TEMPERATURE AND KINETIC THEORY

Responses to Questions

1. Because the atomic mass of copper is smaller than that of lead, an atom of copper has less mass than
an atom of lead. Thus, 1 kg of copper will have more atoms than 1 kg of lead.

2. Properties of materials that can be exploited for the making of a thermometer include:
(1) Volume of a liquid (mercury or alcohol thermometer)
(i1) Electrical resistance (covered in a later chapter)
(iii) Color (frequency) of emitted light from a heated object (covered in a later chapter)
(iv) Volume of a gas

(v) Expansion of a metal (bimetallic strip)

3. 1 C°islarger than 1 F°. There are 100 C° between the freezing and boiling temperatures of water,
while there are 180 F° between the same two temperatures.

4. Tobe precise, ¢ is to be the initial length of the object. In practice, however, since the value of the

coefficient of expansion is so small, there will be little difference in the calculation of A/ caused by
using either the initial or final length, unless the temperature change is quite large.

5. When heated, the aluminum expands more than the iron, because the expansion coefficient of
aluminum is larger than that of iron. Thus the aluminum will be on the outside of the curve.

6. The steam pipe can have a large temperature change as the steam enters or leaves the pipe. If the pipe
is fixed at both ends and the temperature changes significantly, then there will be large thermal stresses
that might break joints. The “U” in the pipe allows for expansion and contraction, which is not
possible at the fixed ends. This is similar to the joints placed in concrete roadway surfaces to allow
expansion and contraction.

7.  The bimetallic strip is made of two types of metal joined together. The metal of the outside strip has a
higher coefficient of linear expansion than that of the inside strip, so it will expand and contract more
dramatically. As the temperature cools, the strip will coil more tightly. That will tilt the liquid mercury
vessel so that the mercury goes over the two contacts, making a complete circuit and turning on the
heater. As the temperature rises, the strip will “uncoil,” moving the liquid mercury off of the contacts
and shutting off the heater. Moving the temperature setting lever changes the initial position of the
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glass vessel and thus changes the temperature at which the coil has expanded or shrunk enough to
move the liquid mercury.

If one part is heated or cooled more than another part, there will be more expansion or contraction of
one part of the glass compared to an adjacent part. This causes internal stress forces that may exceed
the maximum strength of the glass.

If water is added quickly to an overheated engine, it comes into contact with the very hot metal parts of
the engine. Some areas of the metal parts will cool off very rapidly; others will not. Some of the water
will quickly turn to steam and will expand rapidly. The net result can be a cracked engine block or
radiator, due to the thermal stress and/or the emission of high-temperature steam from the radiator.
Water should always be added slowly, with the engine running. The water will mix with the hotter
water already in the system and will circulate through the engine, gradually cooling all parts at about
the same rate.

The coefficient of expansion is derived from a ratio of lengths: « = %L The length units cancel,
20

so the coefficient does not depend on the specific length unit used in its determination, as long as the

same units are used for both A/ and /.

The glass is the first to warm due to the hot water, so the glass will initially expand a small amount. As
the glass initially expands, the alcohol level will decrease. As thermal equilibrium is reached, the
alcohol will expand more than the glass expands, since alcohol has a larger coefficient of expansion
than water, and the alcohol level will rise to indicate the higher temperature.

Since Pyrex glass has a smaller coefficient of linear expansion than ordinary glass, it will expand less
than ordinary glass when heated, making it less likely to crack from internal stresses. Pyrex glass is
therefore more suitable for applications involving heating and cooling. An ordinary glass mug may
expand to the point of cracking if boiling water is poured in it, whereas a Pyrex mug will not.

On a hot day, the pendulum will be slightly longer than at 20°C, due to thermal expansion of the brass
rod. Since the period of a pendulum is proportional to the square root of its length, the period will be
slightly longer on the hot day, meaning that the pendulum takes more time for one oscillation. Thus,
the clock will run slow.

The soda is mostly water. As water cools below 4°C it expands. There is more expansion of the soda
as it cools below 4°C and freezes than there is available room in the can (the can has actually shrunk a
small amount, making the mismatch more pronounced), so the freezing soda pushes against the can
surfaces hard enough to push them outward. Evidently the top and bottom of the can are the weakest
parts.

The buoyant force on the aluminum sphere is the weight of the water displaced by the sphere, which is
the volume of the sphere times the density of water times g. As the substances are heated, the volume
of the sphere increases and the density of the water decreases (because of its increased volume). Since
the volume expansion coefficient of the water is almost three times larger than that of the aluminum,
the fractional decrease in the water density is larger than the fractional increase in the aluminum
volume. Thus, the product of the volume of the sphere and the density of water decreases, and the
buoyant force gets smaller.

For an absolute vacuum, no. But for most “vacuums,” there are still a few molecules in the containers,
and the temperature can be determined from the (very low) pressure.
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(a) Because the escape velocity for the Moon is 1/5 that of the Earth, heavy molecules with lower
speeds will be able to escape. The Moon may have started with an atmosphere, but over time
almost all of the molecules of gas have escaped.

(b) Hydrogen is the lightest gas. For a given kinetic energy (temperature) it has the highest speed
and will be most likely to escape.

Boiling occurs when the saturated vapor pressure equals the external pressure. When we say the
oxygen “boils” at —183°C, we mean that the saturated vapor pressure for oxygen will be 1 atm (the
same as atmospheric pressure) at a temperature of —183°C. At this temperature and pressure, liquid
oxygen will vaporize.

The freezing point of water decreases slightly with higher pressure. The wire exerts a large pressure on
the ice (due to the weights hung at each end). The ice under the wire will melt, allowing the wire to
move lower into the block. Once the wire has passed a given position, the water now above the wire
will have only atmospheric pressure on it and will refreeze. This process allows the wire to pass all the
way through the block and yet leave a solid block of ice behind.

(a) A pressure cooker is sealed, so as the temperature of its contents increases, the number of
particles inside and the volume are kept constant. Thus, the pressure increases according to the
ideal gas law. Assuming there is water inside the pressure cooker, an increased pressure yields a
higher boiling point for the water. The water in which the food is prepared will boil at a higher
temperature than normal, thereby cooking the food faster.

(b) At high altitudes, the atmospheric pressure is less than it is at sea level. If atmospheric pressure
decreases, the boiling point of water will decrease, so boiling occurs at a lower temperature than
at sea level. Food being cooked in an open pot (including pasta and rice) will need to cook
longer at this lower temperature to be properly prepared.

(¢) Itis actually easier to boil water at higher altitude, because the water boils at a lower temperature.
Thus, it will take less time to add enough heat to the water to bring it to the boiling temperature.

Liquids boil when their saturated vapor pressure equals the external pressure. For water, from
Table 13-3, the saturated vapor pressure of water at 20°C is about 0.023 atm. So if the external
pressure is lowered to that level (about 2.3% of normal air pressure), the water will boil at that low
temperature.

