ v
E\/Endz (N/V)]

3 3 S
:(8.0><107 m )(ﬁj:[g_oxl(y m J 1.01 x10° Pa
s-mol/\V s-mol /) | (8.31 J/mol-K) (273.15K)

=3.5x 10’ Hz.

= (331m/s) /2 (3.0 x 107" m)’ (%}

where we have used the ideal gas law and substituted n/V = p/RT. If we instead use v =
343 m/s (the “default value” for speed of sound in air, used repeatedly in Ch. 17), then
the answer is 3.7 x 10° Hz.



31. (a) We use the ideal gas law pV = nRT = NkT, where p is the pressure, V is the
volume, 7 is the temperature, 7 is the number of moles, and N is the number of molecules.
The substitutions N = nN, and k = R/Na were made. Since 1 cm of mercury = 1333 Pa,
the pressure is p = (10 ')(1333 Pa) = 1.333 x 10"* Pa. Thus,

4
N_»p 133310 Pa = 3.27x10" molecules/m’> =3.27x10" molecules/cm’ .

vV kT (138x10°7 J/K)(295K)

(b) The molecular diameter is d = 2.00 x 10'° m, so, according to Eq. 19-25, the mean
free path is
1 1

L2rd*N 1V 2mr(2.00x107° m)? (3.27%10" m™)




32. (a) We set up a ratio using Eq. 19-25:

C(nv2d (NIV)) (dNZ T

A’Ar
My,  U(mi2d2 (N/7)) \dy

Therefore, we obtain

d, [ _\/27.5><10—6 em _ .
dy, Ay 9.9x10° ecm

(b) Using Eq. 19-2 and the ideal gas law, we substitute N/V = Nan/V = Nap/RT into Eq.
19-25 and find
RT

A=—F7—7—
nx/zdszA

Comparing (for the same species of molecule) at two different pressures and
temperatures, this leads to
A, T )\ p

With 4; =9.9 x 10°° cm, T} = 293 K (the same as 75 in this part), p; = 750 torr and p, =
150 torr, we find A, = 5.0 X 107 cm.

(c) The ratio set up in part (b), using the same values for quantities with subscript 1, leads
toAr=7.9x 10°° cm for 7, =233 K and p, = 750 torr.



33. (a) The average speed is

N
Vg = %ZV,' = %[4(200 m/s)+2(500 m/s) +4(600 m/s)] =420 m/s.
i=1

(b) The rms speed is

N
Vs = \/%Zv? = \/%[4(200 m/s)’ +2(500 m/s)> +4(600 m/s)’] = 458 m/s
i=1

(c) Yes, Vims > Vayg.



34. (a) The average speed is

_ Zny, _ [2(1.0)+4(2.0)+6(3.0) +8(4.0)+2(5.0)] en/s

V.. =3.2cm/s.
* Xn 2+4+6+8+2
(b) From v, = +/Znv’/Zn, we get
2 2 2 2 2
V- 2(1.0)° +4(2.0)° +6(3.0)° +8(4.0)° +2(5.00° .,
2+4+6+8+2

(c) There are eight particles at v = 4.0 cm/s, more than the number of particles at any
other single speed. So 4.0 cm/s is the most probable speed.



35. (a) The average speed is v = %, where the sum is over the speeds of the particles

and N is the number of particles. Thus

(2.0+3.0+4.0+5.0+6.0+7.0+8.0+9.0+10.0+11.0) km/s
10

2
/ %
(b) The rms speed is given by v, = s Now

D v =[(2.0)° +(3.0)° +(4.0)* +(5.0)° +(6.0)°
+(7.0)> +(8.0)° +(9.0)* +(10.0)> + (11.0)* ] km® /s> = 505 km” / s>

2 2
v = ,/W =7.1 kms.

= 6.5km/s.

Vv =

SO



36. (a) From the graph we see that v, = 400 m/s. Using the fact that M = 28 g/mol =
0.028 kg/mol for nitrogen (N, ) gas, Eq. 19-35 can then be used to determine the absolute

temperature. We obtain 7= %MVPZ/R =2.7x10* K.

b) Comparing with Eq. 19-34, we conclude vims =\3/2 vy, = 4.9x10% m/s.
( paring q p



37. The rms speed of molecules in a gas is given by v, =+/3RT/M , where T is the
temperature and M is the molar mass of the gas. See Eq. 19-34. The speed required for
escape from Earth's gravitational pull is v=,/2gr, , where g is the acceleration due to

gravity at Earth's surface and 7. (= 6.37 x 10° m) is the radius of Earth. To derive this
expression, take the zero of gravitational potential energy to be at infinity. Then, the
gravitational potential energy of a particle with mass m at Earth's surface is

U= —GMm/ri =-mgr,,

where g =GM / r? was used. If v is the speed of the particle, then its total energy is

E =-mgr, ++mv’ . If the particle is just able to travel far away, its kinetic energy must
tend toward zero as its distance from Earth becomes large without bound. This means £ =
0and v= \/@ . We equate the expressions for the speeds to obtain \/3RT /M = \/2 ar, .
The solution for T'is T=2gr.M /3R.

(a) The molar mass of hydrogen is 2.02 x 10~ kg/mol, so for that gas

2(9.8m/s*)(6.37x10°m)(2.02x10~ kg/mol)
3(8.31J/mol-K)

T = =1.0x10* K.

(b) The molar mass of oxygen is 32.0 x 10~ kg/mol, so for that gas

2008 310 m) (2010 kgl
3(8.31J/mol - K)

(c) Now, T =2g,r,M / 3R, where r,, = 1.74 X 10° m is the radius of the Moon and n =
0.16g is the acceleration due to gravity at the Moon's surface. For hydrogen, the
temperature is

- 2(0.16)(9.8m/s”)(1.74x10°m)(2.02x107 kg /mol CAAXIO K.
3(8.313/mol-K)

(d) For oxygen, the temperature is

. 2(0.16)(9-8m/s” )(1.74x10°m) (32.0x10~ kg /mol) _ 7 0X10° K.
3(8.31J/mol-K)

(e) The temperature high in Earth's atmosphere is great enough for a significant number
of hydrogen atoms in the tail of the Maxwellian distribution to escape. As a result the
atmosphere is depleted of hydrogen.

(f) On the other hand, very few oxygen atoms escape. So there should be much oxygen
high in Earth’s upper atmosphere.



38. We divide Eq. 19-31 by Eq. 19-22:

Vae \SRT/M,  [8M,

Vot \BRT/M, \31M,

leads to

which, for v, , =2

rmsl?

m, M, 8\v

rmsl

Lﬂzs_n[v&zf;_uj.



39. (a) The root-mean-square speed is given by v, =./3RT/M . See Eq. 19-34. The
molar mass of hydrogen is 2.02 x 10~ kg/mol, so

ms o o

2.02x107 kg/mol

(b) When the surfaces of the spheres that represent an H, molecule and an Ar atom are
touching, the distance between their centers is the sum of their radii:

d=r+rn=05x10%cm+1.5x10%cm=2.0x 10" cm.

(c) The argon atoms are essentially at rest so in time ¢ the hydrogen atom collides with all
the argon atoms in a cylinder of radius d and length vz, where v is its speed. That is, the
number of collisions is Td*viN/ V, where, N/V is the concentration of argon atoms. The
number of collisions per unit time is

nd’vN _ n(Z.OXIO_IO m)2 (7.0><103 m/s) (4.0><1025 m‘3) =3.5%10" collisions/s.




40. We divide Eq. 19-35 by Eq. 19-22:

v, \2RL,/M _ [2T,

Vo BRI /M \ 3T,

L _3(v)_3
T 2\v 2

ms

which, for v, =v_, leads to

m



41. (a) The distribution function gives the fraction of particles with speeds between v and
v + dv, so its integral over all speeds is unity: | P(v) dv = 1. Evaluate the integral by
calculating the area under the curve in Fig. 19-24. The area of the triangular portion is
half the product of the base and altitude, or Lav,. The area of the rectangular portion is

the product of the sides, or avy. Thus,

1 3
JP(v)dv = Eavo +av, = > av, ,

so 2av, =1 and avy = 2/3=0.67.

(b) The average speed is given by v, = J.VP(V)CZIV. For the triangular portion of the

distribution P(v) = av/vy, and the contribution of this portion is

2
a a av, 2
— | Vdv=—ov, ==L =2y,
Vo 3v, 3 9

where 2/3vy, was substituted for a. P(v) = a in the rectangular portion, and the
contribution of this portion is

a_‘:VUvdv =%(4v§ —vg) =37av§ =V,.

Therefore,

2 vavg
Vag =V tV, =122y, = =1.22.
9 v

(c) The mean-square speed is given by v’ = Iva(v)dv. The contribution of the

ms

triangular section is

0 1
a4 v3dv=ng =—v,.
Vo 4v, 6
The contribution of the rectangular portion is
W o, Arg s 3\ _Ta 5 14,
aLvdv—3(8v0 v)—3v0—9v0.

Thus,

vm:\/Eﬂalvo = moo13],
6" 9 v
0



(d) The number of particles with speeds between 1.5vy and 2vy is given by N .[2:} P(v)dv.

The integral is easy to evaluate since P(v) = a throughout the range of integration. Thus
the number of particles with speeds in the given range is

Na(2.0vy — 1.5v9) = 0.5N avy = N/3,

where 2/3vy was substituted for a. In other words, the fraction of particles in this range is
1/3 or 0.33.



42. The internal energy is

E, =%nRT =%(1.0mol)(8.31 J/mol-K)(273K) =3.4x10° J.

nt



43. (a) The work is zero in this process since volume is kept fixed.
(b) Since Cy = %R for an ideal monatomic gas, then Eq. 19-39 gives O = +374 J.

(€) AEw =0~ W=+3741.

(d) Two moles are equivalent to N = 12 x 10* particles. Dividing the result of part (c) by
N gives the average translational kinetic energy change per atom: 3.11 x 107**7J.



44. (a) Since the process is a constant-pressure expansion,

W = pAV =nRAT =(2.02mol)(8.31 J/mol-K)(15K)=249].
(b) Now, C, = %R in this case, so Q = nC,AT = +623 J by Eq. 19-46.

(c) The change in the internal energy is AEi,= Q — W=+374].
(d) The change in the average kinetic energy per atom is

AKg = AE/N=+3.11 x 107 J.



45. When the temperature changes by AT the internal energy of the first gas changes by
n C, AT, the internal energy of the second gas changes by n,C; AT, and the internal
energy of the third gas changes by n3Cs; AT. The change in the internal energy of the
composite gas is

AEin = (7’11 Ci+nyC+ns C3) AT.

This must be (n; + ny + n3) Cy AT, where Cy is the molar specific heat of the mixture.
Thus,

C o= nC, +n,C, +n,C,
’ n +n, +n,

With n,=2.40 mol, Cy;=12.0 J/mol-K for gas 1, n,=1.50 mol, C»,=12.8 J/mol-K for gas 2,
and n3=3.20 mol, Cy3=20.0 J/mol-K for gas 3, we obtain Cy=15.8 J/mol-K for the mixture.



46. Two formulas (other than the first law of thermodynamics) will be of use to us. It is
straightforward to show, from Eq. 19-11, that for any process that is depicted as a
straight line on the pV diagram — the work is

.+
2

straight

which includes, as special cases, W = pAV for constant-pressure processes and W = 0 for
constant-volume processes. Further, Eq. 19-44 with Eq. 19-51 gives

E = n(ijT = (gij

where we have used the ideal gas law in the last step. We emphasize that, in order to
obtain work and energy in Joules, pressure should be in Pascals (N / m?) and volume
should be in cubic meters. The degrees of freedom for a diatomic gas is /= 5.

(a) The internal energy change is

Eintc _Einta = %(pcl/c _pal/a ) :§(<20X103 Pa)(40m3)_(50><103 Pa>(20m3))

=-5.0x10° J.

(b) The work done during the process represented by the diagonal path is

diag —

/4 —(%}(VC—V;) = (3.5x10°Pa)(2.0m’)

which yields Wiag = 7.0% 10° J. Consequently, the first law of thermodynamics gives

Ouiag =AE, + Wy, =(=5.0x10° +7.0x10%) J =2.0x10° J.

iag
(c) The fact that AEj,; only depends on the initial and final states, and not on the details of
the “path” between them, means we can write AE, =E, . —E,, , =-5.0x10’ J for the
indirect path, too. In this case, the work done consists of that done during the constant

pressure part (the horizontal line in the graph) plus that done during the constant volume
part (the vertical line):

w.

indirect

=(5.0x10° Pa)(2.0m’)+0=1.0x10* J.

