THE FIRST LAW OF THERMODYNAMICS

19.1.  (a) IDENTIFY and SET UP: The pressure is constant and the volume increases.

[ The pV-diagram is
sketched in Figure 19.1.

Vv

Figure 19.1

)
(b) W:fVl pdv

v
Since p is constant, W = pJVlde =p(r,-1)

The problem gives 7T rather than p and ¥, so use the ideal gas law to rewrite the expression for 7.
EXECUTE: pV =nRT so p)]=nRT, p,V,=nRT,; subtracting the two equations gives

p(V =" =nR(T; - T))

Thus W =nR(T, — 1)) is an alternative expression for the work in a constant pressure process for an

ideal gas.
Then W =nR(T, —T;) =(2.00 mol)(8.3145 J/mol - K)(107°C —27°C) =+1330 J.

EVALUATE: The gas expands when heated and does positive work.
19.2. IDENTIFY: At constant pressure, W = pAV =nRAT. Since the gas is doing work, it must be expanding,

so AV is positive, which means that A7 must also be positive.
SETUP: R=8.3145J/mol-K. AT has the same numerical value in kelvins and in C°.

3
EXECUTE: AT:K: 2401071
nR (6 mol) (8.3145 J/mol-K)
T, =27.0°C+48.1C°=75.1°C.
EVALUATE: When W >0 the gas expands. When p is constant and ¥ increases, T increases.

19.3. IDENTIFY: Example 19.1 shows that for an isothermal process W =nRT In(p,/p,). pV =nRT says V

=48.1K. ATy =AT. and

decreases when p increases and 7' is constant.
SETUpP: T =650+273.15=338.15K. p, =3p,.

EXECUTE: (a) The pV-diagram is sketched in Figure 19.3.

(b) W =(2.00 mol)(8.314 J/mol -K)(338.15 K)ln(;i] =—61801J.
P

EVALUATE: Since V decreases, W is negative.
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19.4.

19.5.

P

2

A

Figure 19.3

IDENTIFY: The work done in a cycle is the area enclosed by the cycle in a pV diagram.
SETUP: (a) 1 mmof Hg=133.3 Pa. pyy e = P — Pyir- In calculating the enclosed area only changes in

pressure enter and you can use gauge pressure. 1 L = 1073 m?.

(b) Since pV =nRT and T is constant, the maximum number of moles of air in the lungs is when pV'is a
maximum. In the ideal gas law the absolute pressure p = pgy e + Pair must be used.

Pair =760 mm of Hg. 1 mm of Hg =1 torr.

EXECUTE: (a) By counting squares and noting that the area of 1 square is (1 mm of Hg)(0.1 L), we
estimate that the area enclosed by the cycle is about 7.5 (mm of Hg) - L =1.00 N-m. The net work done is
positive.

(b) The maximum pV is when p =11 torr + 760 torr = 771 torr =1.028 X 10° Pa and

V=14L=14x10"m’. The maximum pVis (pV ). =144 N-m. pV =nRT so
P ) 144 N-m = 0.059 mol.
RT (8.315 J/mol - K)(293 K)
EVALUATE: While inhaling the gas does positive work on the lungs, but while exhaling the lungs do work
on the gas, so the net work is positive.
IDENTIFY: Example 19.1 shows that for an isothermal process W =nRT In(p,/p,). Solve for p;.

SET UP: For a compression (¥ decreases) W is negative, so W =—-468 J. T =295.15 K.

ﬂj ﬂzeW/nRT'
Py P2

W —468 ]

nRT (0.305 mol)(8.314 J/mol -K)(295.15 K)

P = "™ = (1.76 atm)e 623 = 0.942 atm.

(b) In the process the pressure increases and the volume decreases. The pV-diagram is sketched in Figure 19.5.
EVALUATE: W is the work done by the gas, so when the surroundings do work on the gas, I is negative.
The gas was compressed at constant temperature, so its pressure must have increased, which means that
P1 < ps, which is what we found.

EXECUTE: (a) s =In
nRT

=-0.6253.

P

(3]

Figure 19.5
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The First Law of Thermodynamics 19-3

19.6.  (a) IDENTIFY and SET UpP: The pV-diagram is sketched in Figure 19.6.

P

5 2
5.00 X 107 Pa < 5

2,00 X 10”7 Pa == 1

f } v
0.120m3 0200 m?

Figure 19.6

(b) Calculate W for each process, using the expression for /¥ that applies to the specific type of process.
EXECUTE: 12, AV =0, so W=0

23
p is constant; so W = p AV =(5.00x10° Pa)(0.120 m> —0.200 m*) =—4.00x10* J (W is negative since
the volume decreases in the process.)
Wior =Wy _yp + Wy 3 =—4.00x10* J
EVALUATE: The volume decreases so the total work done is negative.
19.7. IDENTIFY: Calculate I for each step using the appropriate expression for each type of process.
SET UP: When p is constant, W = pAV. When AV =0, W =0.
EXECUTE: (a) Wi3=p(V, —1), W35, =0, W54 = p, (V1 =V,) and W, =0. The total work done by the
system is W3 +Way + W,y + Wy = (p; — po)(V, — V), which is the area in the pJ plane enclosed by the loop.
(b) For the process in reverse, the pressures are the same, but the volume changes are all the negatives of

those found in part (a), so the total work is negative of the work found in part (a).
EVALUATE: When AV >0, W >0and when AV <0, W <0.
19.8. IDENTIFY: The gas is undergoing an isobaric compression, so its temperature and internal energy must be
decreasing.
SET UP: The pV diagram shows that in the process the volume decreases while the pressure is constant.