Exhaled air contains a large amount of water vapor and is initially at a temperature equal to body
temperature. When the exhaled air comes into contact with the external air on a cold day, it cools
rapidly and reaches the dew point. At the dew point temperature, the air can no longer hold all the
water vapor and water condenses into little droplets, forming a cloud. The white cloud seen is due to
the condensed water vapor.

The water in the radiator of an overheated automobile engine is under pressure. Similar to a pressure
cooker, that high pressure keeps the water in the liquid state even though the water is quite hot—hotter
than 100°C. When the cap is opened, the pressure is suddenly lowered, and the superheated water boils
quickly and violently. That hot steam can cause severe burns if it contacts the skin. Also, the violent
bursting forth of steam propels some of the overheated water out of the radiator as well, which can
spray onto the person opening the cap and again cause serious burns.
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Responses to MisConceptual Questions
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(b)

(©)

(e)

(©)
(e)

(a)

(d)

Students may confuse thermal expansion with elasticity and surmise that the narrower rod would
expand more for the same temperature change. However, in thermal expansion the change in
length is independent of the rod’s diameter or cross-sectional area.

Equation 13—1a for thermal expansion shows that the change in length depends upon the initial
length, the change in temperature, and the coefficient of thermal expansion (which depends upon
the type of material).

Many students have the misconception that as the plate expands, the hole will get smaller. To
understand what actually happens, imagine that the hole is filled with a steel disk. As the plate
and the steel disk are heated, both will expand. After the plate and disk are heated, the disk is
removed from the plate. Since the disk expanded, the hole that is left must also have expanded.
As the steel ring is heated its circumference will expand, causing its interior to also expand.

A common error is to treat the temperature as doubling. If the temperature doubled, the pressure
would also double. However, the temperature is given in degrees Celsius, not kelvins. When the
temperature is converted to kelvins, it is easy to see that the temperature only increases by about 25%,
from 373 K to 437 K. The pressure then also increases by about 25%. (The actual amount is 26.8%.)

The absolute (Kelvin) scale must be used in the ideal gas law. If the Celsius scale is used, it
appears that the temperature has doubled. However, 0°C is an arbitrarily chosen point on the
temperature scale and cannot be used to determine temperature ratios. When the temperatures are
converted to kelvins (293 K and 313 K) it can be seen that their ratio is about 1.07.

By the ideal gas law, when the temperature is held constant, the pressure is proportional to the
number of moles and inversely proportional to the volume. If the second bottle has twice the
volume with only half the number of moles, it would only experience one-fourth the pressure.

A common misconception is that if the temperature increases, both the pressure and volume will
increase. However, by the ideal gas law, when the temperature increases, the product of the
pressure and volume must increase. This increase can occur by increasing the pressure,
increasing the volume, or both.

The temperature of the gas is a measure of the average kinetic energy of the gas molecules.

Some students might erroneously relate the temperature of the gas to the velocity of the gas
molecules and surmise that the rms speeds would be equal. However, when the two gases are at
the same temperature, the molecules will have the same average kinetic energy. The kinetic
energy is proportional to the mass of the molecule and the square of the rms speed. Since mass B

is half the mass of A, the speed of molecules of mass B must be V2 ~1.4x greater than the
speed of molecules of mass A.

In the mixture, the oxygen molecules and helium atoms will be at the same temperature, which
means that their average molecular kinetic energies will be the same. Since a helium atom has
less mass than an oxygen molecule, the helium atoms will be moving faster than the oxygen
molecules on average.

The temperature of an ideal gas is a measure of the average kinetic energy of the gas, so
increasing the temperature will increase the average kinetic energy—i(a) is true. Even though the
temperature is proportional to the average kinetic energy of the molecules, each molecule can
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have a random kinetic energy (according to the Maxwell distribution of speeds). The speeds of
individual molecules will vary about this average, so (d) is false. Per the ideal gas law, the
product of the pressure and volume is proportional to the temperature. Therefore, if pressure or
volume is held constant as the temperature increases, the other parameter (volume or pressure)
must increase, so (b) and (c) are true. For a gas to be ideal, it is assumed that the space occupied
by the gas is mostly empty. For this to be true, the molecules are assumed to be far apart
compared with their size. Thus, (e) is also true.

12. (a) Students frequently do not understand that gauge pressure and temperature in Celsius are a
comparison of pressure and temperature to an arbitrary zero point. For the ideal gas law to hold,
the temperature, pressure, and volume must be measured relative to the true zero points: absolute
zero pressure, absolute zero temperature, and zero volume. The volume units are not critical,
since changing them only affects the value of the ideal gas constant. Gauge pressure and Celsius
temperature have additive terms that change the functional form of the ideal gas law.

13. (¢) The rms speed of a gas is an average molecular speed found by taking the square root of the
average of the square of the molecule speeds. Consider a gas in which 2/3 of the molecules are at
rest and 1/3 move at a constant speed. The most probable speed is 0, but the rms speed is greater
than zero. Therefore, the most probable speed is not necessarily the rms speed, so () is false.
The rms speed is an average speed; therefore, it will always be equal to or smaller than the
maximum speed, so () is false. The temperature of a gas is determined by the average molecular
kinetic energy. As the temperature increases, the molecular kinetic energy increases; therefore,
the rms speed must also increase, so (¢) is true.

Solutions to Problems

In solving these problems, the authors did not always follow the rules of significant figures rigidly. We tended
to take quoted temperatures as correct to the number of digits shown, especially where other values might
indicate that.

1. The number of atoms in a pure substance can be found by dividing the mass of the substance by the
mass of a single atom. Take the atomic masses of gold and silver from the periodic table.

275x107 kg
N . . —27 _
au _ (19696655 watom)(1.66 10" kg/u) _ 1078682 _ ()0 Nros 0548V,
Nag 2.75x107% kg 196.96655

(107.8682 u/atom)(1.66 x10 %7 kg/u)

Because a gold atom is heavier than a silver atom, there are fewer gold atoms in the given mass.

2. The number of atoms is found by dividing the mass of the substance by the mass of a single atom.
Take the atomic mass of copper from the periodic table.

B 3.4x107 kg
(63.546 u/atom)(1.66 x10 27 kg/u)

Nc

u

= |3.2x 10?? atoms 0fCu|

3. (@ TCO)=3TCR)-32)=3[68-32] =
oy — 9 o _9 _ OR ~ o
(b)  T(°F)=2T(°C)+32 = 2(1900)+32 = 3452°F ~ B500°F
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4. High: T(°C)=3[T(°F)-32]=[136-32] =
Low:  T(°C)=3[T(°F)-32]=3[-129-32]=|-89.4°C

5. T(°F)=2T(°C)+32=2(389°C)+32 =

6. (@) T(CF)=2T(°C)+32=%(-18)+32=-04F ~

(b) T(°C)=3[T(°F)-32]=3[-18-32]=-27.78°C ~

7.  The two temperatures, as given by the conversions, are to be the same.

TCF)=3T(C)+32 - x=%x+32 — -32=%& - x=(-32)7=-40
Thus, [-40°C = —40°F

8. Assume that the temperature and the length are linearly related. The change in temperature per unit
length change is as follows:
AT 100.0°C-0.0°C

= =9.823C°/cm
Al 2279cm—12.61cm

Then the temperature corresponding to length ¢ is 7(¢) =0.0°C + (£ —12.61 ¢cm)(9.823C°/cm).
(@) T(18.70 cm) =0.0°C +(18.70 cm —12.61 cm)(9.823C°/cm) = |59.8 C
(b) T(14.60 cm)=0.0°C +(14.60 cm —12.61 cm)(9.823C°/cm) = |19.5°C

9. Take the 300-m height to be the height in January. Then the increase in the height of the tower as the
temperature rises is given by Eq. 13—1a.