Now, the first law of thermodynamics leads to

O it =AE AW . =(=5.0x10° +1.0x10") ] =5.0x10° J.

indirect



47. Argon is a monatomic gas, so f = 3 in Eq. 19-51, which provides

C, =2 R=2(8.31 Vmol-K)[ L |- 295l
272 4.186 mol-C°

where we have converted Joules to calories, and taken advantage of the fact that a Celsius
degree is equivalent to a unit change on the Kelvin scale. Since (for a given substance) M
is effectively a conversion factor between grams and moles, we see that ¢y (see units
specified in the problem statement) is related to Cy by C, =c, M where M =mN, , and

m 1s the mass of a single atom (see Eq. 19-4).
(a) From the above discussion, we obtain

M _Cle _ 2.98/0.0;5 _66x107 g,
N, N,  6.02x10

(b) The molar mass is found to be M = Cy/cy = 2.98/0.075 = 39.7 g/mol which should be
rounded to 40 g/mol since the given value of ¢y is specified to only two significant
figures.



48. (a) According to the first law of thermodynamics Q = AEji, + W. When the pressure is
a constant W = p AV. So

-6 3
AE, = O~ pAV =20.9 J-(1.01x10° Pa)(100 cm® —50 cm3)(wl =159 J.
1 cm

(b) The molar specific heat at constant pressure is

0 0 R QO _ (8.31J/mol-K)(20.9J)
" nAT  n(pAV/nR) p AV (1.01x10°Pa)(50x10°m’)

=34.4J/mol-K.

(c) Using Eq. 19-49, Cy = C, — R =26.1 J/mol-K.



49. (a) From Table 19-3, C, =5 R and C, =] R . Thus, Eq. 19-46 yields

Q:ncpAT=(3.oo)G(8.31)j (40.0)=3.49x10"J.
(b) Eq. 19-45 leads to

AE, =nC,AT = (3.00)(%(8.31))(40.0) =2.49%10° J.

(¢) From either W = Q — AEiy or W = pAT = nRAT, we find W =997 J.

(d) Eq. 19-24 is written in more convenient form (for this problem) in Eq. 19-38. Thus,
the increase in kinetic energy is

AK =A(NK )=n ER AT =1.49x10° J.
trans avg 2

Since AE, =AK,, . +AK

trans rot ?

the increase in rotational kinetic energy is

AK  =AE_ —AK__ =249x10° J]-1.49x10° J=1.00x10" J.

int trans

Note that had there been no rotation, all the energy would have gone into the translational
kinetic energy.



50. Referring to Table 19-3, Eq. 19-45 and Eq. 19-46, we have

AE,

nt

=nC,AT = %nRAT

0 = nCpAT:%nRAT.

Dividing the equations, we obtain

Thus, the given value Q = 70 J leads toAE, , =50 J.



51. The fact that they rotate but do not oscillate means that the value of /' given in Table
19-3 is relevant. Thus, Eq. 19-46 leads to

0 =nCAT =n(ZR)(T, ~T) =nRT, @(;_,_ j

1

where 7; = 273 K and n = 1.0 mol. The ratio of absolute temperatures is found from the
gas law in ratio form (see Sample Problem 19-1). With p, = p; we have

N[
|

SIS
t!)

Therefore, the energy added as heat is

0 =(1.0mol)(8.31 J/mol~K)(273K)(9(2—1) ~8.0x10°J.



52. (a) Using M = 32.0 g/mol from Table 19-1 and Eq. 19-3, we obtain

M, — 120g

sam

M 32.0 g/mol

=0.375 mol.

(b) This is a constant pressure process with a diatomic gas, so we use Eq. 19-46 and
Table 19-3. We note that a change of Kelvin temperature is numerically the same as a
change of Celsius degrees.

Q=nC,AT = n(%R)AT =(0.375 mol)(%j(&Sl J/mol-K) (100K ) =1.09x10"J.

(c) We could compute a value of AEj,; from Eq. 19-45 and divide by the result from part
(b), or perform this manipulation algebraically to show the generality of this answer (that
is, many factors will be seen to cancel). We illustrate the latter approach:

AE.

nt

nGR)AT S o1
7

QO n(IR) AT



53. (a) Since the process is at constant pressure, energy transferred as heat to the gas is
given by O = nC, AT, where n is the number of moles in the gas, C, is the molar specific
heat at constant pressure, and A7 is the increase in temperature. For a diatomic ideal gas
C, =%R. Thus,

0= %nRAT = %(4.00mol) (8.31J/mol - K)(60.0K) = 6.98x10° J.

(b) The change in the internal energy is given by AEi, = nCy AT, where Cy is the specific
heat at constant volume. For a diatomic ideal gas C, =3 R, so

AE, = %nRAT = %(4.00m01) (8.31J/mol.K)(60.0K) = 4.99x10°J.

(c) According to the first law of thermodynamics, AEi, = Q — W, so
W=0-AE, =6.98x10°T-4.99%x10°J=1.99x10’J.
(d) The change in the total translational kinetic energy is

AK = %nRAT _ %(4.00m01)(8.31]/m01 .K)(60.0K)=2.99x10].



54. (a) We use Eq. 19-54 with V', /V, = 3 for the gas (assumed to obey the ideal gas law).

i

/4
pVi =p V= L [%] =(2.00)"’
s

which yields p;= (2.46)(1.0 atm) = 2.46 atm.

(b) Similarly, Eq. 19-56 leads to

-1
T, =T, (VK] =(273K)(1.23) =336 K.

A

(c) We use the gas law in ratio form (see Sample Problem 19-1) and note that when p; =
p2 then the ratio of volumes is equal to the ratio of (absolute) temperatures. Consequently,
with the subscript 1 referring to the situation (of small volume, high pressure, and high
temperature) the system is in at the end of part (a), we obtain

Bh_oh_2BK_ 4413,
v, T 336K

The volume 7V is half the original volume of one liter, so

¥, =0.813(0.500L) = 0.406 L.



55. (a) Let p;, Vi, and T; represent the pressure, volume, and temperature of the initial
state of the gas. Let p;, V; and Ty represent the pressure, volume, and temperature of the

final state. Since the process is adiabatic p V' = p V,”, so
p Pivi =PsVy

VY ( 431L j"“
= L4 = 1.2atm)=13.6atm = 14 atm.

We note that since V; and Vyhave the same units, their units cancel and p, has the same
units as p;.

(b) The gas obeys the ideal gas law pV = nRT, so p;Vi/lp/Vy= Ti/ Trand

T,
Y

1

Y {(13.6atm)(0.76L)

(1.2atm)(4.3L) }(310K) =6.2x10° K.



56. The fact that they rotate but do not oscillate means that the value of f given in Table
19-3 is relevant. In §19-11, it is noted that y= C,/Cy so that we find y= 7/5 in this case.
In the state described in the problem, the volume is

_ nRT _(2.0mol)(8.31 J/mol-K )(300K)

— =0.049 m’.
p 1.01x10° N/m

14

Consequently,

pV7 =(1.01x10° N/m?)(0.049m*)"* =1.5x10° N - m?2.



57. Since AEjy does not depend on the type of process,
(AEim )path 2 = (AE‘int )path 1°

Also, since (for an ideal gas) it only depends on the temperature variable (so AEi, = 0 for
isotherms), then

(AEint )pathl = Z (AEim )adiabat :

Finally, since Q = 0 for adiabatic processes, then (for path 1)

( int )adiabatic expansion =-W=-40J
(AE,,) =-W=-(-25)J=251.

adiabatic compression

Therefore, (AE =—40J+25J=-15J.

int )path 2



58. Let p,,V, and T, represent the pressure, volume, and temperature of the air at
y, =4267 m. Similarly, let p,V and T be the pressure, volume, and temperature of the
air at y =1567 m. Since the process is adiabatic p,V;” = pV”. Combining with ideal-gas
law, pV = NkT , we obtain

pV?’=p(T/p) =p~'T" =constant = p''T"=p T/

With p=pe™® and y=4/3 (which gives (1-7)/y=-1/4), the temperature at the end
of the decent is

I-y

1y v
T= p2 4 T = ﬁ 4 T = e @0 = e—(1416><10’4/m)(1567 m-4267 m)/4(268 K)
p 1 poe_ay 1 1

=(1.08)(268 K) =290 K =17°C



59. The aim of this problem is to emphasize what it means for the internal energy to be a
state function. Since path 1 and path 2 start and stop at the same places, then the internal
energy change along path 1 is equal to that along path 2. Now, during isothermal
processes (involving an ideal gas) the internal energy change is zero, so the only step in
path 1 that we need to examine is step 2. Eq. 19-28 then immediately yields —20 J as the
answer for the internal energy change.



60. Let p;, Vi, and T; represent the pressure, volume, and temperature of the initial state of
the gas, and let p;, V}, and Ty be the pressure, volume, and temperature of the final state.

Since the process is adiabatic pV, = prfy. Combining with ideal-gas law, pV = NkT ,
we obtain

pV7 =p, L/ p) =p T =constant = p'T7 = p T}
With y=4/3 which gives (1-y)/y=-1/4, the temperature at the end of the adiabatic

expansion is

1-y

7 -1/4

T, = & Ti:(m_amaJ (278 K) =186 K = -87°C.
- 'z 1.00 atm



61. (a) Eq. 19-54, p V" = p,V,”, leads to

200L

Y Y
v
=p|—| = 4.00atm=(1.00atm)| ———
Py p’[VJ ( )(74.3LJ

which can be solved to yield

_In(p,/p) _In(4.00atm/1.00atm) _ 7
“n(v/v,)  W(200L/743L) S

This implies that the gas is diatomic (see Table 19-3).

(b) One can now use either Eq. 19-56 (as illustrated in part (a) of Sample Problem 19-9)
or use the ideal gas law itself. Here we illustrate the latter approach:

PV nRT; -
Py = nrl = D= 446K.

(c) Again using the ideal gas law: n = P; V;/RT; = 8.10 moles. The same result would, of
course, follow from n = P¢Vy/RTy.



62. Using Eq. 19-53 in Eq. 18-25 gives

vty
W= p [ Vv = pyr

Using Eq. 19-54 we can write this as

1_ / _1—1/}/
1=y

i

In this problem, y = 7/5 (see Table 19-3) and Ps/P; = 2. Converting the initial pressure
to Pascals we find P; V; = 24240 J. Plugging in, then, we obtain W =—1.33 x 10*J.



63. In the following C, =3 R is the molar specific heat at constant volume, C, =3 R is

the molar specific heat at constant pressure, AT is the temperature change, and » is the
number of moles.

The process 1 — 2 takes place at constant volume.

(a) The heat added is
3 3 3
Q0=nC, ATzanRAT = E(l.OOmol)(SS1]/m01-K)(6OOK—3OOK) =3.74x10"J.

(b) Since the process takes place at constant volume the work W done by the gas is zero,
and the first law of thermodynamics tells us that the change in the internal energy is

AE_ =0=3.74x10"].
(c) The work W done by the gas is zero.
The process 2 — 3 is adiabatic.
(d) The heat added is zero.

(e) The change in the internal energy is

3

AE,, =nC, AT =ZnRAT :%(I.OOmol)(8.31J/mol-K)(455K—600K) =—1.81x10°J.

int

(f) According to the first law of thermodynamics the work done by the gas is
W=0Q-AE, =+1.81x10].

The process 3 — 1 takes place at constant pressure.

(g) The heat added is

Q=nC, AT =§nRAT =§(1.oo mol) (8.31J/mol - K) (300K —455K) = —3.22x10° J.

(h) The change in the internal energy is

AE, =nC,AT =%nRAT =§(l.00mol) (8.31J/mol - K) (300K —455K) =—1.93x10° J.



(1) According to the first law of thermodynamics the work done by the gas is
W=0-AE_ =-3.22x10"] +1.93x10° ] =-1.29x10° J.

(j) For the entire process the heat added is

0=3.74x10°J +0-3.22x10° ] =5201.
(k) The change in the internal energy is

AE_ =3.74x10°J-1.81x10° J-1.93x10 ] =0.

(1) The work done by the gas is

W =0+1.81x10°J-1.29x10°J =520 J.

(m) We first find the initial volume. Use the ideal gas law p;V; = nRT) to obtain

_ nRT, (1.00mol)(8.31J/mol-K)(300K)

=2.46%x10"m>.
)2 (1.013x10° Pa)

4

(n) Since 1 — 2 is a constant volume process Vs = V; = 2.46 x 10> m’. The pressure for
state 2 is

_ nRT, _(1.00 mol)(8.31J/mol-K)(600K)

7 YT =2.02x10°Pa.
g .

D,

This is approximately equal to 2.00 atm.
(0) 3 — 1 is a constant pressure process. The volume for state 3 is

_nRT; (1.00mol)(8.31J/mol-K)(455K)

" . =3.73x107 m’.
D .013x10" Pa

V

(p) The pressure for state 3 is the same as the pressure for state 1: p3 = p; = 1.013 x 10°
Pa (1.00 atm)



64. Using the ideal gas law, one mole occupies a volume equal to

_nRT _(1)(8.31)(50.0)
p 1.00x10™*

V =4.16x10" m’.