1L=10"m> and 1 atm =1.013x 10’ Pa.

EXECUTE: (a) pV =nRT. n, R and p are constant so 14 = nR = constant. 143 = ﬁ.
r p Ta Tb

Vi = V[%J = (0.500 L)(TaTMj =0.125 L.

a a

(b) For a constant pressure process, W = p AV = (1.50 atm)(0.125 L — 0.500 L) and
107 m? ][1.013><105 Pa

1L

Since W is negative, work is done on the gas.
(c) For an ideal gas, U = nCT so U decreases when T decreases. The internal energy of the gas decreases

W =(-0.5625 L~atm)[ o~
atm

] =-57.0 J. Wis negative since the volume decreases.

because the temperature decreases.
(d) For a constant pressure process, Q =nC,, AT. T decreases so AT is negative and O is therefore

negative. Negative Q means heat leaves the gas.
EVALUATE: W =nR AT and Q =nC,AT. C, >R, so more energy leaves as heat than is added by work

done on the gas, and the internal energy of the gas decreases.
19.9. IDENTIFY: AU =Q-W. For a constant pressure process, W = pAV.

SETUP: Q=+1.15x10" J, since heat enters the gas.
EXECUTE: (a) W = pAV =(1.65x10° Pa)(0.320 m*> —0.110 m*) =3.47x10* J.
(b) AU =0-W =1.15x10° ] -3.47x10* ] =8.04x10* J.
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19-4 Chapter 19

EVALUATE: (c¢) W = pAV for a constant pressure process and AU = Q —W both apply to any material.

The ideal gas law wasn’t used and it doesn’t matter if the gas is ideal or not.
19.10. IpENTIFY: The type of process is not specified. We can use AU = Q—W because this applies to all

processes. Calculate AU and then from it calculate AT.

SET UP: Q is positive since heat goes into the gas; O =+1200 J.
W positive since gas expands; W =+2100 J.

EXECUTE: AU =1200J-2100J=-9001J

We can also use AU = n(%R) AT since this is true for any process for an ideal gas.

_2AU 2(-900 J)

© 3nR 3(5.00 mol)(8.3145 J/mol-K)
T, =T, +AT =127°C—-14.4C°=113°C
EVALUATE: More energy leaves the gas in the expansion work than enters as heat. The internal energy
therefore decreases, and for an ideal gas this means the temperature decreases. We didn’t have to convert
AT to kelvins since AT is the same on the Kelvin and Celsius scales.

19.11. IDENTIFY: Part ab is isochoric, but bc is not any of the familiar processes.
SETUP: pV =nRT determines the Kelvin temperature of the gas. The work done in the process is the

=—144C°

area under the curve in the pV diagram. Q is positive since heat goes into the gas. 1 atm =1.013 X 10° Pa.

IL=1x10"m’. AU=0-W.

EXECUTE: (a) The lowest T occurs when pV has its smallest value. This is at point a, and

7 = PV _ (020 atm)(1.013x 10° Pa/atm)(2.0 L)(1.0x 10> m3/L)
“  nR (0.0175 mol)(8.315 J/mol - K)

(b)yatob: AV=0soW=0.

b to c: The work done by the gas is positive since the volume increases. The magnitude of the work is the

area under the curve so W = %(0.50 atm + 0.30 atm)(6.0 L — 2.0 L) and

=278 K.

W =(1.6 L-atm)(1x 10~ m>/L)(1.013 x 10° Pa/atm) =162 J.
(¢) Forabe, W=162]. AU=0Q-W =215]-1621=531.

EVALUATE: 215 ] of heat energy went into the gas. 53 J of energy stayed in the gas as increased internal
energy and 162 J left the gas as work done by the gas on its surroundings.

19.12. IDENTIFY and SET Up: Calculate /7 using the equation for a constant pressure process. Then use
AU =Q—-W to calculate Q.

12
(a) EXECUTE: W = IVZ p dV = p(V, —V;) for this constant pressure process.
1

W =(1.80x10° Pa)(1.20 m?® —1.70 m3) =-9.00x10* J. (The volume decreases in the process, so W is
negative.)
(b) AU=Q0-W. Q=AU+W = ~1.40x10° J+ (—9.00><104 = -2.30x10° J. Negative Q means heat

flows out of the gas.
12

(c) EVALUATE: W = L/z p dV = p(V, —V) (constant pressure) and AU =Q—W apply to any system,
1

not just to an ideal gas. We did not use the ideal gas equation, either directly or indirectly, in any of the

calculations, so the results are the same whether the gas is ideal or not.

19.13. IDENTIFY: Calculate the total food energy value for one doughnut. K = %mvz.

SETUP: 1cal=4.186]
EXECUTE: (a) The energy is (2.0 g)(4.0 kcal/g)+(17.0 g)(4.0 kcal/g)+ (7.0 g)(9.0 kcal/g) =139 kcal.
The time required is (139 kcal)/(510 kcal/h) =0.273 h =16.4 min.