Al = al (AT = (12x107°/C°)(300 m)(25°C - 2°C) =

10.  When the concrete cools in the winter, it will contract, and there will be no danger of buckling. Thus,
the low temperature in the winter is not a factor in the design of the highway. But when the concrete
warms in the summer, it will expand. A crack must be left between the slabs equal to the increase in
length of the concrete as it heats from 15°C to 50°C.

Al = al (AT = (12x107°/C°)(12 m)(50°C—15°C) = 5.0x 10> m
11. The increase in length of the table is given by Eq. 13—1a.
Al = al AT = (0.20x107°/C°)(1.8 m)(6.0 C°) = 2.2x10™% m
For steel, Al = al( AT = (12x 1076 /C°)(1.8 m)(8.0 C°) = |1.7x 10 m

The change for Super Invar is only & of the change for steel.

12.  The increase in length of the rod is given by Eq. 13—1a.

Al =atAT — AT=2L o pog AL 25°C+L12= 8145 C~ [810°C
al, al, 19x107°/C°
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13.

14.

17.

18.

The rivet must be cooled so that its diameter becomes the same as the diameter of the hole.
Af:agoAT —> f—fozafo(T—To)

-1 . -1.
T=Ty+ 0 _ 99004 1870(:6m 1872 cm —_67°C~ [70°C]
al (12x107°/C°)(1.872 cm)

The temperature of “dry ice” is about —80°C, so this process will be successful.

The change in volume of the aluminum is given by the volume expansion formula, Eq. 13-2. The percent
change is found by taking the change, dividing by the original volume, and then multiplying by 100.

VoAT
AV 100y = £1AT
0 0

(100) = BAT(100) = (75x 10 ~®/C°)(160°C —30°C)(100) = 0.9 75= [0.98%

(a) The amount of water lost is the final volume of the water minus the final volume of the container.
Also note that the original volumes of the water and the container are the same.

Viost = (Vo + AV)HZO = (Vo + AV )container = AVHZO — AV eontainer = A{ZOVOAT = RontainerV AT

I mL
v 0358)| 08324
ﬂcontainer :ﬁHZO - st 210x 10_6/CO_ : £ = 5.0x 10_5/CO

VoAT (55.50 mL)(60°C—20°C)
(b) From Table 13—1, the most likely material is .

The sum of the original diameter plus the expansion must be the same for both the plug and the ring.
(fo + Aé)iron = (ZO + AZ)brass - firon + airongironA T= gbrass + %rassgbrassA T
Lbrass —Liron _ 8.755cm —8.741 cm
Pironiron — Qbrassbrass  (12x1076/C)(8.741 cm) — (19 x107/C°)(8.755 cm)

=—228C° = Thinat — Tinitial = Thinat =15°C = Tjjpa = —213°C = |2210°C

AT =

Since the coefficient of volume expansion is much larger for the coolant than for the aluminum and the
steel, the coolant will expand more than the aluminum and steel, so coolant will overflow the cooling
system. Use Eq. 13-2.

AV = AV ootant = AV atuminum — AV steel = Broolant? coolantAT = Latumin unt atuminunAT = Bsteel steeDT
= (ﬂcoolant I/;:oolant - ﬂaluminum Valuminum - ﬂsteel Vsteel )AT
=[(410x107%/C°)(14.0 L) — (75x107%/C°)(3.5 L) - (35x107%/C°)( 10.5 L)](12 C°)

=0.06132 L ~|61.3mL

The thermal stress must compensate for the thermal expansion. £ is Young’s modulus for the
aluminum.

Stress = F/A = a EAT = (25x107/C°)(70x10°N/m?)(35°C —12°C) = #.0x10” N/m?
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19. Notation: we will use T for the period, and “Temp” for the temperature. The pendulum has a period of
Ty =2m+Jly/g at 17°C and a period of T =27x./¢/g at 28°C. Notice that T > T}, since ¢ >{,. With

every swing of the clock, the heated clock will indicate that a time 7;, has passed, but the actual

amount of time that has passed is 7. Thus, the heated clock is “losing time” by an amount of

. . L AT .
AT =T —T, every swing. The fractional loss is given by — and is found as follows:

AT _T-Ty _ ZH\/%—Zﬁ.MO/g _ \/57—\/5702 N +A€—\/€?= \/fo +al  (ATemp) — %
T, 1, N Jo o N

1+ a(ATemp) —1= \/1+(19x10*6/c0)(12 C°)—1=11399x10~*

Thus, the amount of time lost in any time period 7j, is AT = (1.1399x 1074)T o- For one year, we have
the following:

AT = (11399x107)(3.156x10” s) = 3598 s ~

20.  Use the relationship that 7(K) = %[T (°F)—32]+273.15.
T(K)=5[T(°F)-32]+27315 —
T(°F) = %[T(K) —27315]+32= %[0 K —-27315]+32 = |-459.67°F

21.  Use the relationship that 7(K) =T(°C)+273.15.

(@) T(K)=T(°C)+27315=4270K ~ [4300 K | T(K):T(OC)+273.15:

b % error =21 x100 = 2313100

T(K) ( )
2731 2731
4000°C: 123’705 x100 ~ [6.4%]|  15x10°°C: BIS 100~ [ 8x10 %
15x10°

22.  Assume the gas is ideal. Since the amount of gas is constant, the value of PV/T is constant.

BV, P AT
i _ B - V=2 =(350m°) 100 atm (273 + 38 O)K_
T T BT, 3.20 atm 273K

23.  Assume the air is an ideal gas. Since the amount of air is constant, the value of PV/T is constant.

Ah B BV (gg3x)[20am (1)=1302K:1029°cz 1000°C
I T, AN latm J\9

24. (a) Assume that the helium is an ideal gas and then use the ideal gas law to calculate the volume.
Absolute pressure must be used, even though gauge pressure is given.

PV wRT s - "RT _ (1600 mol)83141/mol K)(283.15K) _ [ 3
P (1350 atm)(1.013 x10° Pa/atm)

(b) Since the amount of gas is not changed, the value of PV/T is constant.

ﬂ:% N TZZTIP_2V_2: (283.15K) 2.00 atm_ (ljz 210 K =
T 7, B " 1.350 atm J\ 2
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25.

26.

28.

29.

30.

(a) Assume the nitrogen is an ideal gas. The number of moles of nitrogen is found from the atomic
weight, and then the ideal gas law is used to calculate the volume of the gas.