Therefore, the number of molecules per unit volume is

_nN, _ (1) (6-02X1023) _1.45%10" molecules

V 4.16x10" m’

<=

Using d = 20.0 x 10’ m, Eq. 19-25 yields

k=;=38.8 m.

Vo ()



65. We note that AK =n(2 R)AT according to the discussion in §19-5 and §19-9. Also,

AEi: = nCyAT can be used for each of these processes (since we are told this is an ideal
gas). Finally, we note that Eq. 19-49 leads to C, = Cy + R = 8.0 cal/mol'K after we
convert Joules to calories in the ideal gas constant value (Eq. 19-6): R = 2.0 cal/mol-K.
The first law of thermodynamics Q = AEi, + W applies to each process.

* Constant volume process with A7 =50 K and » = 3.0 mol.

(a) Since the change in the internal energy is AEiy = (3.0)(6.00)(50) = 900 cal, and the
work done by the gas is W = 0 for constant volume processes, the first law gives Q = 900
+ 0 =900 cal.

(b) As shown in part (a), W= 0.

(c) The change in the internal energy is, from part (a), AEiy = (3.0)(6.00)(50) = 900 cal.

(d) The change in the total translational kinetic energy is

AK =(3.0)(2(2.0))(50) = 450 cal.

* Constant pressure process with A7= 50 K and n = 3.0 mol.

(e) W= pAV for constant pressure processes, so (using the ideal gas law)
W = nRAT = (3.0)(2.0)(50) = 300 cal.

The first law gives Q = (900 + 300) cal = 1200 cal.

(f) From (e), we have W=300 cal.

(g) The change in the internal energy is AEi, = (3.0)(6.00)(50) = 900 cal.

(h) The change in the translational kinetic energy is AK = (3.0)(%(2.0)) (50)=450cal.

* Adiabiatic process with AT =50 K and » = 3.0 mol.
(1) O = 0 by definition of “adiabatic.”
(j) The first law leads to W = Q — Eiy: = 0 — 900 cal =-900 cal.

(k) The change in the internal energy is AEi, = (3.0)(6.00)(50) = 900 cal.

(1) As in part (d) and (h), AK = (3.0)(%(2.0))(50) =450cal.



66. The ratio is

mgh  2gh 2Mgh
mv: /2 v 3RT

rms

where we have used Eq. 19-22 in that last step. With 7=273 K, 2 =0.10 m and M = 32
g/mol = 0.032 kg/mol, we find the ratio equals 9.2 x 107°.



67. In this solution we will use non-standard notation: writing p for weight-density
(instead of mass-density), where p. refers to the cool air and py, refers to the hot air. Then
the condition required by the problem is

Fhet = Fouoyant — hot-air-weight — balloon-weight
267x10°N = pV—pV —2.45x10° N
where V'=2.18 x 10° m® and p. = 11.9 N/m’. This condition leads to p,= 9.55 N/m’.
Using the ideal gas law to write p, as PMg/RT where P = 101000 Pascals and M = 0.028

kg/m’ (as suggested in the problem), we conclude that the temperature of the enclosed air
should be 349 K.



Pl o338,
3.00

Do

68. (a) In the free expansion from state 0 to state 1 we have O = W = 0, so AEiy = 0,
1

which means that the temperature of the ideal gas has to remain unchanged. Thus the

final pressure is
_ oV P,
b= = = 0
Vv, 3.00V, 3.00

(b) For the adiabatic process from state 1 to 2 we have p, V1" =p, V57, i.e.,

1
py (3007, ) = (3.00) p¥y

3.00 70

which gives y=4/3. The gas is therefore polyatomic.

_L_p (3.00)" =1.44
1, yZ

1

(c) From T = pV/nR we get

alltal



69. (a) By Eq. 19-28, W =-374 J (since the process is an adiabatic compression).
(b) O = 0 since the process is adiabatic.

(c) By first law of thermodynamics, the change in internal energy is AEi,= Q — W =+374
J.

(d) The change in the average kinetic energy per atom is

AKig = AE/N=+3.11 x 107*J.



70. (a) With work being given by
W= pAV = (250)(-0.60) J =150,

and the heat transfer given as —210 J, then the change in internal energy is found from the
first law of thermodynamics to be [-210 — (-150)] J =-60 J.

(b) Since the pressures (and also the number of moles) don’t change in this process, then
the volume is simply proportional to the (absolute) temperature. Thus, the final
temperature is % of the initial temperature. The answer is 90 K.



71. This is very similar to Sample Problem 19-4 (and we use similar notation here)

except for the use of Eq. 19-31 for v,y (whereas in that Sample Problem, its value was
just assumed). Thus,

B MT

_ Sgeed _ vavg _ [ﬁ 16TCR
f " distance 2 - k .

Therefore, with p = 2.02 x 10° Pa, d = 290 x 10> m and M = 0.032 kg/mol (see Table
19-1), we obtain f=7.03 x 10°s™".



72. Eq. 19-25 gives the mean free path:

A = 1 _ nRT
\2d& weeNWV)  A\2d me, PN

where we have used the ideal gas law in that last step. Thus, the change in the mean free
path is
. —MRAT RO
- \/Edzneo PN \/Ea’zneo PN G,

where we have used Eq. 19-46. The constant pressure molar heat capacity is (7/2)R in
this situation, so (with N =9 x 10* and d =250 x10™"* m) we find

AL=152%x10"m =1.52nm.



73. (a) The volume has increased by a factor of 3, so the pressure must decrease
accordingly (since the temperature does not change in this process). Thus, the final
pressure is one-third of the original 6.00 atm. The answer is 2.00 atm.

(b) We note that Eq. 19-14 can be written as P;V;In(V;/V;). Converting “atm” to “Pa” (a
Pascal is equivalent to a N/m”) we obtain W = 333 J.

(c) The gas is monatomic so Y= 5/3. Eq. 19-54 then yields Py = 0.961 atm.
(d) Using Eq. 19-53 in Eq. 18-25 gives

vyr-r _pV,—pV
-y -y

W= ini}/ .ﬁ/f Vordy = ini}/

where in the last step Eq. 19-54 has been used. Converting “atm” to “Pa”, we obtain
W =2361.



74. (a) With P, = (20.0)(1.01 x 10° Pa) and ¥, = 0.0015 m’, the ideal gas law gives
PVi=nRT, = T'=121.54K = 122 K.
(b) From the information in the problem, we deduce that 7,=3T7; = 365 K.

(c) We also deduce that 75 = T} which means AT = 0 for this process. Since this involves
an ideal gas, this implies the change in internal energy is zero here.



75.(a) We use pV;” = p, V,” to compute y

_In(p,/p,) In(1.0atm/1.0x10° atm)

=2
In(V,/V;)  In(1.0x10°L/1.0x10°L) 3’

Therefore the gas is monatomic.

(b) Using the gas law in ratio form (see Sample Problem 19-1), the final temperature is

=2.7x10*K.

7 (1.0><105 atm)(1.0x103L)
T, =T, =(273K)
‘ pV, (1.0atm)(1.0x10°L)

(c) The number of moles of gas present is

1.01x10° Pa)(1.0x10° cm®
- :( a)( o ):4.5><104 mol.
RT, (8.31 J/mol -K)(273K)

(d) The total translational energy per mole before the compression is

1

K = %RTI. :%(8.31 J/mol-K)(273K) =3.4x10" J.

(e) After the compression,

3

K, =3RT/. ==(8.31J/mol-K)(2.7x10* K} =3.4x10J.
R

. 2
(f) Since v, o< T, we have

2
ms,; __

T
> —1227—31320010
vi, T, 27x10°K

rms,f’



76. We label the various states of the ideal gas as follows: it starts expanding
adiabatically from state 1 until it reaches state 2, with ¥, = 4 m’; then continues on to
state 3 isothermally, with V3 = 10 m’; and eventually getting compressed adiabatically to
reach state 4, the final state. For the adiabatic process 1—2 pV" = p, V), for the
isothermal process 2 — 3 p,V> = p3V3, and finally for the adiabatic process
354 pV7 =pV/. These equations yield

ENIATIA AN IATTATA
P4 p3V4 sz3 V; prz V3 V:‘ .

We substitute this expression for p4 into the equation p; V' = p4V4 (since 71 = T4) to obtain
ViVs = V,Vs. Solving for V4 we obtain

- Wi _ (2.0m3)(130m3) S0t
v, 4.0m




77. (a) The final pressure is
_pV, _(32atm)(1.0L)

v, 4.0L

=8.0atm,

Py

(b) For the isothermal process the final temperature of the gas is 7y = 7; = 300 K.

(c) The work done is

4 v
W =nRT, ln[—f] =pV, ln(—fJ = (32atm)(1.01x10’ Pa/atm ) (1.0x10~ m3)ln(4'0L]
Vi ¢ 1OL

i i

=4.4x10°].

For the adiabatic process p,V;” = p V'] . Thus,

(d) The final pressure is

¥ 503
V. 1.0L

=p|—<+| =(32atm)| —— =3.2atm.
Pr p’[V} ( )(4.0Lj

f
(e) The final temperature is

p,V,T_(3.2atm)(4.0L)(300K)

1

T = =
T p (32atm)(1.0L)

l

=120K .

(f) The work done is

3 3
W:Q_AEint :_AEint :_EnRAT:_E(prf _ini)

= —%[(3.2atm)(4.0L)—(32 atm)(1.0L) |(1.01x10° Pa/atm)(10~° m*/L)
=2.9x10°J .

(g) If the gas is diatomic, then y= 1.4, and the final pressure is
v ) roL)”
=p.|—+| =(32atm)]| —— | =4.6atm.
(h) The final temperature is

V.T. (4.6atm)(4.0L)(300K
szpf f t=( am)( )( )=170K
T pV (32atm)(1.0L)




(1) The work done is

5 5
W =0=AE, == nRAT Z_E(prf -pV,)

=—%[(4.6atm)(4.0L)—(32 atm)(1.0L) |(1.01x10° Pa/atm) (10~ m’/L)

=3.4x%x10°7.



78. We write 7= 273 K and use Eq. 19-14:

w = (1.00mol) (8.31 J/mol-K) (273K) ln(%j

which yields W = —653 J. Recalling the sign conventions for work stated in Chapter 18,
this means an external agent does 653 J of work on the ideal gas during this process.



79. (a) We use pV = nRT. The volume of the tank is

17 g/mol

p 1.35x10° Pa

nRT (7% )(8-31 J/mol- K ) (350K)

v =3.8x107 m’ =38L.

(b) The number of moles of the remaining gas is

, pv  (87x10°Pa)(3.8x107 m’)
w=PV _

=f—= =13.5mol.
RT"  (8.31J/mol-K)(293K)

The mass of the gas that leaked out is then Am =300 g — (13.5 mol)(17 g/mol) =71 g.



80. We solve

3RT _ [3R(293K)
M. A M

helium hydrogen
for 7. With the molar masses found in Table 19-1, we obtain

4.0

)=580K

which is equivalent to 307°C.



81. It is recommended to look over §19-7 before doing this problem.
(a) We normalize the distribution function as follows:

3
=
VO

jo“ P(v)dv=1= C=

(b) The average speed is
2
I° vP(v)dv= J- v(%] dv=§vo :
0 o 4
(c) The rms speed is the square root of

2
J‘“ v P(v)dv= I v (%j dv=§vf.
0 0 5

Therefore, v, . =+/3/5v, =0.775v,.



82. To model the “uniform rates” described in the problem statement, we have expressed
the volume and the temperature functions as follows:

Ve = Vi Iy - T;
V=1; +(—f1—)t and T=7}+(—"T—)t
S f

where V;=0.616 m’, ¥; =0.308 m’, 7, =7200s, ;=300 K and 7; = 723 K.

(a) We can take the derivative of V' with respect to ¢ and use that to evaluate the
cumulative work done (from ¢ = 0 until ¢ = 7):

RT
W= fpdV = f (”V )(%) dt=12.2 7+ 238113 In(14400 — 7) — 2.28 x 10°

with SI units understood. With 7= 7, our result is W =-77169 ] = =77.2 kJ, or |W | =
77.2 kJ.

The graph of cumulative work is shown below. The graph for work done is purely
negative because the gas is being compressed (work is being done on the gas).
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(b) With Cy =5 R (since it’s a monatomic ideal gas) then the (infinitesimal) change in

. . dT L . o
internal energy is nCydT Z%nR (Ej dt which involves taking the derivative of the
temperature expression listed above. Integrating this and adding this to the work done

gives the cumulative heat absorbed (from ¢ = 0 until 7 = 7):

RT T
0= f (”TJ (‘2—’3 + 3R (‘i,—t) dt =30.5 7+ 238113 In(14400 — 1) — 2.28 x 10°

with SI units understood. With T =T ; our result is Qita = 54649 J = 5.46% 10* J.