(b) v=~2K/m = \/2(139><103 cal)(4.186 J/cal)/(60 kg) =139 m/s =501 km/h.
EVALUATE: When we set K =0, we must express Q in J, so we can solve for v in m/s.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



The First Law of Thermodynamics 19-5

19.14. IDENTIFY: AU =Q-W. For a constant pressure process, W = pAV.
SETUP: Q=+2.20% 106 1; 0 >0 since this amount of heat goes into the water.
p=2.00 atm =2.03x10° Pa.
EXECUTE: (a) W = pAV =(2.03x10° Pa)(0.824 m®> —1.00x107> m*)=1.67x10° J
(b) AU =0-W =2.20x10° J-1.67x10° J =2.03x10° J.

EVALUATE: 2.20x10° J of energy enters the water. 1.67X% 10° J of energy leaves the materials through
expansion work and the remainder stays in the material as an increase in internal energy.
19.15. IDENTIFY: Apply AU =Q—W to the gas.
SET UP: For the process, AV =0. Q=4700 J since heat goes into the gas.
EXECUTE: (a) Since AV =0, W =0.

(b) pV =nRT says %: % = constant. Since p doubles, T doubles. T, =2T7,.
(c) Since W =0, AU=0=+700J. U, =U,+700]J.
EVALUATE: For an ideal gas, when T increases, U increases.

19.16. IDENTIFY: Apply AU =Q—W. |W]|is the area under the path in the pV-plane.
SETUP: W >0when V increases.
EXECUTE: (a) The greatest work is done along the path that bounds the largest area above the V-axis in
the p-V plane, which is path 1. The least work is done along path 3.
(b) W >0 in all three cases; Q =AU +W, so O >0 for all three, with the greatest Q for the greatest work,
that along path 1. When Q > 0, heat is absorbed.
EVALUATE: AU is path independent and depends only on the initial and final states. W and Q are path
dependent and can have different values for different paths between the same initial and final states.

19.17. IDENTIFY: AU =Q—-W. W is the area under the path in the pV-diagram. When the volume increases, W > 0.
SET UP: For a complete cycle, AU =0.
EXECUTE: (a) and (b) The clockwise loop (I) encloses a larger area in the p-V plane than the
counterclockwise loop (II). Clockwise loops represent positive work and counterclockwise loops negative
work, so W, >0 and W}; <0. Over one complete cycle, the net work W +W}; >0, and the net work done
by the system is positive.
(c) For the complete cycle, AU =0 and so W = Q. From part (a), W >0, so Q >0, and heat flows into
the system.
(d) Consider each loop as beginning and ending at the intersection point of the loops. Around each loop,
AU =0,s0 Q=W; then, O; =W; >0 and Oy =W}; <0. Heat flows into the system for loop I and out of the
system for loop II.
EVALUATE: W and Q are path dependent and are in general not zero for a cycle.

19.18. IDENTIFY: AU =Q0-W
SET UP: (O <0 when heat leaves the gas.
EXECUTE: For an isothermal process, AU =0,so W =0 =-3351].
EVALUATE: In a compression the volume decreases and W < 0.

19.19. IDENTIFY: For a constant pressure process, W = pAV, Q=nC,AT and AU =nCyAT. AU =Q—W and

C,=Cy +R. Foranideal gas, pAV =nRAT.

SET Up: From Table 19.1, C};, =28.46 J/mol- K.

EXECUTE: (a) The pV diagram is given in Figure 19.19.

(b) W= pV, — pV;=nR(T, —T;) = (0.250 mol)(8.3145 J/mol - K)(100.0 K) =208 J.
(¢) The work is done on the piston.

(d) Since Eq. (19.13) holds for any process,

AU =nCy AT =(0.250 mol)(28.46 J/mol - K)(100.0K) =712 J.
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19-6 Chapter 19

(e) Either O =nC,AT or Q=AU +W gives =920 to three significant figures.

(f) The lower pressure would mean a correspondingly larger volume, and the net result would be that the
work done would be the same as that found in part (b).
EVALUATE: W =nRAT, so W, Q and AU all depend only on AT. When T increases at constant

pressure, V increases and W > 0. AU and Q are also positive when T increases.

”

Figure 19.19

19.20. IDENTIFY: For constant volume O =nCyAT. For constant pressure, O =nC,AT. For any process of an
ideal gas, AU =nC,AT.
SETUP: R =8.315 J/mol-K. For helium, Cj, =12.47 J/mol-K and C, =20.78 J/mol-K.
EXECUTE: (a) Q=nC,AT =(0.0100 mol)(12.47J/mol-K)(40.0 C°)=4.99]. The pV-diagram is

sketched in Figure 19.20a.

(b) O=nC,AT =(0.0100 mol)(20.78 J/mol-K)(40.0 C°) =8.31J. The pV-diagram is sketched in

Figure 19.20b.

(¢) More heat is required for the constant pressure process. AU is the same in both cases. For constant
volume W =0 and for constant pressure W > 0. The additional heat energy required for constant pressure
goes into expansion work.

(d) AU =nCyAT =4.99 ] for both processes. AU is path independent and for an ideal gas depends only
on AT.

EVALUATE: C,=Cy+R, so C,>Cp.