I mole N,
28.01x107° kg

PV =nRT — V= nRT: (1017 mol)(8.3l4J/rr5101-K)(273 K): 2279 m3~
P 1.013x10° Pa

n = (285 kg) =1017 mol

(b) Hold the volume and temperature constant and again use the ideal gas law.

1 mole N,

n=(285kg+32.2kg) 3= 2167 mol
28.01x107" kg
PV =nRT —
P nRT _ (2167 mol)(8.3l4]/m;)1 -K)(273 K) 2 16x 10° Paz 213 atm
v 2279 m

We assume that the mass of air is unchanged and the volume of air is unchanged (since the tank is
rigid). Use the ideal gas law.
( 191 atm

A B )
bl T, =T "2 = [(273+ 29)K
20 [« Kl 204 atm

= 283K = [10°C
L I A

The answer has 2 significant figures.

Assume the argon is an ideal gas. The number of moles of argon is found from the atomic weight, and
then the ideal gas law is used to find the pressure.

n=(105.0 kg)— AT 5628 mol

3995%107° kg

nRT (2628 mol)(8.314J/mol -K)(27315K +21.6 K) 5
PV =nRT - P=-—-= = [1.69¢ 10® Pa
-

(38.0 L)(1.00x107> m>/L)

This is 1670 atm.

We assume that the gas is ideal, that the amount of gas is constant, and that the volume of the gas is
constant.

B P P
a_22 T, =T, -2 =[(273.15+20.0)K]

N 2.00 atm
I T A

=5863K =31315°C~
1.00 atm

Assume that the air is an ideal gas and that the volume of the tire remains constant. We consider two
states: the original state 1, with temperature 7;, pressure A, and amount of gas n;; and the final state

2, with temperature 7,, pressure B, and amount of gas n,. The ideal gas law is used.

T,
m_T_ QIBBHISK_ oo

PV =nRT; BV =n,RT, =0.
n T, (273+38)K

Thus, 1-0.926 =0.074 = must be removed.

Assume the oxygen is an ideal gas. Since the amount of gas is constant, the value of PV/T is constant.
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BV, PV, " T, 6151 )(273.15+56.0)K
—=—== -5 P =FB—==245atm = 439 atm
T S A ( 3881 (27315 +18.0)K

31. Assume the helium is an ideal gas. Since the amount of gas is constant, the value of PV/T is constant.
We assume that since the outside air pressure decreases by 30%, the air pressure inside the balloon will
also decrease by 30%.

AV _ Bl

LI

V, BT . . - —
212 ( L0 j (273 +5.0K = 13954~ |1.4 times the original volume
v BT 0.70 ) (273 +20.0)K

32.  We calculate the density of water vapor, with a molecular mass of 18.0 grams per mole, from the ideal
gas law.

Pr=mrr — L-L
vV RT

m Mn MP (0.0180 kg/mol)(1.013 x10° Pa) 3
Py T TRr (83141/mol -K)(373 K) 0558 keym’]

The density from Table 10-1 is 0.598 kg/m3. Because this gas is very “near” a phase change state
(water can also exist as a liquid at this temperature and pressure), we would not expect it to act like

an ideal gas. It is reasonable to expect that the molecules will have other interactions besides purely
elastic collisions. That is evidenced by the fact that steam can form droplets, indicating an attractive
force between the molecules.

33.  We ignore the weight of the stopper. Initially there is a net force (due to air pressure) on the stopper
of 0, because the pressure is the same both above and below the stopper. With the increase in
temperature, the pressure inside the tube will increase, so there will be a net upward force given by
Fo = (P, — P, )4, where 4 is the cross-sectional area of the stopper. The inside pressure can be

expressed in terms of the inside temperature by means of the ideal gas law for a constant volume and
constant mass of gas.

Rn Vtube — P()Vtube
T, T,

1

T T
Frer = (B _EJut)A:[R) %_POJA:PO[;,_H_ JA -
0 0

F .
Tm=( “C%leo{ (100N) :1}(273K+18K)=454K=

RA (1.013x10° Pa) 7(0.0075 m)*

34. The ideal gas law can be used to relate the volume at the surface to the submerged volume of the
bubble. We assume the amount of gas in the bubble doesn’t change as it rises. The pressure at the
submerged location is found from Eq. 10-3c.

y

PV =nRT — Ll nR = constant — Frurtacesurtace _ Bubmergea”submergea
r Tsurface Tsubmerged
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V. =V PSmeerged Tsurface _ Patm + P8 h Tsurface
surface — " submerged P T ~— " submerged P T
surface submerged atm submerged

[1.013x10% +(1.00x10° kg/m>)(9.80 m/s>)(41.0 m)] (273 15+ 18.5)K

=(1.00 cm®) g
(1.013x10°)Pa (27315+55)K
3 1/3
_ 3_4_3 1 3(5198 cm”) 3
=5198cm’ =477 r—l:T =[1.07 em]

35. At STP, 1 mole of ideal gas occupies 22.4 L.

1 mole [ 6.02 x10%* molecules 1L
224L 1073 m3

J = |2.69>< 10%° molecules/m’ |
mole

36. We assume that the water is at 4°C, so its density is 1000 kg/m3.

107 m* ) 1000 kg 1 mol
1.000L( o j( =F5.51mol

1m® )| (159994 +2 x1.00794) x10 > kg

6.022 x10% molecules
1 mol

55.51 mol[ ] = |3.343 x10 2> molecules |

37. (a) Since the average depth of the oceans is very small compared to the radius of the Earth, the
ocean’s volume can be calculated as that of a spherical shell with surface area 4ﬂR]%arth and a
thickness Ay. Then use the density of sea water to find the mass and the molecular weight of

water to find the number of moles.

Volume = 0.75(47R2 ., )Ay = 0.75(47)(6.38x10° m)*(3x10° m) =115x1 0% n?

115x10' m3(10253kgj{ L mol J:6.55><1022 moles ~

m 18x107° kg

(b) 6.55x% 10% moles(6.02 x 10 molecules/1 mol) ~ |4>< 1046 mol ecules|

38. Assume the gas is ideal at those low pressures and use the ideal gas law.

-12 2 6 3
PV =NkT — N_oP_ 1><1023 N/m _ (3>< 108 mole(;ulesw 10 121
V.ookT  (138x1077 JK)(273K) m® | 1em

=1300 molecules/cm*

39. We assume an ideal gas at STP. Example 13—9 shows that the molar volume of this gas is 22.4 L. We
calculate the actual volume of one mole of gas particles, assuming a volume of E%, and then find the

ratio of the actual volume of the particles to the volume of the gas.

Vinoleeules _ (6.02x10%* molecules)((3.0x10 " m)? /molecule) -
= —— = |73x 10
V. (224L)(1x10°> m3/1L)

gas

The molecules take up less than 0.1% of the volume of the gas.
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40. (a) The average translational kinetic energy of a gas molecule is %kT .