The graph cumulative heat is shown below. We see that Q > 0 since the gas is absorbing
heat.
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smaller than the constant-volume molar heat Cy-

(c) Defining C = we obtain C = 5.17 J/mol-K. We note that this is considerably

We are now asked to consider this to be a two-step process (time dependence is no longer
an issue) where the first step is isothermal and the second step occurs at constant volume
(the ending values of pressure, volume and temperature being the same as before).

(d) Eq. 19-14 readily yields W =—43222 J ~ —4.32 x10* J (or | W | = 4.32 x10* ), where
it is important to keep in mind that no work is done in a process where the volume is held
constant.

(e) In step 1 the heat is equal to the work (since the internal energy does not change
during an isothermal ideal gas process), and step 2 the heat is given by Eq. 19-39. The
total heat is therefore 88595 ~ 8.86 x10* J.

(f) Defining a molar heat capacity in the same manner as we did in part (c), we now
arrive at C = 8.38 J/ mol-K.



83. (a) The temperature is 10.0°C — T'= 283 K. Then, with n = 3.50 mol and V/V, = 3/4,
we use Eq. 19-14:

Vf
W =nRT In| L | =-2.37kJ.

0

(b) The internal energy change AEj, vanishes (for an ideal gas) when AT = 0 so that the
First Law of Thermodynamics leads to Q = W = -2.37 kJ. The negative value implies
that the heat transfer is from the sample to its environment.



84. (a) Since n/V = p/RT, the number of molecules per unit volume is

molecules
3

5
LOIXI0Pa _ o 1 oos
(831-1¢)(293K) m

N_aNy . (LJ(dOleOB)
% RT

mol-K

(b) Three-fourths of the 2.5 x 10*° value found in part (a) are nitrogen molecules with M
= 28.0 g/mol (using Table 19-1), and one-fourth of that value are oxygen molecules with
M =32.0 g/mol. Consequently, we generalize the Ms,m = NM/N, expression for these two
species of molecules and write

32.0
6.02x10%

28.0

>y =1.2x10°g.
6.02% 10 8

%(2.5><1025) +%(2.5><1025)



85. For convenience, the “int” subscript for the internal energy will be omitted in this
solution. Recalling Eq. 19-28, we note that z E =0, which gives

cycle

AE, ,+AE, +AE. . ,+AE, ,+AE, ,=0.

A—B B—=C

Since a gas is involved (assumed to be ideal), then the internal energy does not change
when the temperature does not change, so

AE, ., =AE, ,, =0.

Now, with AEg_,4 = 8.0 J given in the problem statement, we have

AE

B—C

+AE

C—>D

+8.0J=0.

In an adiabatic process, AE = —W, which leads to —5.0 J+AE,
obtain AEc_,p=-3.0J.

+8.0 J=0, and we

—-D



86. (a) The work done in a constant-pressure process is W = pAV. Therefore,
W =(25N/m*) (1.8m>-3.0m’) =—301.

The sign conventions discussed in the textbook for Q indicate that we should write =75 J
for the energy which leaves the system in the form of heat. Therefore, the first law of
thermodynamics leads to

AE, =Q-W =(=75T)—(-30 J)=—45 I.

(b) Since the pressure is constant (and the number of moles is presumed constant), the
ideal gas law in ratio form (see Sample Problem 19-1) leads to

3
=1 | 2] = Gooky [ L™ |~ 1 gx10° K.
v 3.0m

It should be noted that this is consistent with the gas being monatomic (that is, if one
assumes C, =3 R and uses Eq. 19-45, one arrives at this same value for the final

temperature).



87. (a) The p-V diagram is shown below. Note 7

that o obtain the above graph, we have chosen 1504,
n = 0.37 moles for concreteness, in which case 1607
the horizontal axis (which we note starts not at 4 \
zero but at 1) is to be interpreted in units of

cubic centimeters, and the vertical axis (the -
absolute pressure) is in kilopascals. However,
the constant volume temp-increase process
described in the third step (see problem
statement) is difficult to see in this graph since
it coincides with the pressure axis.

(b) We note that the change in internal energy is zero for an ideal gas isothermal process,
so (since the net change in the internal energy must be zero for the entire cycle) the
increase in internal energy in step 3 must equal (in magnitude) its decease in step 1. By
Eq. 19-28, we see this number must be 125 J.

(c) As implied by Eq. 19-29, this is equivalent to heat being added to the gas.



88. (a) The ideal gas law leads to

y _IRT _ (1.00mol)(8.31J/mol-K) (273K)
p 1.01x10° Pa

which yields ¥ = 0.0225 m® = 22.5 L. If we use the standard pressure value given in
Appendix D, 1 atm = 1.013 x 10° Pa, then our answer rounds more properly to 22.4 L.

(b) From Eq. 19-2, we have N = 6.02 x 10* molecules in the volume found in part (a)
(which may be expressed as ¥ =2.24 x 10* cm’), so that

N 6.02x10%

7_W:l@xlo19 molecules/cm’ .
24x10*cm



Chapter 20
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1. An isothermal process is one in which 7; = Ty which implies In(7/T;) = 0. Therefore,
with V/V;=2.00, Eq. 20-4 leads to

Vf
AS =nR1n| ~L |=(2.50 mol)(8.31 J/mol -K)In(2.00) =14.4 J/K.

i


http://www.a-pdf.com/?product-split-demo

2. From Eq. 20-2, we obtain

O =TAS =(405K)(46.0 J/K)=1.86x10" J.



3. We use the following relation derived in Sample Problem 20-2:

Tf
AS =mcln| = |.
T

(a) The energy absorbed as heat is given by Eq. 19-14. Using Table 19-3, we find

Q= cmAT = [386Lj(2.00 kg)(75 K)=5.79x10* J

kg-K

where we have used the fact that a change in Kelvin temperature is equivalent to a change
in Celsius degrees.

(b) With 7y=373.15 K and 7; = 298.15 K, we obtain

AS = (2.00 kg)| 386 ln(373'15J=173J/K.
kg K ) (298.15



4. (a) This may be considered a reversible process (as well as isothermal), so we use AS =
O/T where Q = Lm with L = 333 J/g from Table 19-4. Consequently,

(3337/g)(12.0 g)
273K

AS= =146 J/K.

(b) The situation is similar to that described in part (a), except with L = 2256 J/g, m =
5.00 g, and 7= 373 K. We therefore find AS =30.2 J/K.



5. (a) Since the gas is ideal, its pressure p is given in terms of the number of moles n, the
volume ¥, and the temperature 7" by p = nR7/V. The work done by the gas during the
isothermal expansion is

A ,dV V.
W= dV =nRT | —=nRTIn—=%.
v L5 7

1

We substitute V> =2.00V; to obtain

W =nRT 1n2.00 = (4.00 mol)(8.31 J/mol-K (400 K)1n2.00 =9.22x10" J.

(b) Since the expansion is isothermal, the change in entropy is given by
AS=[(y1)do=0/T,

where Q is the heat absorbed. According to the first law of thermodynamics, AEiy = O —
W. Now the internal energy of an ideal gas depends only on the temperature and not on
the pressure and volume. Since the expansion is isothermal, AEj, = 0 and Q = W. Thus,

3
ASZKZKII?J:Z&I J/K.

(c) AS = 0 for all reversible adiabatic processes.



6. An isothermal process is one in which 7; = Ty which implies In (7}/T;) = 0. Therefore,
Eq. 20-4 leads to
22.0

.
AS=nRIn| L | =>n= =2.75 mol.
V. (8.31)In(3.4/1.3)

i



7. (a) The energy that leaves the aluminum as heat has magnitude O = muc (T, — 1)),
where m, is the mass of the aluminum, ¢, is the specific heat of aluminum, 7,; is the
initial temperature of the aluminum, and 7} is the final temperature of the aluminum-
water system. The energy that enters the water as heat has magnitude Q = m,.c, (T — T\i),
where m,, is the mass of the water, ¢, is the specific heat of water, and T, is the initial
temperature of the water. The two energies are the same in magnitude since no energy is
lost. Thus,

MCq (Tm' _Tf) —MCy (Tf _Twz‘) =T, = MoCulu T CT

ma CG + mwcw

The specific heat of aluminum is 900 J/kg-K and the specific heat of water is 4190 J/kg-K.
Thus,

~(0.200 kg) (900 J/kg K )(100°C) +(0.0500 kg ) (4190 J/kg - K)(20°C)
I (0.200 kg) (900 J/kg-K)+(0.0500 kg )(4190 J/kg-K)
=57.0°C =330 K.

(b) Now temperatures must be given in Kelvins: 7,; = 393 K, T,,; = 293 K, and 7;= 330 K.
For the aluminum, dQ = m,c,dT and the change in entropy is

T
AS, = [T = me, "9 = e, In— =(0.200 kg) (900 Jkg-K)In| 20X
T T, 373K
— 221K,
(c) The entropy change for the water is
T
AS = [9€ _ o ["9L o inmL = (0.0500 kg) (4190 J/kg K)In| 20K
T LT T. 293K
— 124.9J/K.

(d) The change in the total entropy of the aluminum-water system is

AS = AS, + A4S, =-22.1J/K+249J/K=+2.8 J/K.



8. We follow the method shown in Sample Problem 20-2. Since
7, dT
AS= mec |’ == =mec In(T;/T; ,
[ (T;/T)

then with AS = 50 J/K, T;= 380 K, 7; = 280 K and m = 0.364 kg, we obtain c = 4.5%10?
J/kgK.



9. This problem is similar to Sample Problem 20-2. The only difference is that we need to
find the mass m of each of the blocks. Since the two blocks are identical the final
temperature 7yis the average of the initial temperatures:

T,=~(1+T,)=

: (305.5 K +294.5 K) = 300.0 K.

N | —

Thus from Q = mcAT we find the mass m:

m= © _ 2157 =0.101 kg.
c¢AT (386 J/kg-K)(300.0 K—294.5K)
(a) The change in entropy for block L is
T
AS, =mc In| L |= (0.101kg)(386 J/kg-K)ln(?)OO'O Kj =—0.710 J/K.
o 3055K

(b) Since the temperature of the reservoir is virtually the same as that of the block, which
gives up the same amount of heat as the reservoir absorbs, the change in entropy AS; of

the reservoir connected to the left block is the opposite of that of the left block: AS, =
—AS; =+0.710 J/K.

(c) The entropy change for block R is

300.0 K
2945 K

Tf
AS,=mcln - =(0.101 kg)(386 J/kg-K)In

iR

j =+0.723 J/K.
(d) Similar to the case in part (b) above, the change in entropy AS; of the reservoir
connected to the right block is given by AS;, = —ASg =-0.723 J/K.

(e) The change in entropy for the two-block system is
AS; + ASg=-0.710 J/K + 0.723 J/K =+0.013 J/K.
(f) The entropy change for the entire system is given by

AS:ASL+ ASZ +ASR+ AS;2 :ASL —ASL +ASR —ASRZO,

which is expected of a reversible process.



10. We concentrate on the first term of Eq. 20-4 (the second term is zero because the final
and initial temperatures are the same, and because In(1) = 0). Thus, the entropy change is

AS = nR In(V;/V;) .
Noting that AS =0 at Vy = 0.40 m3, we are able to deduce that V; = 0.40 m’. We now
examine the point in the graph where AS=32 J/K and Vy =1.2 m’; the above expression
can now be used to solve for the number of moles. We obtain n = 3.5 mol.



11. (a) We refer to the copper block as block 1 and the lead block as block 2. The
equilibrium temperature 77 satisfies

mici(Ty —T;1) + macy(Ty —Tin) = 0,
which we solve for 77:

o _maT, e, (50.0 g)(386 Ikg K) (400 K) +(100 g)(128 kg K)(200 K)
T me tme, (50.0 g)(386 J/kg-K)+(100 g)(128 J/kg-K)

=320 K.

(b) Since the two-block system in thermally insulated from the environment, the change
in internal energy of the system is zero.

(c) The change in entropy is

Tf Tf
AS=AS, +AS, =me,In| = |+ m,c, In| L
T T

il i2

=(50.0 g)(386 J/kg-K)In 320K +(100 g)(128 J/kg-K)In
400 K

320 K
200 K

=+1.72 J/K.