2
i l 2

v v
(2) (b)

Figure 19.20

19.21. IDENTIFY: For constant volume, O =nCj,AT. For constant pressure, O =nC pAT .
SET Up: From Table 19.1, €}y =20.76 J/mol-K and C, =29.07 J/mol- K.

EXECUTE: (a) Using Eq. (19.12), AT = 0 = 6451
nCy,  (0.185 mol)(20.76 J/mol - K)

The pV-diagram is sketched in Figure 19.21a.

=167.9 K and T=948 K.
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The First Law of Thermodynamics 19-7

(b) Using Eq. (19.14), AT:iz 645J =1199 K and T =900 K.
nC,  (0.185 mol)(29.07 J/mol - K)

The pV-diagram is sketched in Figure 19.21b.

EVALUATE: At constant pressure some of the heat energy added to the gas leaves the gas as expansion
work and the internal energy change is less than if the same amount of heat energy is added at constant
volume. AT is proportional to AU.

P P

1 Vv
@) (b)
Figure 19.21
19.22. IDENTIFY: For anideal gas, AU =Cj, AT, and at constant pressure, pAV =nRAT.

SETUP: Cj = %R for a monatomic gas.
EXECUTE: AU = n(%R) AT =3 pAV =3(4.00x10* Pa)(8.00x10~> m’ —2.00x10~> m’) =360 J.
EVALUATE: W =nRAT =2AU =240 J. Q=nC,AT =n(3R)AT =3 AU =600 J. 600 J of heat energy

flows into the gas. 240 J leaves as expansion work and 360 J remains in the gas as an increase in internal
energy.
19.23. IDENTIFY: AU =Q-W. For an ideal gas, AU = Cj, AT, and at constant pressure, W = pAV =nRAT.

SErUp: Cj = %R for a monatomic gas.
EXECUTE: AU =n(3R)AT=3pAV =3W. Then Q=AU +W =3W,s0 WIQ=2.

EVALUATE: For diatomic or polyatomic gases, Cj, is a different multiple of R and the fraction of O that is

used for expansion work is different.
19.24. IDENTIFY: Apply pV =nRT to calculate T. For this constant pressure process, W = pAV. Q=nC,AT.

Use AU =Q—W torelate Q, Wand AU.

SETUP: 2.50 atm =2.53x10° Pa. For a monatomic ideal gas, Cy =12.47 J/mol - K and

C, =20.78 J/mol -K.

_ PV _(253x10° Pa)(3.20x107 m’)
nR (3.00 mol)(8.314 J/mol - K)

5PV _ (2.53x10° Pa)(4.50x1072 m?)
27 4R (3.00 mol)(8.314 J/mol - K)

(b) W = pAV =(2.53%10° Pa)(4.50x1072 m®> —=3.20x107%2 m*)=3.29x10% J
(©) 0=nC,AT =(3.00 mol)(20.78 J/mol - K)(456 K —325 K) =8.17x10° J

EXECUTE: (a) T =325K.

=456 K.

(d) AU=0-W =4.88x10" ]

EVALUATE: We could also calculate AU as

AU =nCyAT = (3.00 mol)(12.47 J/mol-K)(456 K325 K) = 4.90%10° J, which agrees with the value we
calculated in part (d).
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19-8 Chapter 19

19.25. IDENTIFY: For a constant volume process, Q =nCyAT. For a constant pressure process, Q =nC,AT.
For any process of an ideal gas, AU =nC,AT.
SET UP: From Table 19.1, for N,, Cj, =20.76 J/mol-K and C, =29.07 J/mol-K. Heat is added, so O is
positive and Q =+1557 J.

EXECUTE: (a) AT = 0 = 1557 =+25.0K
nCy  (3.00 mol)(20.76 J/mol - K)
(b) ATziz 15577 =+179K
nC, (3.00 mol)(29.07 J/mol-K)

r
(¢) AU =nCyAT for either process, so AU is larger when AT is larger. The final internal energy is larger
for the constant volume process in (a).
EVALUATE: For constant volume # =0 and all the energy added as heat stays in the gas as internal
energy. For the constant pressure process the gas expands and W > 0. Part of the energy added as heat
leaves the gas as expansion work done by the gas.

C
19.26. IDENTIFY: C,=Cy +R and y=—£.
Cy

SETUP: R =28.315J/mol-K

C .
EXECUTE: C,=Cy +R. 7=—p=1+£. Cy= R__ 8315 Jmol K
c G y—1 0.127

=65.5 J/mol-K. Then
C,=Cy+R=73.8 J/mol-K.
EVALUATE: The value of C), is about twice the values for the polyatomic gases in Table 19.1. A propane
molecule has more atoms and hence more internal degrees of freedom than the polyatomic gases in the table.
19.27. IDENTIFY: Calculate W and AU and then use the first law to calculate Q.
1Z
(a) SET Up: W:j 2pdv
"
pV =nRT so p=nRT/V
1% 1Z
W= jVZ (nRT/V)dV =nRT jyzd VIV =nRT In(V,/V;) (work done during an isothermal process).
1 1

EXECUTE: ¥ =(0.150 mol)(8.3145 J/mol - K)(350 K)In(0.25V,/;) = (436.5 J)In(0.25) = —605 J.

EVALUATE: W for the gas is negative, since the volume decreases.
(b) EXECUTE: AU =nCyAT for any ideal gas process.