_3 _3 =23 _ -21
KE,yq —EkT—E(l.BSXlO J/K)(273K) = |5.65x107"" ]

(b) The total translational kinetic energy is the average kinetic energy per molecule times the
number of molecules.

6.02x10%* molecules

1 mol

KEoal = NV (KEgyg) = (1.0 mol) [ J%(l 38x10 72 J/K)(298 K)

=|3700J

41. The rms speed is given by Eq. 13-9, v, =+/3kT/m. Helium has an atomic mass of 4.0.

-23
_ TT/m:\/s(lssuo VK)Y6000K) _ 1\

4.0(1.66x1077 kg)

42. The rms speed is given by Eq. 13-9, v, =~3kT/m. Since the rms speed is proportional to the square

root of the absolute temperature, to triple the rms speed without changing the mass, the absolute
temperature must be multiplied by a factor of 9.

Tst = 40w =9(2734+20)K = 2637 K =2364°C » 2360°C |
43.  The rms speed is given by Eq. 13-9, v, =V3kT/m.

(Urms)2 _ V3kT2/m \/7
I

(Urms)l 3k7—i /m
T, = T;(1.040)? = (29315 K)(1.040)* =317.07 K =

44. From the ideal gas law, PV =nRT, if the volume and amount of gas are held constant, the
. . R
temperature is proportional to the pressure, PV =nRT — P= n7T = (constant)7. Thus, the

temperature will be tripled. Since the rms speed is proportional to the square root of the temperature,

=~3kT/m = (constant)x/]—" , U Will be multiplied by a factor of ~1.73.
45.  The rms speed is given by Eq. 13-9, v, =v3kT/m. The temperature can be found from the ideal gas
law, PV = NkT — kT =PV /N. The mass of the gas is the mass of a molecule times the number of
. . . M -
molecules: M = Nm, and the density of the gas is the mass per unit volume, p = 7 Combining

these relationships gives the following:
_ BkTim = PRV _ PPV _ ]3P
Nm M o)

46. The rms speed is given by Eq. 13-9, v, =+/3kT/m, where m is the mass of one particle.

(Orms )2 \I3kT/m2 m _ m]N (Orms )2 _ M_l

A_ My _
(Vrms 1 3kT/m1 N M, (Vrms M,
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47.

48.

49.

50.

51.

52.

53.

54.

55.

The rms speed is given by Eq. 13-9, v,.c =V3kT/m.

(Urms)(BSUFé) . 3kT/m(235UF6) ~

(Urms)(238UF6) \/SkT/m(BSUFG)

m 238
("UE) _ 238.050788 +6(18.998403) — 1004298~ [1.004
M3syE,) 235.043930 +6(18.998403)

(@) The rms speed is given by Eq. 13-9, v, =V3kT/m.

=23
o = /3k7T:\/ 30138102 VK)IQT3K) e

2(15.9994)32(1.66 x10 7" kg)

(b) Assuming that the particle has no preferred direction, we have the following:

2 2,22 2
Upms =V +05, +02 =30, — szurms/\/g

The time for one crossing of the room is then given by ¢t =d/v, = Bd/ Ums» SO the time for a

round trip is 2\3d/ Ums- Thus, the number of back and forth round trips per second is the

Urms

23d
Ums  461m/s

23d  24/3(5.0 m)

reciprocal of this time,

# round trips per second = =26.62~ |27 round trip s per second

From Fig. 13-23, we see that CO, is a at 35 atm and 35°C.

(@) From Fig. 13-23, at atmospheric pressure, CO, can exist as .

(b) From Fig. 13-23, for CO, to exist as a liquid, [5.11 atm < P <73 atm| and
|-56.6°C < T <31°C]|

(a) From Fig. 13-22, water is when the pressure is 0.01 atm and the temperature is 90°C.
(b) From Fig. 13-22, water is when the pressure is 0.01 atm and the temperature is —20°C.

(a) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a vapor at
some pressure between 1.0 atm and 0.006 atm. It would still be a vapor at 0.004 atm.

(b) At the initial conditions, the water is a liquid. As the pressure is lowered, it becomes a solid at a

pressure of 1.0 atm, and then becomes a vapor at some pressure lower than 0.006 atm. It would
be a vapor at 0.004 atm.

From Table 13-3, the saturated vapor pressure at 30°C is 4240 Pa. Since the relative humidity is 75%,
the partial pressure of water is as follows:

P,

> ater = 0.75Pagturared = 0.75(4240 Pa) = 3180 Pa ~ [3200 Pa

At the boiling temperature, the external air pressure equals the saturated vapor pressure. Thus, from

Table 13-3, for 80°C the saturated air pressure is [355torr| or 4.73x10* Pa| or [0.467 atm|

From Table 13-3, if the temperature is 25°C, the saturated vapor pressure is 23.8 torr. If the
relative humidity is 65%, then the partial pressure of water is 65% of the saturated vapor pressure, or
15.47 torr. The dew point is the temperature at which the saturated vapor pressure is 15.47 torr, and
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from Table 13-3 that is between 15°C and 20°C. Since there is no entry for 15.47 torr, the temperature
can be estimated by a linear interpolation. Between 15°C and 20°C, the temperature change per torr is
as follows:

(20-15) C°

T 1064 Coltorr
(175-12.8) torr

Thus, the temperature corresponding to 15.47 torr is as follows:

15°C+[(15.47 —12.8) torr](1.064 C°/torr) =17.8°C ~
56. At the boiling temperature, the air pressure equals the saturated vapor pressure. The pressure of 0.80
atm is equal to 8.10x 10* Pa. From Table 13-3, the temperature is between 90°C and 100°C. Since
there is no entry for 8.10x 10* Pa, the temperature can be estimated by a linear interpolation. Between
90°C and 100°C, the temperature change per Pa is as follows:
(100-90) C°
(101-7.01)x10* Pa

=3.236x107* C°/Pa

Thus, the temperature corresponding to 7.27 x 10 Pa is
90°C +[(8.10—7.01)x10* Pa](3.236x10 * C°/Pa) =93.53°C ~ p £ C].

57. The volume, temperature, and pressure of the water vapor are known. We use the ideal gas law to
calculate the mass. The pressure is found from Table 13-3 to be 3170 Pa.