12. We use Eq. 20-1:

nC, dT 10.0

AS = =nd[ T%dT = ﬁ[ (10.0)* = (5.00)’ |=0.0368 J/K.
T 00 3




13. The connection between molar heat capacity and the degrees of freedom of a
diatomic gas is given by setting /=5 in Eq. 19-51. Thus, C,, =5R/2, C,=7R/2, and
y="7/5. In addition to various equations from Chapter 19, we also make use of Eq. 20-4

of this chapter. We note that we are asked to use the ideal gas constant as R and not plug
in its numerical value. We also recall that isothermal means constant-temperature, so 7, =
T, for the 1 — 2 process. The statement (at the end of the problem) regarding “per mole”
may be taken to mean that » may be set identically equal to 1 wherever it appears.

(a) The gas law in ratio form (see Sample Problem 19-1) is used to obtain

p=p| 2|2 = P2ologass,
£ 3 P 3

(b) The adiabatic relations Eq. 19-54 and Eq. 19-56 lead to
(c) Similarly, we find

e process 1 — 2
(d) The work is given by Eq. 19-14:
W =nRT, In (Vo/V1) = RT, In3 =1.10RT.
Thus, W/ nRT;= In3 = 1.10.
(e) The internal energy change is AEj,; = 0 since this is an ideal gas process without a
temperature change (see Eq. 19-45). Thus, the energy absorbed as heat is given by the
first law of thermodynamics: Q = AEj, + W= 1.10RT), or O/ nRT)=1n3 = 1.10.
(f) AEin =0 or AEiy / nRT1=0
(g) The entropy change is AS = OQ/T) = 1.10R, or AS/R = 1.10.

e process 2 — 3

(h) The work is zero since there is no volume change. Therefore, W/nRT,= 0



(1) The internal energy change is

AE,
AE, =nC, (T, —T2)=(1)(§RJ (%—Tl]z—o.mm = i ==0.889.
1

This ratio (—0.889) is also the wvalue for Q/nRT; (by either the first law of
thermodynamics or by the definition of Cy).

() AEin /nRT1=—0.889.
(k) For the entropy change, we obtain

AS ol B Sl Bl SV il B3 ) 0 S 304 =
7_n1n[—J+nRln(TJ_(l) 1n(1)+(1)[2j1n£ - j—0+2ln(3 ) ~-1.10 .

1 1 1

e process 3 — 1

(1) By definition, Q = 0 in an adiabatic process, which also implies an absence of entropy
change (taking this to be a reversible process). The internal change must be the negative
of the value obtained for it in the previous process (since all the internal energy changes

must add up to zero, for an entire cycle, and its change is zero for process 1 — 2), so
AEi = +0.889RT). By the first law of thermodynamics, then,

W =Q — AEiy = —0.889RT},
or W /nRT,=-0.889.
(m) Q = 0 in an adiabatic process.
(n) AEin /nRT;=+0.889.

(0) AS/nR=0.



14. (a) It is possible to motivate, starting from Eq. 20-3, the notion that heat may be
found from the integral (or “area under the curve”) of a curve in a 7S diagram, such as
this one. Either from calculus, or from geometry (area of a trapezoid), it is
straightforward to find the result for a “straight-line” path in the 7S diagram:

T+T,
Qstraight = 2 A AS

which could, in fact, be directly motivated from Eq. 20-3 (but it is important to bear in
mind that this is rigorously true only for a process which forms a straight line in a graph
that plots 7" versus S). This leads to

0= 300K) (15J/K)=4.5x10"J
for the energy absorbed as heat by the gas.
(b) Using Table 19-3 and Eq. 19-45, we find

AE, = n(%RjAT= (2.0 mol)(8.31 J/mol-K ) (200 K —400 K )=-5.0x10" J.

(c) By the first law of thermodynamics,

W=0-AE, =45kI—(-5.0kJ)=9.5kJ.



15. The ice warms to 0°C, then melts, and the resulting water warms to the temperature
of the lake water, which is 15°C. As the ice warms, the energy it receives as heat when
the temperature changes by dT is dQ = mc;dT, where m is the mass of the ice and ¢; is the
specific heat of ice. If 7; (= 263 K) is the initial temperature and 7y (= 273 K) 1s the final
temperature, then the change in its entropy is

| T
AS = deQ =me, [/ %T =me, In~=(0.010 kg) (2220 J/kg-K)ln(%) =0.828 J/K.

1

Melting is an isothermal process. The energy leaving the ice as heat is mLp, where L is
the heat of fusion for ice. Thus,

AS = O/T = mLi/T = (0.010 kg)(333 x 10° J/kg)/(273 K) = 12.20 J/K.

For the warming of the water from the melted ice, the change in entropy is

T,
AS=mc,In—,
T

where ¢, is the specific heat of water (4190 J/kg - K). Thus,

288 K
AS=(0.010ke)(4190 J/)ke-K) In| ——— |=2.24 J/K.
(0.010 kg) (4190 Jkg K) n(mj

The total change in entropy for the ice and the water it becomes is

AS=0.828 JJK+12.20 J/JK+2.24 J/K=15.27 J/K.

Since the temperature of the lake does not change significantly when the ice melts, the
change in its entropy is AS = Q/T, where Q is the energy it receives as heat (the negative
of the energy it supplies the ice) and T is its temperature. When the ice warms to 0°C,

0=-me, (T, -T,)=—(0.010 kg)(2220 J/kg- K)(10 K)=-2221.

When the ice melts,
O=-mL, =—(0.010 kg)(333x10° J/ kg)=-3.33x10" .
When the water from the ice warms,

0=-mc,(T,—T)=—(0.010 kg)(4190 I/ kg- K)(15 K)=-629 J.



The total energy leaving the lake water is
0=-2227-333x10°T-629%x10°T=-4.18x10° J.

The change in entropy is

3
Mz—mlngz—M.Sl J/K.

The change in the entropy of the ice-lake system is AS = (15.27 — 14.51) J/K = 0.76 J/K.



16. (a) Work is done only for the ab portion of the process. This portion is at constant
pressure, so the work done by the gas is

=" p,dV = p, (4007, ~1.00V,) =3.00p,¥;, = KV=3.00

Dy

(b) We use the first law: AEj, = Q — W. Since the process is at constant volume, the work
done by the gas is zero and Ei, = Q. The energy Q absorbed by the gas as heat is Q = nCy
AT, where Cy is the molar specific heat at constant volume and AT is the change in
temperature. Since the gas is a monatomic ideal gas, C;, =3R /2. Use the ideal gas law to

find that the initial temperature is

pVy, _4p,

];) =
nR nR

and that the final temperature is

e _Cp)E) _8pl,
‘" nR nR nR

Thus,

3 8pVy, 4p.V.
==—nR| —L2 -0 1=6.00p,V,.
Q 2 ( nR nR j Pt

The change in the internal energy is AEiy = 6poVy or AEin/poVo=6.00. Since n = 1 mol,
this can also be written Q = 6.00RT).

(c) For a complete cycle, AEi, =0
(d) Since the process is at constant volume, use dQ = nCy dT to obtain

_dO _ . dT T,
AS = J‘T—VLCV‘L’)7—I’IC’V1HF.

b

Substituting C,, =2 R and using the ideal gas law, we write

I _pV, _Q2p)AV) _5
T, pV, p4ry)

Thus, AS=2nRIn2. Since n =1, thisis AS=3RIn2=8.64 J/K..

(e) For a complete cycle, AEi, = 0 and AS = 0.



17. (a) The final mass of ice is (1773 g + 227 g)/2 = 1000 g. This means 773 g of water
froze. Energy in the form of heat left the system in the amount mLy, where m is the mass
of the water that froze and L is the heat of fusion of water. The process is isothermal, so
the change in entropy is

AS = Q/T = —mLy/T=—(0.773 kg)(333 x 10° J/kg)/(273 K) = —943 J/K.

(b) Now, 773 g of ice is melted. The change in entropy is

(c) Yes, they are consistent with the second law of thermodynamics. Over the entire cycle,
the change in entropy of the water-ice system is zero even though part of the cycle is
irreversible. However, the system is not closed. To consider a closed system, we must
include whatever exchanges energy with the ice and water. Suppose it is a constant-
temperature heat reservoir during the freezing portion of the cycle and a Bunsen burner
during the melting portion. During freezing the entropy of the reservoir increases by 943
J/K. As far as the reservoir-water-ice system is concerned, the process is adiabatic and
reversible, so its total entropy does not change. The melting process is irreversible, so the
total entropy of the burner-water-ice system increases. The entropy of the burner either
increases or else decreases by less than 943 J/K.



18. In coming to equilibrium, the heat lost by the 100 cm’ of liquid water (of mass m,, =
100 g and specific heat capacity c,, = 4190 J/kg-K) is absorbed by the ice (of mass m;
which melts and reaches 7> 0 °C). We begin by finding the equilibrium temperature:

> 0=0

Qwarm water cools + Q =0

+0, T Ohnetted
ice warms to 0° ice melts melted ice warms

c,m,, (T, =20°)+cm, (0°=(=10°))+ Lm, +c,m, (T, —0°)=0

which yields, after using Lr = 333000 J/kg and values cited in the problem, 7= 12.24 °
which is equivalent to 7y= 285.39 K. Sample Problem 19-2 shows that

T
A Stemp change =mc 11'1 [?Zj

1

for processes where AT =T, — T}, and Eq. 20-2 gives

L
A Smelt = ;—,—m

o

for the phase change experienced by the ice (with 7, = 273.15 K). The total entropy
change is (with 7 in Kelvins)

AS, o =M,C, ln(285’39j+m,ci ln(273'15j+mfcw 1n(285.39)+ L, m,

293.15 263.15 273.15) 273.15
=(—11.24+0.66+1.47+9.75)J/K = 0.64 J/K.



19. We consider a three-step reversible process as follows: the supercooled water drop (of
mass m) starts at state 1 (77 = 268 K), moves on to state 2 (still in liquid form but at 75, =
273 K), freezes to state 3 (753 = T5), and then cools down to state 4 (in solid form, with 7}

= T1). The change in entropy for each of the stages is given as follows:
ASlz = mcy, In (Tz/Tl),

AS23 = —mLF/Tz,
AS34 = mcy In (T4/T3) =mcy In (T]/Tz) = —mcy In (Tz/T])

Thus the net entropy change for the water drop is

AS=AS,, +AS,, +AS,, Zm(cw—c,)ln( .
2

1

1.00 g)(333 3/
=(1.00 g)(4.19 J/g- K -2.22 J/g-K)ln(273 Kj_( g)(333 Jg)
268 K 273K

=-1.18 J/K.



20. (a) We denote the mass of the ice (which turns to water and warms to 7j) as m and the
mass of original-water (which cools from 80° down to 7;) as m’. From X0 = 0 we have

Lrm+cm (T;—0° +cm’ (Tr —80°) =0.

Since L= 333 x 10° J/kg, ¢ = 4190 J/(kg-C®), m" = 0.13 kg and m = 0.012 kg, we find Iy
= 66.5°C, which is equivalent to 339.67 K.

(b) Using Eq. 20-2, the process of ice at 0° C turning to water at 0° C involves an entropy
change of
Q _ _Lem  _
T ~2315K — 14.6J/JK.
(c) Using Eq. 20-1, the process of m = 0.012 kg of water warming from 0° C to 66.5° C
involves an entropy change of

L339.67 cmdl ln(339'67J:11,0 JK.
7315 T 15

(d) Similarly, the cooling of the original-water involves an entropy change of

[rremdl m'ln[339'67j=—21.2 JK
5315 T 353.15
(e) The net entropy change in this calorimetry experiment is found by summing the

previous results; we find (by using more precise values than those shown above) AS;e =
4.39 J/K.



21. We note that the connection between molar heat capacity and the degrees of freedom
of a monatomic gas is given by setting /= 3 in Eq. 19-51. Thus, C, =3R/2, C,=5R/2,

and y=5/3.

(a) Since this is an ideal gas, Eq. 19-45 holds, which implies AEj, = 0 for this process. Eq.
19-14 also applies, so that by the first law of thermodynamics,

Q: 0+ W=nRT1 In Vz/Vl :prl In2 - Q/pr1: In2 = 0.693.

(b) The gas law in ratio form (see Sample Problem 19-1) implies that the pressure
decreased by a factor of 2 during the isothermal expansion process to ¥,=2.00V, so that
it needs to increase by a factor of 4 in this step in order to reach a final pressure of
p2>=2.00p;. That same ratio form now applied to this constant-volume process, yielding
4.00 = 7,7, which is used in the following:

3 3 T 3 9
Q=chAT=n(5Rj(T2—T1)=5nRT{72—1J=5pIVI(4—1)=5p1V1

1
or O/ pV,=9/2=4.50.

(c) The work done during the isothermal expansion process may be obtained by using Eq.
19-14:

W= I’lRT1 In Vz/Vlzprl In2.00 - W/pl V1: In2 = 0.693.

(d) In step 2 where the volume is kept constant, W = 0.