AT =0 (isothermal) so AU =0.
EVALUATE: AU =0 for any ideal gas process in which 7" doesn’t change.
(c) EXECUTE: AU =0-W
AU =0 so Q=W =-605 J. (Q is negative; the gas liberates 605 J of heat to the surroundings.)
EVALUATE: Q=nCyAT is only for a constant volume process so doesn’t apply here.
O =nC,AT is only for a constant pressure process so doesn’t apply here.
19.28.  IDENTIFY: AU=0-W. Apply O =nC,AT to calculate C,,. Apply AU =nCyAT to calculate Cy .
7=C,/Cy.
SETUP: AT =15.0 C°=15.0 K. Since heat is added, 0 =+970 J.
EXECUTE: (a) AU=Q-W =+970J-223J=7471]
b C,= 9 _ 9703 =37.0 J/mol-K. Cj, = AU _ 7473
nAT  (1.75 mol)(15.0 K) nAT  (1.75 mol)(15.0 K)
_Cp 37.0J/mol-K _
Cy, 28.5J/mol-K

EVALUATE: The value of y we calculated is similar to the values given in Tables 19.1 for polyatomic gases.

=28.5 J/mol - K.

30
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19.29.

19.30.

19.31.

19.32.

I . 1
IDENTIFY: For an adiabatic process of an ideal gas, pV}” = p,Vy, W= F( pVi— poV,) and

ny =g
SET Up: For a monatomic ideal gas y=5/3.

5/3
0.0800 m*

4
" 5 5
EXECUTE: (a) p, =p;| =+ | =(1.50x10° Pa)| —— =4.76x10" Pa.
R 0.0400 m’

2
(b) This result may be substituted into Eq. (19.26), or, substituting the above form for p,,

2/3
1 1y 3 5 3 0.0800 4
W =——pWi(1-(4/V5)7 ) =2(1.50x10° Pa)(0.0800 m*)| 1— =—1.06x10* J.
y_lpl 1( /) ) 2( X )[ (0.040()) J
(¢) From Eq. (19.22), (Ty/Ty) = (V5/¥;)” ™ = (0.0800/0.0400)*'® =1.59, and since the final temperature is

higher than the initial temperature, the gas is heated.
EVALUATE: In an adiabatic compression ' <0since AV <0. OQ=0so AU =-W. AU >0 and the

temperature increases.
IDENTIFY and SET UP: For an ideal gas AU =nCj,AT. The sign of AU is the same as the sign of AT.

Combine Eq. (19.22) and the ideal gas law to obtain an equation relating 7 and p, and use it to determine
the sign of AT.

EXECUTE: T" ™' =T0," ™ and V =nRT/p so, T/ p 7 =T} py" and T =T}/ (p,/p))"""
P> < p; and y—1 ispositive so 7, <7;. AT isnegative so AU is negative; the energy of the gas

decreases.
EVALUATE: Egq. (19.24) shows that the volume increases for this process, so it is an adiabatic expansion.
In an adiabatic expansion the temperature decreases.

L . 1
IDENTIFY: For an adiabatic process of an ideal gas, W = —1( pii—poVs)and pl = p V.
7/_

SETUP: =1.40 for an ideal diatomic gas. 1 atm =1.013x10°> Paand 1L = 107 m?.

_— 1
EXECUTE: Q=AU +W =0 for an adiabatic process, so AU =-W = —l(szz -pin).
}/_

P =1.22x10° Pa. p, = p,(K/V,)” =(1.22x10° Pa)(3)'* =5.68x10° Pa.
W=ﬁ([5.68><105 Pa][10x107> m—]—[1.22x10° Pa][30x10™> m])=5.05x10> J. The internal

energy increases because work is done on the gas (AU >0) and Q =0. The temperature increases because
the internal energy has increased.
EVALUATE: In an adiabatic compression W <0since AV <0. Q=0so AU =-W. AU >0 and the

temperature increases.
IDENTIFY and SET UP: (a) In the process the pressure increases and the volume decreases. The
pV-diagram is sketched in Figure 19.32.

Figure 19.32

(b) For an adiabatic process for an ideal gas T,¥}" ' =1,V)~', p}i! = p,V’{, and pV =nRT.
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EXECUTE: From the first equation, T, =T;(V}/V,)" ™" = (293 K)(¥,/0.0900%)"+~!

T, =(293 K)(11.11)** = 768 K = 495°C

(Note: In the equation 7]V17_1 =T 2V27_1 the temperature must be in kelvins.)

pVi! = pVy implies p, = p,(Vi/V,)” = (1.00 atm)(#;/0.0900%;)"

P, =(1.00 atm)(11.11)"* =29.1 atm

EVALUATE: Alternatively, we can use pV =nRT to calculate p,: n, R constant implies
pVIT =nR =constant so pV|/T, = p,V5/T,.

Py = pNVo)(T/T) = (1.00 atm)(¥3/0.0900%)(768 K/293 K) =29.1 atm, which checks.

19.33. (a) IDENTIFY and SET UP: In the expansion the pressure decreases and the volume increases. The
pV-diagram is sketched in Figure 19.33.

Figure 19.33

(b) Adiabatic means Q =0.

Then AU =Q~-W gives W =—AU =-nCy, AT =nCy (T} -T,) (Eq. 19.25).
Cy =12.47 J/mol-K (Table 19.1)

EXECUTE: W =(0.450 mol)(12.47 J/mol-K)(50.0°C—10.0°C) =+224 J

W positive for AV >0 (expansion)

(¢) AU=-W=-2241].