L _ PV _ (055)(3170 Pa)(5.0 m)(6.0 m)(24 m) _
RT (8314 J/mol -K)(273.15 K +25 K)

my o = (50.48 mol)(0.018 kg/mol) = [091 kg

58.  For boiling to occur at 120°C, the pressure inside the cooker must be the saturated vapor pressure of

PV =nRT — 50.48 mol

water at that temperature. That value can be found in Table 13-3. For the mass to stay in place and
contain the steam inside the cooker, the weight of the mass must be greater than the force exerted by
the gauge pressure from the gas inside the cooker. The limiting case, to hold the temperature right at
120°C, would be with the mass equal to that force.
2
mg = F, = (Pinside —FPym)A = (Pinside —Pym ) -

gauge
pressure

P _p 2 . 5 pa—1. 5 . 3. \2
m=( 2nside — Fatm ) 7T _ (199%10° Pa—-1.01x10 Pza)ﬁ(15><10 m) — 0.07068 kg~
g 9.80 m/s

59. The outside air is saturated at 5°C, so the vapor pressure of water is 872 Pa, as read from Table 13-3.
The ideal gas law gives the following result for the change in volume of the given mass of air:
PV =nRT — iz Z: constant — E: T—2

Thus the vapor pressure of a given mass of air that moves from outside to inside is as follows:

_ nRT, nRT, _p
v

O
out

Bo =7

m

. =872 Pa

The saturated vapor pressure at 22°C is estimated to be 2666 Pa by using linear interpolation.
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Pe~Pure _Pore=Poc |, 3170Pa=2330Pa_Ppec=2330Pa - occ

25°C-20°C  22°C-20°C 5C° 2C°

Thus the the relative humidity is as follows:

872 Pa
relative humidity =———=0.327 ~ -33‘V
¥ = 2666 Pa :

60. (a) The true atmospheric pressure will be than the reading from the barometer. In Fig. 10-8,
if there is a vapor pressure at the top of the tube, then £, — pgh = P,po, - The reading from the

barometer will be pgh = Py, = Prapor < FPam -

(b) The percent error is found from the atmospheric pressure and the vapor pressure.

-P P, . —
% error = ’*"h—mjxloo - (—ﬂ}loo - (— W}loo
mm — g

atm atm

- (—2.0x10*4)%

(c) From Table 13-3, the saturated water vapor pressure at STP is 611 Pa.

P, 1P
% error = M]xloo - (6—a}<100 - 0.603%

atm 1.013x10° Pa

61. From Example 13—19, we have an expression for the time to diffuse a given distance. Divide the
distance by the time to get the average speed.
C 2 1(1.00+0.50) mol/m> (25x107 m)?
= C @075 ) L OA0 M (9868 5~ [0995]
AC D (1.00-0.50) mol/m~ (95x10™" " m</s)

Ax  25x10°m =
Udiffuse :—:m: 25x10 m/s

t

The rms thermal speed is given by Eq. 13-9, v, = V3kT/m.

-23
o /—3kT/m:\/3(l.38><10 J/K)(293K):312.1m/8:

75(1.66x10% *"kg)

; 25%107° _ , .
Ogitfuse _ 251077 m/s _ 8.0x107%  (about 7 orders of magnitude differ ence)

3121 m/s

UHIIS

62. (a) Use the ideal gas law to find the concentration of the oxygen. We assume that the air pressure is
1.00 atm, so the pressure caused by the oxygen is 0.21 atm.

PV =nRT —>

5
n _i: (0.21 atm)(1.013 x10° Pa/atm) — 8732 mol/m> ~ 8.7 mol/m>

v RT (8315 J/mol-K)(293 K)

Half of this is 4.366 mol/m">.

© Copyright 2015 Pearson Education, Ltd. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



13-16 Chapter 13

(b) Use Eq. 13-10 to calculate the diffusion rate.

J :DA%: (1x107° m?/s)(2x107° mz)(

=4366x10""" mol/s ~ [4x107"" mol/s

(c) From Example 13-19, we have an expression for the time to diffuse a given distance.

8.732 mol/m> —4.366 mol/m>
2x10> m

C (A 1(8.732 mol/m’® +4366 mol/m®) (210 m)> m
= — = - .0S
AC D (8.732 mol/m> —4.366 mol/m®) 1x107° m?/s

63. (a) At37°C, the tape will expand from its calibration, so it will .

(b) ?—f = aAT = (12x107°/°C)(37°C—14°C) = 2.76 x10~* ~ (2.8x107%)%

0

64. The net force on each side of the box will be the pressure difference between the inside and outside of
the box times the area of a side of the box. The outside pressure is 1 atmosphere. The ideal gas law is
used to find the pressure inside the box, assuming that the mass of gas and the volume are constant.

PR 132=P1T—2=(1.00atm) (273+165)K _

=— - 1.521 atm
T, T T, (273+15) K

P nR
— =—=constant —
T vV

The area of a side of the box is given by the following.

Area = (% =[(Volume of box)"3]? =(6.15x10 2 m?)?? =1.5581x10 " m?

The net force on a side of the box is the pressure difference times the area.

F = (A Pressure)(Area) = (0.521 atm)(1.013x10° Pa)(1 .5581x 10! m?)= 8221 N~ [8200 N

65. Assume the helium is an ideal gas. The volume of the cylinder is constant, and we assume that the
temperature of the gas is also constant in the cylinder. From the ideal gas law, PV =nRT, under these

conditions the amount of gas is proportional to the absolute pressure.

B P P
PV — nRT N E: E: constant — _1: _2 - n_2: _2: M: i
n V ny ny ny P] 32 atm +1 atm 33

Thus, [6/33 =0.182 ~18%)| of the original gas remains in the cylinder.

Assume that the air in the lungs is an ideal gas, that the amount of gas is constant, and that the
temperature is constant. The ideal gas law then says that the value of PV is constant. The pressure a
distance / below the surface of the water is discussed in Chapter 10 and is given by P = F, + pgh,
where F, is atmospheric pressure and p is the density of the water.

R P, h

_ _ submerged atm T P&
(P V)surface _(P V)submerged - Vsurface - Vsubmerged ~ Vsubmerge d P
surface atm

5 3 3 2
(55 L)1.013><10 Pa+(1.0x10 kgs/m )(9.80 m/s )(9m):10.29Lz
1.013x10° Pa

It is obviously very dangerous to have the lungs attempt to inflate to almost twice their volume. Thus,
it is jnot advisable| to quickly rise to the surface.
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67. To do this problem, the “molecular weight” of air is needed. If we approximate air as 70% N,
(molecular weight 28) and 30% O, (molecular weight 32), then the average molecular weight is
0.70(28) +0.30(32) = 29.

(a) Treat the air as an ideal gas. Assume that the pressure is 1.00 atm.

5 3
PV =nRT — n=2l_ (QO13XI07 PYA200mT) 5 07c 104 1ojes
RT (8315 J/mol-K)(288 K)

m = (5.076x 104 moles)(29 x 107 kg/mol) =1472 kg ~ 1500 kg

(b) Find the mass of air at the lower temperature, and then subtract the mass at the higher
temperature.

PV _ (1.013x10° Pa)(1200 m*)
RT (8315 J/mol -K)(258 K)

m = (5.666x10* moles)(29x 10> kg/mol) = 1643 kg

= 5.666x 10* moles

The mass entering the house is 1643 kg —1472 kg =171 kg = [200 kg

68. Assume the air is an ideal gas, and that the pressure is 1.0 atm.
PV =NkT —

o PV (1.013x10° Pa)(6.0x3.0x2.5) m>
KT (138x1072 J/K)(273+22) K

11197 x10%7 molecules ( I mole J =1860 moles ~ 1900 moles

= 1.1197x 10%7 molecules~ |1 1x 10%7 molecules

6.02x10%* molecules

69. (a) The iron floats in the mercury because py, > Pp., as seen in Table 10-1. As the substances are
heated, the density of both substances will decrease due to volume expansion. The density of the
mercury decreases more upon heating than the density of the iron, because By, > fg., as seen
in Table 13—1. The net effect is that the densities get closer together, so relatively more mercury
will have to be displaced to hold up the iron, and the iron will float [lower] in the mercury.