(e) The change in internal energy can be calculated by combining the above results and
applying the first law of thermodynamics:

9 9
AEint = Qtotal _VVtotal = [pll/l 1n2+5pll/lj_(pll/l 1n2+0) :Epll/l

or AEin/p1V1=9/2 =4.50.

(f) The change in entropy may be computed by using Eq. 20-4:

AS =R ln(z'OOV1 j+ C, 11{4'0T0T1 j =RIn2.00 +(%len (2.00)°

1 1

=RIn2.00+3RIn2.00=4RIn2.00=23.0 J/K.

The second approach consists of an isothermal (constant 7) process in which the volume
halves, followed by an isobaric (constant p) process.



(g) Here the gas law applied to the first (isothermal) step leads to a volume half as big as
the original. Since In(1/2.00) =—1In2.00, the reasoning used above leads to

O=—pVin2.00 = O/pV,=—In2.00=—0.693.

(h) To obtain a final volume twice as big as the original, in this step we need to increase
the volume by a factor of 4.00. Now, the gas law applied to this isobaric portion leads to
a temperature ratio 7,/7; = 4.00. Thus,

5 5 T, 5 15
0=CAT = ER(Tz -T)= ERTI (TZ—IJZ Eprl (4-1) :Eprl

1
or O/p\Vi=15/2="17.50.
(1) During the isothermal compression process, Eq. 19-14 gives

W =nRT, In Vo/Vi=piViIn (=1/2.00) =—p V1 In 2.00 = W/p,V,=—-In2 =-0.693.

(j) The initial value of the volume, for this part of the process, is ¥, =¥ /2, and the final

volume is ¥y = 2V;. The pressure maintained during this process is p” = 2.00p;. The work
is given by Eq. 19-16:

W=/ AV = p(V,-¥,)=(2.00p, )(2.001/1 —%Vlj =3.00pV, = W/pV,=3.00.
(k) Using the first law of thermodynamics, the change in internal energy is

AEvint = Qtotal - W

t

15 9
otal (?MV] - ln2.00]—(3p1K -V 1n2.00) - Eprl

or AEin/p1V1=9/2 = 4.50. The result is the same as that obtained in part (e).

(1) Similarly, AS =4R1In2.00 = 23.0 J/K. the same as that obtained in part (f).



22. (a) The final pressure is

1.00 m*-2.00 m?) /1 .00 m3

p, =(5.00 kpa) e 71 = (5,00 kpa) =1.84 kPa .

(b) We use the ratio form of the gas law (see Sample Problem 19-1) to find the final
temperature of the gas:

r - i[pf fJ:( k) L8 kP00 m') _ e
» Y, (5.00 kPa)(1.00 m®)

For later purposes, we note that this result can be written “exactly” as 7y = T; (2e™M). In
our solution, we are avoiding using the “one mole” datum since it is not clear how precise
it is.

(c) The work done by the gas is

W= f pdV = J:/ (5.00 kPa)e" "V ay = (5.00 kPa) e [ ~ae™ |

v,
=(5.00 kPa) e (1.00 m* ) (e - ™)
=3.16 kJ .

(d) Consideration of a two-stage process, as suggested in the hint, brings us simply to Eq.
20-4. Consequently, with C, =2 R (see Eq. 19-43), we find

V T v
AS=nR In| -~ +n(Elen L =nR(ln2+iln(2e_l) =p’—V’ 1n2+§1n2+§1ne_1
V. 2 T 2 T 2 2

i i

—In2-=
600 K 2

_ (5000 Pa)(1.00 m3)[5 3}
2
=1.94 J/K.



23. We solve (b) first.

(b) For a Carnot engine, the efficiency is related to the reservoir temperatures by Eq. 20-
13. Therefore,
T, _humh Rk
£ 0.22

which is equivalent to 68°C.

(a) The temperature of the cold reservoir is 7 = Ty — 75 =341 K- 75 K =266 K.



24. Eq. 20-13 leads to
T, -1 373K

222 =0.9999995
T,  7x10°K

quoting more figures than are significant. As a percentage, this is €= 99.99995%.



25. (a) The efficiency is

T,-T, (235-115K

= =0.236=23.6% .
T,  (235#273)K

E =

We note that a temperature difference has the same value on the Kelvin and Celsius
scales. Since the temperatures in the equation must be in Kelvins, the temperature in the
denominator is converted to the Kelvin scale.

(b) Since the efficiency is given by €= |W]/|Qnu|, the work done is given by

7| = €]0,|=0.236(6.30x10* J) =1.49x10* J .



26. The answers to this exercise do not depend on the engine being of the Carnot design.
Any heat engine that intakes energy as heat (from, say, consuming fuel) equal to |Qn| =
52 kJ and exhausts (or discards) energy as heat equal to |Qr| = 36 kJ will have these
values of efficiency £ and net work W.

(a) Eq. 20-12 gives
o

e=1-—=031=31%.

H

(b) Eq. 20-8 gives
W =|0y|—-|0.|=16 KJ .



27. With 71, = 290 k, we find

8=1—£:>TH= 7, _ 290K

T, - 1-0.40
which yields the (initial) temperature of the high-temperature reservoir: 7y = 483 K. If
we replace € = 0.40 in the above calculation with £ = 0.50, we obtain a (final) high

temperature equal to 7;; =580 K . The difference is

T, -T, =580 K—483 K =97 K.



28. (a) Eq. 20-13 leads to

e=1-TL 1 3B K 4107
T, 373K

We recall that a Watt is Joule-per-second. Thus, the (net) work done by the cycle per unit
time is the given value 500 J/s. Therefore, by Eq. 20-11, we obtain the heat input per unit
time:
/4 0.500 kJ/s
£= =
04| 0.107

=4.67 KI/s .

(b) Considering Eq. 20-8 on a per unit time basis, we find (4.67 — 0.500) kJ/s = 4.17 kl/s
for the rate of heat exhaust.



29. (a) Energy is added as heat during the portion of the process from a to b. This portion
occurs at constant volume (V3), so Oi, = nCy AT. The gas is a monatomic ideal gas, so
C, =3R/2 and the ideal gas law gives

AT = (UnR)ps Vo — pa Va) = (UnR)(ps — pa) V-

Thus, Q,, =3(p,—p,)V,- V» and p, are given. We need to find p,. Now p, is the same as

P and points ¢ and b are connected by an adiabatic process. Thus, p V. = p,V; and

Vv Y 1 5/3
=p =|L = —— | (1.013x10° Pa)=3.167x10" Pa.
pa pL (Vj pb (8.00) ( a) a

c

The energy added as heat is
0, =%(1.013><106 Pa—3.167x10* Pa)(1.00x107° m*)=1.47x10" J.

(b) Energy leaves the gas as heat during the portion of the process from c to a. This is a
constant pressure process, so

Qout:nCpAT:%(paI/a _pcK‘):%pa(Va _Vc)

=%(3.167><104 Pa)(~7.00)(1.00x107° m*)=—5.54x10" J,

or | Q,,[=5.54x10% J . The substitutions V, — V. = V,— 8.00 ¥, =—-7.00 ¥, and C, =3R
were made.

(c) For a complete cycle, the change in the internal energy is zero and
W=0=147x10°T-554x10*7=9.18 x 10* J.
(d) The efficiency is

e=W/Qin=(9.18 x 10> 1)/(1.47 x 10° J) = 0.624 = 62.4%.



30. From Fig. 20-28, we see Oy = 4000 J at 7y = 325 K. Combining Eq. 20-11 with Eq.
20-13, we have
w T,

EZI_T_; = W =9237.

Now, for 7, = 550 K, we have

= 0,=16921~1.7k]



31. (a) The net work done is the rectangular “area” enclosed in the pV diagram:
W=(V=V,)(p—py)=(2V,=V;) (2P, = Py) =V, 15
Inserting the values stated in the problem, we obtain W =2.27 kJ.

(b) We compute the energy added as heat during the “heat-intake” portions of the cycle
using Eq. 19-39, Eq. 19-43, and Eq. 19-46:

3 T 5 T T
Qabc:nCV (T;) _]—;)—i_ncp (T; _E):n(ERjT;[Fb_lj+n(ERj7;[Fc_FbJ

a a a

T, [g(g_l};(g_gn:pon(g@_l)g@_z))

13
:71701/;)

where, to obtain the last line, the gas law in ratio form has been used (see Sample
Problem 19-1). Therefore, since W = poVy, we have Q.p. = 13W/2 = 14.8 kJ.

(c) The efficiency is given by Eq. 20-11:

8=1:%=0.154=15.4%.

4]
(d) A Carnot engine operating between 7. and 7, has efficiency equal to

8=1—£=1—120.750=75.0%
1, 4

where the gas law in ratio form has been used.

(e) This is greater than our result in part (c), as expected from the second law of
thermodynamics.



32. (a) Using Eq. 19-54 for process D — A gives
Y — ¥ Py Y_ Y
pDVD _pAVA = 3_2 (81/;)) _pOK)
which leads to 8" =32 = y=5/3. The result (see §19-9 and §19-11) implies the gas is

monatomic.

(b) The input heat is that absorbed during process 4 — B:

5 T, 5 5
Oy =nC,AT=n (ERJ T, [Fj_lj =nRT, (Ej (2-1)=p/, (Ej

and the exhaust heat is that liberated during process C — D:

- —nl2 Ll Sl—2y=-Lp (2
QL—nCpAT—n(2RjTD [1 T} nRTD(J(l 2) poVo( j

5 4 2

where in the last step we have used the fact that7,, =17, (from the gas law in ratio
form — see Sample Problem 19-1). Therefore, Eq. 20-12 leads to

1

9 =1--=075=75%

H

e=1-




33.(a) Weuse €= |W/QH| . The heat absorbed is |QH| = % = 802—21{; =33kl.

(b) The heat exhausted is then |QL| = |QH| —|W| =33kJ-8.2kJ =25kJ.

w
(c) Now we have |QH| =—| :&kj =26Kk].
e 031

(d) Similarly,

Oc| =|0u|-|W|=26kI-8.2kI =18K].



34. All terms are assumed to be positive. The total work done by the two-stage system is
W, + W,. The heat-intake (from, say, consuming fuel) of the system is O; so we have (by
Eq. 20-11 and Eq. 20-8)

£ W +W, :(QI_Q2)+(Q2_Q3) :1_%
2 o) o

Now, Eq. 20-10 leads to

where we assume (), is absorbed by the second stage at temperature 75. This implies the
efficiency can be written




35. (a) The pressure at 2 is p» = 3.00p;, as given in the problem statement. The volume is
V> = V1 =nRTi/p;. The temperature is

T = .V, _ 3.00p/
2

=3.007, =
nR nR

(b) The process 2 — 3 is adiabatic, so T,V =T,/ Using the result from part (a), V3 =
4.007,, V,=V; and y=1.30, we obtain

r-1 0.30
__ L 3002 :3.00(Lj =1.98.
T,/3.00 . 4.00

N

(c) The process 4 — 1 is adiabatic, so T, =TV”"". Since V4 = 4.00V,, we have

7-1 0.30
ﬂ = 5 = (Lj =0.660.
T\, 4.00

(d) The process 2 — 3 is adiabatic, so p,V; = p,V7 or p,=(V,/V;)" p,. Substituting V3
=4.00V,, Voa=V1, p»=3.00p; and y=1.30, we obtain

Py _ 3.00

pl - W = 0495

(e) The process 4 — 1 is adiabatic, so p, V] = p,V;” and

4
&Z 5 Z;m=0.165,
n Y (4.00)"

where we have used V4 =4.00V;.

(f) The efficiency of the cycle is £ = W/Q),, where W is the total work done by the gas
during the cycle and Q) is the energy added as heat during the 1 — 2 portion of the cycle,
the only portion in which energy is added as heat. The work done during the portion of

the cycle from 2 to 3 is W3 = [p dV. Substitute p = p,V’7 /V'” to obtain

s vy _ _
Wy :szz}/JZ 4 de=[—};/2_21 j (Vzl T~V 7).



Substitute V, =V, V3 =4.00V}, and p3 = 3.00p; to obtain
W, - 3pV, (1_ 1_]j: 3nRT, (1_%)
-y 47 y—1 47
Similarly, the work done during the portion of the cycle from 4 to 1 is
/4
=[P () o 2) 1m ) {225 1 1 ).
y—1 y—1 47 y—1 47

No work is done during the 1 — 2 and 3 — 4 portions, so the total work done by the gas

during the cycle is
W =W+, = 2R (1——1_] j
y—1 47

The energy added as heat is

le = l’lCV(Tz— Tl) = nCV(3T1 — Tl) :2I’ZCVT1,
where Cy is the molar specific heat at constant volume. Now
Y= Cp/CV: (CV + R)/CV: 1+ (R/CV),

so Cy = R/(y— 1). Here C, is the molar specific heat at constant pressure, which for an
ideal gas is C, = Cy + R. Thus, Q1> = 2nRT/(y— 1). The efficiency is

g:2nRTl(1 1jy—1 .

y—1 \ 47 )2aRT, 47

With y=1.30, the efficiency is £= 0.340 or 34.0%.