EVALUATE: There is no heat energy input. The energy for doing the expansion work comes from the
internal energy of the gas, which therefore decreases. For an ideal gas, when T decreases, U decreases.

19.34. IDENTIFY: Assume the expansion is adiabatic. 7;/;” = T2V27’_1 relates V" and 7. Assume the air behaves as
an ideal gas, so AU =nCy,AT. Use pV =nRT to calculate n.

SET UP: Forair, C;, =29.76 J/mol-K and y=1.40. ¥, =0.8001;. T, =293.15K. p, =2.026x10° Pa.

For a sphere, V' = %ﬂ'r3.

4

7-1 0.40
EXECUTE: (a) T, =T, [9} =(293.15 K)(0 J =320.5 K=47.4°C.
2

1
o) V=471 =4T”(o.1195 m)’ =7.15x107> m?.
Lo (2.026x10° Pa)(7.15x107> m?)

RT,  (8.314 J/mol-K)(293.15 K)
AU = nCyAT = (0.594 mol)(20.76 J/mol - K)(321 K —293 K) =345 J.

=0.594 mol.

EVALUATE: We could also use AU =W = Ll( piV1 — poV,) to caleulate AU, if we first found p, from
7/_

pV =nRT.
19.35. IDENTIFY: Combine T1V17/_l =TV “'with p¥ =nRT to obtain an expression relating 7 and p for an

adiabatic process of an ideal gas.
SETUP: 7,=299.15K
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r-1 r-1
yitd e
EXECUTE: V=ﬁ $0 Tl[nRle =T2(nRT2j and —L—=—-2_

P P 1 %) pf’il pz}/ !

(=l 0.850x10%Pa )
1, =1 22 =(299.15 K)| ———— % =284.8 K =11.6°C
P 1.01x10° Pa

EVALUATE: For an adiabatic process of an ideal gas, when the pressure decreases the temperature
decreases.

19.36. IDENTIFY: pJV =nRT For an adiabatic process, TlVly_1 =T,V 1
SET UP: For an ideal monatomic gas, y=5/3.
PV (1.00x10° Pa)(2.50x107> m?)
nR (0.1 mol)(8.3145 J/mol - K)
(b) (i) Isothermal: If the expansion is isothermal, the process occurs at constant temperature and the final

EXECUTE: (a) =301K.

temperature is the same as the initial temperature, namely 301 K. p, = py(}/V,) = % = 5.00x10* Pa.
(ii) Isobaric: Ap=0 so p, = 1.00x10° Pa. T, =T,(V,/V) =21, =602 K.

™ o1 K™
sz—l v, )0.67

0.67

(iii) Adiabatic: Using Eq. (19.22), T, = =(301K)(1)"" =189 K. Then
pV =nRT gives p, = 3.14x10* Pa.

EVALUATE: In an isobaric expansion, T increases. In an adiabatic expansion, T decreases.

19.37. IDENTIFY: The compression does work on the gas, but the heat transferred and the internal energy change
depend on the process by which the compression occurs. The ideal gas law and the first law of
thermodynamics apply to the gas.

SETUP: Q= AU+W, pV'=nRT,and C;, =C, —R.

EXECUTE: (a) This is an isothermal process for an ideal gas, so AU =0 and Q =W. Since the volume

decreases (compression), ¥ is negative and Q =—600 J. Since Q is negative, heat flows out of the gas.
w —600 J

(b) W = pAV = nRAT =—600J. AT =— = =-722K.
nR (1)(8.314 J/mol-K)

Cy=C,-R= % =20.78 J/mol-K. AU =nCy,AT =(1)(20.78 J/mol - K)(—72.2 K) =—-1500 J . Since
AU is negative, the internal energy decreases.
EVALUATE: In part (a) work is done on the gas, so heat must flow out of it for its temperature to remain
the same. In (b) gas is compressed, so the molecules must slow down if the pressure is to remain the same,
which means that the internal energy (and the temperature) must decrease.

19.38. IDENTIFY: Apply AU =Q—W. For any process of an ideal gas, AU =nC,AT. For an isothermal

expansion, W =nRT In [&J = nRTln[ﬂj.
" 12

SETUp: T=288.15K. =12
2
EXECUTE: (a) AU =0since AT =0.

(b) W =(1.50 mol)(8.314 J/mol - K)(288.15 K)In(2.00) = 2.49x10° J. W >0and work is done by the gas.

Since AU =0, Q=W = +2.49%10° J. 0 > 0 so heat flows into the gas.

EVALUATE: When the volume increases, I is positive.
19.39. IDENTIFY and SET UP: For an ideal gas, pV =nRT. The work done is the area under the path in the

=2.00.

pV-diagram.
EXECUTE: (a) The product pV increases and this indicates a temperature increase.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



19-12 Chapter 19

(b) The work is the area in the pJ plane bounded by the blue line representing the process and the verticals
at V, and V. The area of this trapezoid is 1 (pj + p,)(V}, —V,) = 1(2.40x10° Pa)(0.0400 m*) = 4800 J.