(b)  The fraction of the volume submerged is Vy, V.. Both volumes expand as heated. The
displaced

subscript “displaced” is dropped for convenience.

Vo (1 AughT)
Vio Ve —Vora Ve 1 AT OHg""0Fe (14 g AT
fractional change = He''Fe "OHg’"OFe _ Vo pe 1+ BrAT) :( ’Lﬁg )
Vorg Vo re Vorg/Vo e (I + 4. AT)
14+ (180x107/C%)(25C°) o 10045 s
1+(35x107°)(25C°) 1.000875 '

% change = (3.6x107>)(100) = [0.36%

70.  We find the number of moles of helium in the balloon from the ideal gas law.
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pv (1.08)(1.013x10° Pa) £ 7(0.240 m)°

PV =nRT — n = 2.6006 mol~ [2.60 mol
RT (8.314 J/mol - K)(293 K) 2.60 moll
26006 mol| +908 | 104 ¢
1 mol

71.  We assume the temperature is constant. As the oxygen pressure drops to atmospheric pressure, we can
find the volume that it occupies at atmospheric pressure. We assume the final pressure inside the
cylinder is atmospheric pressure. The gas would quit flowing at that pressure.

P . 7 . 5
—1=(14L)(1 38x10" Pa+1.013x10” Pa)

PV, =PV, — V,=V,
e ' 1.013x10° Pa

=1921L

14 L of that gas is not available—it is left in the container. So there is a total of 1907 L available.

I mi ‘ .
(1907 L) ;;"I'j =908.1 min = [910 min |~

72.  The gap will be the radius of the lid minus the radius of the jar. Also note that the original radii of the
lid and the jar are the same.

Toap = (ry +Ar)yg — (1 +Ar)jar = Arjyq _Arjar = (Oyrass — Oglass WAT

=(19x107%/C°=9x107%/C°)(4.0 cm)(40 C°) = 1.6x10~> cm

73. (a) Assume that a mass M of gasoline with volume ¥}, at 0°C is under consideration, so its density

is pg =M/V,. At atemperature of 33°C, the same mass has a volume V =V, (1+ BAT).

M _ M py _ 068x10’ kg/m’
V. Vo(l+BAT) 1+ BAT  1+(950x107°/C°)33 C°)

~[0.66x10> kg/m>

(b) Calculate the percentage change in the density.

_ 3 3
% change _ (06593 068?)’ x10 13<g/m %100 =
0.68x10° kg/m

= 0.6593x 10° kg/m®

P

74.  The original length of the steel band is ¢ = 27 R, At the higher temperature, the length of the
bandis ¢/ ={y+ Al =27R=27(Rg,q +AR). The change in radius, AR, would be the height above
the Earth.

Al=al AT =27AR —
al AT

2r

AR = = R, AT = (12x 1070/C°)(6.38x 10° m)(55°C— 25°C) = 2297 m~

75.  The rms speed is given by Eq. 13-9, v, = Vv3kT/m. Hydrogen atoms have a mass of 1 atomic mass

-23
- /3k7T:\/3(1.38x10 VKYQTK) _ e

1(1.66 10727 kg)

unit.

The pressure is found from the ideal gas law, PV = NkT.
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-23
Y NKT P:NIIiT:(l)(l.38><10 J/K)(2.7K):3.726X10_17Pa( 1 atm ]

Lem? [MJ 1.01x10° Pa
lem?

=3.689x10722 atm ~ [3.7x107%? atm

76. It is stated in the text that the relationship v, = v3kT/m is applicable to molecules within living
cells at body temperature (37°C). The rms speed is given by Eq. 13-9.

Bkr  [3(1.38x1072J/K)(310 K)
(@) U =4]—= = 294.7 m/s= [290 m/s
B (89 u)(1.66 x1077 kg/u) [290 s

[3kT 3(1.38 1072 J/K)(310 K)
(B) U =4]— = = 9.537 m/s~ (9.5 m/s
N m (8.5x10% u)(1.66x107%7 kg/u) P mi|

The rms speed is given by Eq. 13-9, v, =V3kT/m. Set the escape velocity to v, solve for T.
(a) For oxygen molecules:

2

=27 4 2
T:mgrkms _ 2015.9994)(1.66 10~ kg)(112x10% mis)® _ [ 5

3(138x1073 J/K)

(b) For helium atoms:

2

=27 4 2
_ mz;rkms _ (4002602)(1.66 x10~ kg)(1L12x10* mis)? g

3(138x1073 J/K)

(c) Because the “escape temperature” is so high for oxygen, very few oxygen molecules ever escape
the atmosphere. But helium, with one-eighth the mass, can escape at a much lower temperature.
While the temperature of the Earth is not close to 2.0 x 10K today, during the Earth’s
formation its temperature was possibly much hotter—presumably hot enough that helium was
able to escape the atmosphere.

78.  The temperature can be found from the rms speed by Eq. 13-9, v, = v3kT/m. The molecular mass

of nitrogen molecules is 28.

Oms =N3kT/m  —

, (28)(1.66x107 kg){(4.2x104 km/h)( L ms

2
3.6km/hﬂ
T= ’”’;Zns - -~ 15x< 105K

3(1.38x1072 J/K)

79. Following the development of the kinetic molecular theory in Section 13—10 of the textbook, the tennis
balls hitting the trash can lid are similar to the particles colliding with the walls of a container causing
pressure. Quoting from the text, “the average force averaged over many collisions will be equal to the
force exerted during one collision divided by the time between collisions.” That average force must be
the weight of the trash can lid in order to suspend it. The fact that the collisions are elastic means that
the change in momentum of one of the balls is twice its original momentum.
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A My 1Onap — (=1 2my U, 2my .U,
Frug = Myiq2: Fig = Ap _ My Vbatt = 11Vl ) _ 27al1 Vpa S Ar = 2MballVbal

The above expression is “seconds per ball,” so its reciprocal will be “balls per second.”

1 Mg (0.50 kg)(9.80 m/s?)
balls/s = — = ! = = 2.7 balls/s
2(0.060 kg)(15 m/s)

At 2 Dy

80. Assume that the water vapor behaves like an ideal gas. At 20°C, the saturated vapor pressure is
233x10° Pa. Using the ideal gas law, find the number of moles of water in the air at both 95% and

40%. Subtract those mole amounts to find the amount of water that must be removed.