36. Eq. 20-10 still holds (particularly due to its use of absolute values), and energy
conservation implies || + QL = Q. Therefore, with 7y, = 268.15 K and 7y = 290.15 K,

we find
o (T i 1 (290,15
oul-lal( 1=t 2012

L

which (with [ = 1.0 J) leads to |, |= || (1_268 115/290 lsj:m



37. A Carnot refrigerator working between a hot reservoir at temperature 7y and a cold
reservoir at temperature 71, has a coefficient of performance K that is given by

For the refrigerator of this problem, 7 = 96° F =309 K and 71 = 70° F =294 K, so
K=(294 K)/(309 K -294 K) = 19.6.

The coefficient of performance is the energy O; drawn from the cold reservoir as heat
divided by the work done: K = |Qy|/|W]. Thus,

|01 =KW= (19.6)(1.0J) =20 J.



38. (a) Eq. 20-15 provides

0, [1+KC]
Ke=—7=%|=|0| ——
|QH|_|QL| | | | | KC

which yields |Qy| = 49 kJ when K¢ = 5.7 and |Qy| = 42 kJ.
(b) From §20-5 we obtain

W|=104|-]0,| =494 KI-42.0 kI =7.4 k]

if we take the initial 42 kJ datum to be accurate to three figures. The given temperatures
are not used in the calculation; in fact, it is possible that the given room temperature
value is not meant to be the high temperature for the (reversed) Carnot cycle — since it
does not lead to the given K¢ using Eq. 20-16.



39. The coefficient of performance for a refrigerator is given by K = |Qr|/|W]|, where O\ is
the energy absorbed from the cold reservoir as heat and W is the work done during the
refrigeration cycle, a negative value. The first law of thermodynamics yields Ouy + Q1 —
W = 0 for an integer number of cycles. Here Oy is the energy ejected to the hot reservoir
as heat. Thus, O = W — On. Oy is negative and greater in magnitude than W, so |Qy| =
|Qul = [W]. Thus,
oWl
]

The solution for || is |W| = |Qu|/(K + 1). In one hour,

7.54M]J
1= 3.8+1

=1.57M1J.

The rate at which work is done is (1.57 x 10° J)/(3600 s) = 440 W.



40. (a) Using Eq. 20-14 and Eq. 20-16, we obtain

lid =|I§—L|= (1.07) (%J =0.071J.
C

(b) A similar calculation (being sure to use absolute temperature) leads to 0.50 J in this
case.

(c) With 7. = 100 K, we obtain || =2.0 J.

(d) Finally, with the low temperature reservoir at 50 K, an amount of work equal to || =
5.0 J is required.



41. The efficiency of the engine is defined by €= W/, and is shown in the text to be

n-T, W _I-T,
42 5 —=-12z
7 0 7

The coefficient of performance of the refrigerator is defined by K = Q4/W and is shown in
the text to be
I
L-T, ~ W T,-T,
Now Q4= Q03— W, so
(Q3 - W)/W: T4/(T3 - T4)

The work done by the engine is used to drive the refrigerator, so W is the same for the
two. Solve the engine equation for W and substitute the resulting expression into the
refrigerator equation. The engine equation yields W = (T} — T2)Q:/T; and the substitution
yields

Solving for O3/Q;, we obtain

Qs_[ T, j[ﬂ—zj_[ T, ][Tl—nj_l—(n/ﬂ)
== ——+1 = = )
o \r-1, L L-7,)\ T ) 1-(T/T)

With 77 =400 K, 7, = 150 K, 75 = 325 K, and 74 = 225 K, the ratio becomes Q3/0;=2.03.




42. (a) Eq. 20-13 gives the Carnot efficiency as 1 — 7. /Ty . This gives 0.222 in this case.
Using this value with Eq. 20-11 leads to

W= (0.222)(750 J) = 167 1.

(b) Now, Eq. 20-16 gives K¢ =3.5. Then, Eq. 20-14 yields || = 1200/3.5 =343 J.



43. We are told K = 0.27K ¢ where

_ L 294K
¢ T,-T 307K-294K

where the Fahrenheit temperatures have been converted to Kelvins. Expressed on a per
unit time basis, Eq. 20-14 leads to

w
W] _1Q.1/¢ _ 4000 Btu/h _ 643 Bru/h.

¢t K (027)(23)

Appendix D indicates 1 But/h = 0.0003929 hp, so our result may be expressed as |W|/t =
0.25 hp.



44. The work done by the motor in = 10.0 min is || = Pt = (200 W)(10.0 min)(60 s/min)
=1.20 x 10° J. The heat extracted is then

T w| (270K) (1.20x10°J)
T,-T.  300K-270K

=1.08%x10°7J.

O, [=K]|w|=



45. We need nine labels:

Label | Number of molecules on side 1 | Number of molecules on side 2
I 8 0
II 7 1
111 6 2
v 5 3
A% 4 4
VI 3 5
VII 2 6
VIII 1 7
IX 0 8

The multiplicity W is computing using Eq. 20-20. For example, the multiplicity for label
IVis
8! 40320

()(3)  (120)(6)

and the corresponding entropy is (using Eq. 20-21)

S=kInw =(1.38x10 J/K) In(56) =5.6x10™ J/K.

In this way, we generate the following table:

Label w S
I 1 0
11 8 | 29x102 /K

11 28 | 4.6x 102 JK
v 56 | 5.6x 102 J/K
\ 70 | 5.9x 10 J/K
VI 56 | 5.6x102J/K
VII 28 | 4.6x 102 J/K
VIII 8 | 29x102JK
X 1 0




46. (a) We denote the configuration with n heads out of N trials as (n; N). We use Eq. 20-
20:

50!

_ 14
(25!)(50_25)!—1.26x10 .

W (25;50) =

(b) There are 2 possible choices for each molecule: it can either be in side 1 or in side 2
of the box. If there are a total of N independent molecules, the total number of available
states of the N-particle system is

N =2x2x2x---x2=2",

total

With N = 50, we obtain Nig = 2°=1.13 x 10",

(c) The percentage of time in question is equal to the probability for the system to be in
the central configuration:

W (25;50) 1.26x10"

- ~11.1%.
2% 1.13x10" °

p(25;50) =

With N =100, we obtain

(d) W(N/2, Ny= NV/[(N/2)!T* = 1.01 x 10%,

(€) Nt = 2" =1.27 x 10°°,

(f) and p(N/2;N) = W(N/2, N)/ Niota1= 8.0%.

Similarly, for N =200, we obtain

(g) W(N/2, N)=9.25x 10,

(h) Nt =1.61 x 10 %,

(1) and p(N/2; N) = 5.7%.

(j) As N increases the number of available microscopic states increase as 2, so there are

more states to be occupied, leaving the probability less for the system to remain in its
central configuration. Thus, the time spent in there decreases with an increase in V.



47. (a) Suppose there are n; molecules in the left third of the box, n¢c molecules in the
center third, and nz molecules in the right third. There are N! arrangements of the N
molecules, but n;! are simply rearrangements of the n; molecules in the right third, n¢!
are rearrangements of the n¢c molecules in the center third, and ng! are rearrangements of
the nz molecules in the right third. These rearrangements do not produce a new
configuration. Thus, the multiplicity is

N!
W=———.
n,'n.lng!

(b) If half the molecules are in the right half of the box and the other half are in the left
half of the box, then the multiplicity is

_ N!
P (NJ2)Y(N/2)

If one-third of the molecules are in each third of the box, then the multiplicity is

~ N!
Wa= (N/3)\(N/3){(N/3)!

The ratio is
(N/2))(N/2)!

(N/3)Y(N/3)(N/3)!

LN
WB

(c) For N=100,

| |
Wy o SO0 o si0m,
W, 33133134!



48. Using Hooke’s law, we find the spring constant to be

k=t 1N 4 g6 Nm.
X 0.0350m

To find the rate of change of entropy with a small additional stretch, we use Eq. 20-7 (see
also Sample Problem 20-3) and obtain

d_S
dx

_k|x|_ (42.86 N/m)(0.0170 m)
T 275K

=2.65%x10" J/K-m.




49. Using Eq. 19-34 and Eq. 19-35, we arrive at

Av= (3 =2 WRTM

(a) We find, with M = 28 g/mol = 0.028 kg/mol (see Table 19-1), Av=87 m/s at 250 K,
(b) and Av;=122 =1.2x10” m/s at 500 K.

(c) The expression above for Av implies

M >
T=—"7="=3(Av
R 2 &
which we can plug into Eq. 20-4 to yield
AS = nR In(V;/V;) + nCy In(T;/T;) = 0 + nCy In[(Av)*/(Av:)*] = 2nCy In(Av; /AV)).

Using Table 19-3 to get Cy= 5R/2 (see also Table 19-2) we then find, for » = 1.5 mol, AS
=22 J/K.



50. The net work is figured from the (positive) isothermal expansion (Eq. 19-14) and the
(negative) constant-pressure compression (Eq. 19-48). Thus,

Whet = nRTH In(Vinax/ Vinin) + BR(T1 — Th)

where n = 3.4, Ty = 500 K, 77 = 200 K and Viyax/Vimin = 5/2 (same as the ratio 7y /T1).
Therefore, Wyt = 4468 J. Now, we identify the “input heat” as that transferred in steps 1
and 2:

Qin = Ql + QZ = nCV(TH_ TL) + nRTH 1n(Vmax/Vmin)

where Cy = 5R/2 (see Table 19-3). Consequently, Oi, = 34135 J. Dividing these results
gives the efficiency: Wpe/Oin = 0.131 (or about 13.1%).



51. (a) If Ty is the temperature of the high-temperature reservoir and 71 is the
temperature of the low-temperature reservoir, then the maximum efficiency of the engine
is

— 800+40) K
£= Li—T _ ( ) =0.78 or 78%.
T,  (800+273) K

(b) The efficiency is defined by €= |W|/|Qu|, where W is the work done by the engine and
Oy 1s the heat input. W is positive. Over a complete cycle, Oy = W+ |Q1|, where Oy is the
heat output, so €= W/(W + |Qv|) and |Q| = W[(1/€) — 1]. Now &= (Ty — Tr)/ Ty, where Ty
is the temperature of the high-temperature heat reservoir and 71 is the temperature of the
low-temperature reservoir. Thus,

1,__& and |Q,|= udht
2 H_TL TH_TL

The heat output is used to melt ice at temperature 7; = — 40°C. The ice must be brought to
0°C, then melted, so
0Ll = mc(Ty—T;) + mLp,

where m is the mass of ice melted, 7 is the melting temperature (0°C), c is the specific
heat of ice, and Lr is the heat of fusion of ice. Thus,

WTL/(TH — TL) = mc(Tf— T,) + mLF.

We differentiate with respect to time and replace dW/dt with P, the power output of the
engine, and obtain

PTL/(TH - TL) = (dm/dt)[c(]}— T,) + LF]

dm _( PT} 1
di \T,=T, )\ e(T,-T)+L, |

Now, P=100x 10° W, 7. =0+ 273 =273 K, Ty = 800 + 273 = 1073 K, T; = 40 + 273
=233K, T;=0+273 =273 K, ¢ =2220 J/kg-K, and Lr= 333 X 10° J/kg, so

Therefore,

1
1073 K-273 K H(zzzo J/kg-K)(273 K —233 K)+333x10° J/kg

am [(100><106 Is)(273K)
o

= 82kg/s.

We note that the engine is now operated between 0°C and 800°C.



52. (a) Combining Eq. 20-11 with Eq. 20-13, we obtain

T 260K
| =04 [I_T_Lj =(500J) (I_M] =93.81.

H
(b) Combining Eq. 20-14 with Eq. 20-16, we find

0] 1000J

= =2311.
(THT—LTL) (320?{69;01()

)=




53. (a) Starting from ZQ =0 (for calorimetry problems) we can derive (when no phase

changes are involved)

_ emT +c,m,T,

T, =40.9°C,
omy tc,m,
which is equivalent to 314 K.
(b) From Eq. 20-1, we have
314 emdT 314
AS, e = [ - (386)(0.600)1n(gj =-27.1J/K.

(c) For water, the change in entropy is

314

AS, e = = (4190)(0.0700)11{2—%} =30.5 J/K.

water

fm cmdT

83

(d) The net result for the system is (30.5 — 27.1) J/K = 3.4 J/K. (Note: these calculations
are fairly sensitive to round-off errors. To arrive at this final answer, the value 273.15
was used to convert to Kelvins, and all intermediate steps were retained to full calculator
accuracy.)