EVALUATE: The work done is the average pressure, %( pi + py), times the volume increase.
19.40. IDENTIFY: Use pV =nRT to calculate T. ¥ is the area under the process in the pV-diagram. Use
AU =nCyAT and AU =Q —W to calculate Q.
SETUpP: Instate ¢, p, =2.0x10° Paand V, =0.0040 m>. In state @, p, =4.0x10° Pa and
v, =0.0020 m>.
5 3
EXECUTE: () T, = pVe _ (20x10° Pa)(0.0040 m’) _
nR  (0.500 mol)(8.314 J/mol-K)
(b) W =1(4.0x10° Pa+2.0x10° Pa)(0.0030 m’ —0.0020 m*) +(2.0x10° Pa)(0.0040 m’ —0.0030 m")
W =+500 J. 500 J of work is done by the gas.
©T,= paVe  (4.0x10° Pa)(0.0020 m*)
“ nR  (0.500 mol)(8.314 J/mol-K)
Q=W =4500 J. 500 J of heat enters the system.

EVALUATE: The work done by the gas is positive since the volume increases.
19.41. IDENTIFY: Use AU =Q—W and the fact that AU is path independent.

W >0 when the volume increases, W <0 when the volume decreases, and W =0 when the volume is

192 K

=192 K. For the process, AT =0, so AU =0 and

constant. O >0 if heat flows into the system.
SET UP: The paths are sketched in Figure 19.41.

p Quep =+90.0 J (positive since heat flows in)
% b W, =+60.0 J (positive since AV >0)

A 4

Figure 19.41

EXECUTE: (a) AU=0-W

AU is path independent; Q and W depend on the path.

AU =U,-U,

This can be calculated for any path from a to b, in particular for path acb:
AU,y = Qe = Woep =90.0 J —60.0 J =30.0 J.

Now apply AU =Q—W to path adb; AU =30.0J for this path also.

Wa
AU,y = Ot =Woaip 50 Ouap =AU, + W0, =300 +15.0J=+45.0J
(b) Apply AU =Q—W topath ba: AU,_,, =0y, —Wp,

Wy, =—35.0J (negative since AV <0)

AUy, =U,-Uy==(U,-U,)=-AU,_,;,, ==-30.0]

Then Qp, =AU,_,, +W,,=-30.0-35.0J=-65.0 J.

(Op, <0; the system liberates heat.)

©U,=0, U;=8.01J]

AU, _,;, =U,-U,=+30.01J, so U, =+30.0 J.

4 =+15.0J (positive since AV > 0)
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process a — d

AU, 4 = Qi =Waa
AU, ,,=U,;-U,=+8.01J
Wa
that process. Therefore W_; =W, ;, =+15.0 J.

Then Q,;, =AU,_,; +W,; =+8.0J+15.0 J =+23.0 J (positive implies heat absorbed).

process d — b

AUy = O —Wap

W,, =0, as already noted.

AU, _,=U,-U,;=30.01-8.0J=422.01J.

Then Qy =AU,_,, +W,, =+22.0 J (positive; heat absorbed).

EVALUATE: The signs of our calculated Q,; and O, agree with the problem statement that heat is

ap =+15.0J) and W, =W,, + W, . But the work W, for the process d — b is zero since AV =0 for

absorbed in these processes.
19.42. IDENTIFY: AU=0-W.

SETUP: W =0 when AV =0.

EXECUTE: For each process, Q = AU +W. No work is done in the processes ab and dc, and so
Wye =W =4500J and W,; =W,,. =120 J. The heat flow for each process is: for ab, 0 =90 J. For bc,

0=440J+450J=8901J. Forad, Q=180J+120 J=300 J. For dc, Q =350 J. Heat is absorbed in each

process. Note that the arrows representing the processes all point in the direction of increasing temperature
(increasing U).
EVALUATE: AU is path independent so is the same for paths adc and abe. Q,;. =300 J+350 J =650 J.
Qe =90 J+890 J =980 J. O and W are path dependent and are different for these two paths.
19.43. IDENTIFY: Use pV =nRT to calculate 7_/T,. Calculate AU and W and use AU =Q —W to obtain Q.
SET Up: For path ac, the work done is the area under the line representing the process in the pV-diagram.
5 3
EXECUTE: (a) I _prVe _ (1.0><105 1)(0.060 m3) -1
T, pJ, (3.0x10°J)(0.020 m>)

(b) Since 7, =T7,, AU =0 for process abc. For ab, AV =0and W, =0. For bc, p is constant and
W, = pAV =(1.0x10° Pa)(0.040 m*)=4.0x10° J. Therefore, W, =+4.0x10° J. Since AU =0,

00. T,=T,.

Q=W =+4.0x10° J. 4.0x10° J of heat flows into the gas during process abc.
(¢) W =1(3.0x10° Pa+1.0x10° Pa)(0.040 m’) =+8.0x10° I. Q. =W, =+8.0x10° J.

EVALUATE: The work done is path dependent and is greater for process ac than for process abc, even
though the initial and final states are the same.