PV =nRT — n=ﬂ
RT

2
n =y =~ (B =Py = — A MIEAM 35103 pyy0.95-0.40) = 1348 mol
RT (8314 J/mol -K)(293 K)
18x107° kg
1348 mol| 7 & | 2 426 kg ~ P4k
e |2

Solutions to Search and Learn Problems

1. The first method for calculating the thermal expansion is given in Eq. 132, with the coefficient of
expansion given in Table 13—1. Using this method, we calculate the volume change for each
temperature difference as follows:

AV, = BVyAT, = (3400 1076/C°)(1000 L)(0°C—-100°C) =
AVy = BVyATs = (3400% 1076/C°)(1000 L)(100°C— 0°C) =
Note that the textbook states that this method is accurate only if the change in volume is small

compared to the actual volume. This is obviously not the case here, so the values above are not
particularly accurate.

The second method is to use the ideal gas law of Eq. 13-3.
pV _ nRT,

T. T.
pV =nRT — L= > V=V 2 5 AV =V,-V =V, | 21
pVy  nRT, T T

The temperature must be converted to kelvins for this method.

T 273K
AVy =V, | Z2A_1|=(1000L)| =———1|=[580 L
A I(T J ( )(1731( j S0L

1A
T. 373K
AVg =W | 2B—1|=(1000L)| =—=—-1|= 370 L
? I[TIB ]( )(273K ]

The answers are different because the first method assumed small temperature changes, such that the
relationship between the temperature and volume could be assumed linear. The second method
accounts for a nonlinear relationship over large changes in volume and temperature.

2. (@) We treat the air as an ideal gas. Since the amount of air and temperature of the air are the same in
both cases, the ideal gas law says PV =nRT is a constant.
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B 180 atm
RV,=BV, —> V,=V,—=(113L)———=2034L=~|2030L
Vo =[N 2=hp ( )I.OOatm

(b) Before entering the water, the air coming out of the tank will be at 1.00 atm pressure, so the
person will be able to breathe 2034 L of air.

1 breath 1 min . ;
t=2034L =84.75 min = {85 min
[ 20L j(n breathsj

(c)  When the person is underwater, the temperature and pressure will be different. Use the ideal
gas law to relate the original tank conditions to the underwater breathing conditions. The amount
of gas will be constant, so PV/T =nR will be constant. The pressure a distance # below the
surface of the water is given in Eq. 10-3c, P = Fy + pgh, where F, is atmospheric pressure

and p is the density of the sea water.

B _RA L,y g RE
Lo 4 BT
5
v, =(131) : (180atm)(1.0i3x103Pa/atm) : (283K]
1.013x10° Pa +(1.025x10° kg/m>)(9.80 m/s2)(23.0 m) | ( 291K

1 breath 1 min
=60295L t=(602.95L =25.12 min = P5 min
( )( 20L J[lereathsj

3. There are three forces to consider: the buoyant force upward (which is the weight of the cold air
displaced by the volume of the balloon), the downward weight of the hot air inside the balloon, and the
downward weight of the passengers and equipment. For the balloon to rise at constant speed, the
buoyant force must equal the sum of the two weights.

Fbuoyant =mp & +3300N = Vo148 =V Ahotg +3300 N

The ideal gas law can be written in terms of the gas density p and the molecular mass M as follows:

Pr=nkT="tgr - M _"r_
M R V
The gas inside and outside the balloon is air, so M is the same for inside and outside. Also, since the
balloon is open to the atmosphere, the pressure inside the balloon is the same as the pressure outside
the balloon. Thus, the ideal gas law reduces to pT" = constant = (pT") ;o1 = (0T )10t~ This equation can
be used to eliminate the density of the hot gas from the force equation, and the resulting equation can
be solved for the temperature of the gas inside the balloon.

T
V Peold€ =V Prot& +3300 N=V p g4 ;O]d g+3300N —
hot

VPeoiaTeoa€ (1800 m*)(1.29 kg/m*)(273 K)(9.80 m/s?)
(V Peotag —3300N)  [(1800 m>)(1.29 kg/m>)(9.80 m/s?) 3300 N]

=3193K (2 significant figures) — 3193K-27315K= 4615 C~

Thot =

One factor limiting the maximum altitude would be that as the balloon rises, the density of the air
decreases, and thus the temperature required gets higher. Eventually the air would be too hot and the
balloon fabric might be damaged.
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4. We assume that the last breath Galileo took has been spread uniformly throughout the atmosphere
since his death and that each molecule remains in the atmosphere. Calculate the number of molecules
in Galileo’s last breath and divide it by the volume of the atmosphere to get “Galileo molecules/m”.
Multiply that factor times the size of a breath to find the number of Galileo molecules in one of our
breaths.

2

PV _ (1.01x10° Pa)(2.0x10~ m*) _
KT (1.38x1072° J/K)(300 K)
Atmospheric volume :4ﬂRéarthh =4 7(6.38x10° m)*(1.0x10* m) =5.1x 10* n?

PV =NkT — N= 4.9% 10%? molecules

lil lecules 4.9 x10%? molecul
Galileo molecules 4.9 x10”” molecules — 9.6x10° molecules/m>

m’ C 58x10% m’?
Galileo molecules 9.6x103 molecules [ 2.0 x10 > m? _ i omolecules 0 molecules
breath ' m 1 breath breath breath

5. (a) We calculate the volume per molecule from the ideal gas law and assume the molecular volume
is spherical.

T
PV =NkT — K=k—=§72'}/'3 -
N P

3k V2 (3038 x1072 JKY2T3K) ) 5
Tinter- :[ j = =12.07x 107" m

molecular 4P 47(1.01x 10° Pa)

The intermolecular distance would be twice this “radius,” so about 4 x 10~ m. This is about

14 times larger than the molecular diameter.

dinter- 9 dinter—
molecular N 414x107" m —138 — molecular ~14
d = ~10 o d =
actual 3x10 m actual
molecule molecule

(b) Now we scale the molecular diameter up to 4 cm. The intermolecular distance would be
13.8 times that, which is about .

(c) Wereplace the pressure in part (a) with 3 atm.

- :[3ij :{ 3(138x10 723 J/K)(273 K) J oo

molecular  \ 47T P 47(3 atm)(1.01x10° Pa/atm)
dinter- dinter-

i?lcfll:ccular N 2(1.44) x10™° m —958 _ igcfli:cular ~96
dactual 3x 10710 m dactual

molecule molecule

We see that the intermolecular distance has decreased with the increased pressure, from about 14
times larger to only about 10 times larger.

(d) Weare to calculate the volume occupied by the molecules themselves, compared to the total
volume of the gas. The total volume is the volume of the molecules plus the volume of the
intermolecular distance. Since we don’t know the actual number of gas particles, we use the
volume of one gas particle and the volume associated with the intermolecular distance.
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3 3
4 1
Vactual 3 T 2 dactual dactual
molecule _ molecule _ molecule
- 3 37 3 3
Vinter— + Vactual 4 | 4 |
molecular molecule 37 2 dinter— + 37 Edactual dinter— + dactual
molecule molecule molecule molecul e
B 1
- 3
dinter— dactual +1
molecule molecule
0 1 -2\0
P=1latm: %= — 100 = |(3.8x10 )%
13.87 +1
1
P=3atm: %=|——1[100=1{0.11%
9.58% +1
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