54. For an isothermal 1deal gas process, we have Q = W = nRT In(V;/V;). Thus,
AS=Q/T = W/T = nR In(V;/V;)

(a) V¢/Vi=(0.800)/(0.200) = 4.00, AS = (0.55)(8.31)In(4.00) = 6.34 J/K.

(b) V;/Vi=(0.800)/(0.200) = 4.00, AS = (0.55)(8.31)In(4.00) = 6.34 J/K.

(c) V¢/Vi=(1.20)/(0.300) = 4.00, AS = (0.55)(8.31)In(4.00) = 6.34 J/K.

(d) V;/V; = (1.20)/(0.300) = 4.00, AS = (0.55)(8.31)In(4.00) = 6.34 J/K.



55. Except for the phase change (which just uses Eq. 20-2), this has some similarities
with Sample Problem 20-2. Using constants available in the Chapter 19 tables, we
compute

L .
AS = m[cice In(273/253) + 533 + Cyar IN(313/273)] = 118 X 10° JK.



56. Eq. 20-4 yields
AS = nRIn(V;/V;) + nCyIn(Ty/T;) = 0+ nCy1In(425/380)

where n=3.20 and Cy = %R (Eq. 19-43). This gives 4.46 J/K.



57. (a) It 1s a reversible set of processes returning the system to its initial state; clearly,
ASpet = 0.

(b) Process 1 is adiabatic and reversible (as opposed to, say, a free expansion) so that Eq.
20-1 applies with dQ = 0 and yields AS; = 0.

(c) Since the working substance is an ideal gas, then an isothermal process implies Q = W,
which further implies (regarding Eq. 20-1) dQ = p dV. Therefore,

dQ cpdV _ dV

which leads to AS, =nR1In(1/2)=-23.0 J/K.

(d) By part (a), AS; + AS; + AS; = 0. Then, part (b) implies AS, = —ASs. Therefore, AS, =
23.0 J/K.



58. (a) The most obvious input-heat step is the constant-volume process. Since the gas is

monatomic, we know from Chapter 19 that C, = %R . Therefore,

3

0, =nC,AT=(1.0 mol)(;j(SBl !

mol-

](600 K —300 K)=3740 J.

Since the heat transfer during the isothermal step is positive, we may consider it also to
be an input-heat step. The isothermal Q is equal to the isothermal work (calculated in the
next part) because AEj; = 0 for an ideal gas isothermal process (see Eq. 19-45).
Borrowing from the part (b) computation, we have

J
mol-K

O, = NRT,In2 = (1 mol) (8.31 j(600 K)In2 = 3456 1.

Therefore, O = Oy + Oisotherm = 7.2 X 10° J.

(b) We consider the sum of works done during the processes (noting that no work is done
during the constant-volume step). Using Eq. 19-14 and Eq. 19-16, we have

W = I’IRTHIH(%) +pmin(me - Vmax)

min

where (by the gas law in ratio form, as illustrated in Sample Problem 19-1) the volume
ratio is

Thus, the net work is

W=nRT,In2+p_. V.

min

[1_@} nRT,In2+nRT, (1-2)= nR(T,In2~T, )
J
mol- K

=(1 mol)(8.31 j((600 K)In2-(300 K))

=9.6x10" I.

(c) Eq. 20-11 gives

€:K:0.134 =~ 13%.

H



59. (a) Processes 1 and 2 both require the input of heat, which is denoted Q. Noting that
rotational degrees of freedom are not involved, then, from the discussion in Chapter 19,
C,=3R/2,C = S5R/2,and y=5/3. We further note that since the working substance

is an ideal gas, process 2 (being isothermal) implies O, = W,. Finally, we note that the
volume ratio in process 2 is simply 8/3. Therefore,

Oy =010, =nC, (T'—T)+nRT'1n§

which yields (for 7= 300 K and 7" = 800 K) the result Oy = 25.5 X 10° J.

(b) The net work is the net heat (QO; + 0> + O3). We find Qs from nC, (T — T") = -20.8 X
10° J. Thus, W =4.73 x 10’ J.

(c) Using Eq. 20-11, we find that the efficiency is

_la3xio?

£= = - =0.185 or 18.5%.
04| 25.5x10




60. (a) Starting from Z 0 =0 (for calorimetry problems) we can derive (when no phase

changes are involved)
_emT +e,mT,

T, =—-44.2°C,
’ cm, tc,m,
which is equivalent to 229 K.
(b) From Eq. 20-1, we have
229 emdT 229
AS g = |, =(134)(0.045)In (%j =-1.69 J/K.
(c) Also,
T 22
Sy = [ cmdl _ (336)(0.0250)In[ 22 | = 2.38 JK.
>3 153

(d) The net result for the system is (2.38 — 1.69) J/K = 0.69 J/K. (Note: these calculations
are fairly sensitive to round-off errors. To arrive at this final answer, the value 273.15
was used to convert to Kelvins, and all intermediate steps were retained to full calculator
accuracy.)



61. From the formula for heat conduction, Eq. 19-32, using Table 19-6, we have

Ty- T,
H = kA ="7=5 = (401) (n(0.02)*) 270/1.50

which yields H = 90.7 J/s. Using Eq. 20-2, this is associated with an entropy rate-of-
decrease of the high temperature reservoir (at 573 K) equal to

AS/t =-90.7/573 =—-0.158 (J/K)/s.

And it is associated with an entropy rate-of-increase of the low temperature reservoir (at
303 K) equal to

AS/t=+90.7/303 = 0.299 (J/K)/s.

The net result is (0.299 — 0.158) (J/K)/s = 0.141 (J/K)/s.



62. (a) Eq. 20-14 gives K = 560/150 = 3.73.

(b) Energy conservation requires the exhaust heat to be 560 + 150 = 710 J.



63. (a) Eq. 20-15 can be written as |Qy| = |Or|(1 + 1/K¢) = (35)(1 + ﬁ) =42.6 kJ.

(b) Similarly, Eq. 20-14 leads to |[¥] = |Q,)/K = 35/4.6 = 7.61 kJ.



64. (a) A good way to (mathematically) think of this is: consider the terms when you
expand
(1+x)"=1+4x+6x> +4x° +x*.
The coefficients correspond to the multiplicities. Thus, the smallest coefficient is 1.
(b) The largest coefficient is 6.

(c) Since the logarithm of 1 is zero, then Eq. 20-21 gives S = 0 for the least case.

(d) S =k In(6) =2.47 x 107 J/K.



65. (a) Eq. 20-2 gives the entropy change for each reservoir (each of which, by definition,
is able to maintain constant temperature conditions within itself). The net entropy change
is therefore

40, _-l0)
273+24 273 +130

AS = =445J/K

where we set |Q] = 5030 J.

(b) We have assumed that the conductive heat flow in the rod is “steady-state”; that is,
the situation described by the problem has existed and will exist for “long times.” Thus
there are no entropy change terms included in the calculation for elements of the rod
itself.



66. Eq. 20-10 gives




67. We adapt the discussion of §20-7 to 3 and 5 particles (as opposed to the 6 particle
situation treated in that section).

(a) The least multiplicity configuration is when all the particles are in the same half of the
box. In this case, using Eq. 20-20, we have

3!

310!
(b) Similarly for box B, W= 5!/(5!0!) =1 in the “least” case.

(c) The most likely configuration in the 3 particle case is to have 2 on one side and 1 on
the other. Thus,

(d) The most likely configuration in the 5 particle case is to have 3 on one side and 2 on
the other. Thus,

|
W:L:lo_
312!

(e) We use Eq. 20-21 with our result in part (c) to obtain
S=kInW =(1.38x107)In3=1.5x10" J/K.

(f) Similarly for the 5 particle case (using the result from part (d)), we find

S=kln10=3.2x10"% JJK.



68. A metric ton is 1000 kg, so that the heat generated by burning 380 metric tons during
one hour is(380000 kg)(28 MJ/kg) =10.6x10° MJ. The work done in one hour is

W = (750 MJ/s)(3600 s) =2.7x10° MJ

where we use the fact that a Watt is a Joule-per-second. By Eq. 20-11, the efficiency is

_2.7x10°MIJ

e=———=0.253=25%.
10.6x10° MJ



69. Since the volume of the monatomic ideal gas is kept constant it does not do any work
in the heating process. Therefore the heat Q it absorbs is equal to the change in its inertial

energy: dQ=dE, = %n RdT . Thus,

(3nR/2)dT T
as=[%- ﬁ’&=3nmn(—fj=3(1.oo mol)(8.31 ! ]In(400 KJ
T ; T 2 T 2 mol-K 300 K

=3.59 J/K.



70. With the pressure kept constant,

a’QZndeTZn(CV+R)a’T=[%nR+nRde=§anT,

so we need to replace the factor 3/2 in the last problem by 5/2. The rest is the same. Thus
the answer now is

T
AS =2 nR1n| - =§(1.00 mol)| 8.31 ! ln(400K =5.98 J/K.
2 T 2 mol- K 300 K

i



71. The change in entropy in transferring a certain amount of heat O from a heat reservoir
at 7' to another one at 75 is AS = AS) + AS, = Q(1/T, — 1/Ty).

(a) AS = (260 T)(1/100 K — 1/400 K) = 1.95 J/K.

(b) AS = (260 J)(1/200 K — 1/400 K) = 0.650 J/K.
(c) AS = (260 T)(1/300 K — 1/400 K) = 0.217 J/K.
(d) AS = (260 J)(1/360 K — 1/400 K) = 0.072 J/K.

(e) We see that as the temperature difference between the two reservoirs decreases, so
does the change in entropy.



72. The Carnot efficiency (Eq. 20-13) depends linearly on 77 so that we can take a
derivative

_, de _
T,  dT. T,

and quickly get to the result. With de — Ae =0.100 and Ty =400 K, we find d71. — ATL
=-40 K.



73. (a) We use Eq. 20-16. For configuration A4

B N! _ 50! _ 14
Wa= (N/2)I(N/2)1 (251)(25)) ~126x10

(b) For configuration B

W, = V! = 0! =4.71x10".
(0.6N)!(0.4N)!  [0.6(50)]![0.4(50)]!

(c) Since all microstates are equally probable,

poWy 1265

W, 3393

We use these formulas for N = 100. The results are

N 1000 »
@, _(N/z)!(N/z)!_(50!)(50!)_1'01X10 '

(e) W, = N = 100 =1.37x10%,
(0.6N)!(0.4N)!  [0.6(100)]'[0.4(100)]!

(f) and f We/W, = 0.14.

Similarly, using the same formulas for N = 200, we obtain
(g) Wy=9.05x%x 10,

(h) Wp=1.64 x 10”7,

(1) and /= 0.018.

(j) We see from the calculation above that f decreases as N increases, as expected.



74. (a) From Eq. 20-1, we infer O = | T dS, which corresponds to the “area under the
curve” in a 7-S diagram. Thus, since the area of a rectangle is (height)x(width), we have
012 =(350)(2.00) = 7001J.

(b) With no “area under the curve” for process 2 — 3, we conclude O, .3 = 0.

(c) For the cycle, the (net) heat should be the “area inside the figure,” so using the fact
that the area of a triangle is 'z (base) x (height), we find

Oui= 3 (2.00)(50) =501 .

(d) Since we are dealing with an ideal gas (so that AEj,; = 0 in an isothermal process),
then

Wi =012 =700] .

(e) Using Eq. 19-14 for the isothermal work, we have

v
W, ., = nRT1n7j .

where 7= 350 K. Thus, if ¥; = 0.200 m’, then we obtain
Vo=V exp (W/nRT) = (0.200) &™'* =0.226 m’

(f) Process 2 — 3 is adiabatic; Eq. 19-56 applies with y = 5/3 (since only translational
degrees of freedom are relevant, here).

LV, = Tyt
This yields V3 =0.284 m’.
(g) As remarked in part (d), AEiy = 0 for process 1 — 2.

(h) We find the change in internal energy from Eq. 19-45 (with Cy = %R):

AEiw = nCy(T5-Ty)=-125%x10°J .

(1) Clearly, the net change of internal energy for the entire cycle is zero. This feature of a
closed cycle is as true for a 7-S diagram as for a p-V diagram.

(j) For the adiabatic (2 — 3) process, we have W = —AEy. Therefore, W =1.25 X 10° J.
Its positive value indicates an expansion.



75. Since the inventor’s claim implies that less heat (typically from burning fuel) is
needed to operate his engine than, say, a Carnot engine (for the same magnitude of net
work), then Qr’< Qg (See Fig. 20-35(a)) which implies that the Carnot (ideal refrigerator)
unit is delivering more heat to the high temperature reservoir than engine X draws from it.
This (using also energy conservation) immediately implies Fig. 20-35(b) which violates
the second law.