19.44. IDENTIFY: Foracycle, AU =0and Q=W. Calculate W.
SET UP: The magnitude of the work done by the gas during the cycle equals the area enclosed by the
cycle in the pV-diagram.
EXECUTE: (a) The cycle is sketched in Figure 19.44.
(b) | W |=(3.50x10* Pa—1.50x10* Pa)(0.0435 m® —0.0280 m*)=+310 J. More negative work is done
for cd than positive work for ab and the net work is negative. W =-310 J.
(¢) O=W =-3101J. Since Q <0, the net heat flow is out of the gas.
EVALUATE: During each constant pressure process W = pAV and during the constant volume process

W =0.
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P (Pa)
4 d ¢
3.50 < 10* - &
Y ~
1.50 % 10* >
a b
! ! V(m?)
0.0280 0.0435

Figure 19.44

19.45. IDENTIFY: Use the 1stlaw to relate O, to W, for the cycle.
Calculate W, and W, and use what we know about W, to deduce W,,.

(a) SET UpP: We aren’t told whether the pressure increases or decreases in process bc. The two
possibilities for the cycle are sketched in Figure 19.45.

g C Poa b

or

Figure 19.45

In cycle 1, the total work is negative and in cycle II the total work is positive. For a cycle, AU =0, so
Qtot = I/Vtot'

The net heat flow for the cycle is out of the gas, so heat O, <0 and W, <0. Sketch I is correct.

(b) EXECUTE: W, = O, =—800J

VVtot = Wab + VVbc + VVca

W,. =0 since AV =0.

w,

a

», = PAV since p is constant. But since it is an ideal gas, pAV =nRAT.
W, =nR(T, —T,)=1660 ]
W, =W =W, =—800J—1660 J =-2460 J

EVALUATE: In process ca the volume decreases and the work W is negative.
19.46. IDENTIFY: Apply the appropriate expression for W for each type of process. pV =nRT and

C,=Cy+R

SETUP: R=28.315J/mol-K

EXECUTE: Path ac has constant pressure, so W, = pAV =nRAT, and
W,..=nR(T,—T,)=(3mol)(8.3145 J/mol - K)(492 K —300 K) =4.789 10° J.

Path c¢b is adiabatic (Q =0), so W, =0 —AU =—AU =-nCy,AT, and using C, = Cp —R,

Wy ==n(Cp, = R)(T;, = T,) = —=(3mol)(29.1 J/mol - K —8.3145 J/mol - K)(600 K — 492 K) =-6.735x 10° J.
Path ba has constant volume, so W, =0. So the total work done is

W =W, +W, +W,, =4789x10° J-6.735x10° J+0=—1.95x10° J.
EVALUATE: W >0 when AV >0, W <0when AV <0and W =0when AV =0.
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19.47. IDENTIFY: Segment ab is isochoric, bc is isothermal, and ca is isobaric.
SETUP: For bc, AT=0, AU=0, and Q=W =nRTIn(V,/V}). For ideal H, (diatomic), C}, = %R and

C,= %R. AU = nCj, AT for any process of an ideal gas.
EXECUTE: (a) 7, =T,. For states b and ¢, pV =nRT = constant so p,V;, = p.V, and

v.=1,| 22 |=(0.20 L)(ZO—atmj ~0.80 L.
0.50 atm

®) T, = paVy (050 atm)(1.013x10° Pa/atm)(0.20x10~ m?)
" nR (0.0040 mol)(8.315 J/mol - K)

=305K. V, =V, so for states a and b,

T_7 constant so Jo=Tb 7 -7 =1 [ P2 |= (305 K)(z’o—atmj=1220K; T,=1220K ..
p nR Pa D 0.50 atm

(¢) ab: Q=nCy AT =n(3R) AT, which gives

a

0 =(0.0040 mol)(2)(8.315 J/mol -K)(1220 K 305 K) =+76 J. Qi positive and heat goes into the gas.
ca: Q=nC, AT = n(%R) AT, which gives

0 =(0.0040 mol)(

[S1EN]

)(8.3 15 J/mol - K)(305 K—-1220 K)=—-107 J. Q is negative and heat comes out of
the gas.

bc: Q=W =nRT In(V,./V}), which gives

0 =(0.0040 mol)(8.315 J/mol - K)(1220 K)In(0.80 L/0.20 L) =56 J. Q is positive and heat goes into
the gas.

(d) ab: AU =nCyAT =n($R)AT, which gives

AU =(0.0040 mol)(%)(8.315 J/mol - K)(1220 K —305 K)=+76 J. The internal energy increased.
bc: AT =0 so AU =0. The internal energy does not change.
ca: AU =nCyAT = n(%R)AT, which gives

AU =(0.0040 mol)(%)(8.315 J/mol-K)(305 K —1220 K)=-76 J. The internal energy decreased.

EVALUATE: The net internal energy change for the complete cycle a b —c —a is
AU, =+76 J+0+ (=76 J) = 0. For any complete cycle the final state is the same as the initial state and

the net internal energy change is zero. For the cycle the net heat flow is
Ot =176 T+ (=107 1)+56 J =+25J. AU,y =0 so Qi =W,,. The net work done in the cycle is

positive and this agrees with our result that the net heat flow is positive.
19.48. IDENTIFY: Segment ab is isobaric, bc is isochoric, and ca is isothermal.

SET UP: He is a monatomic gas so Cy = %R and C, = %R. For any process of an ideal gas,
AU = nCy,AT. For an isothermal process of an ideal gas, AU =0 so Q =W =nRT In(V,/1}).
EXECUTE: (a) Apply pV =nRT to states a and c. T, =T, so nRT is constant and p,V, = p V..

Py = pc[%J =(2.0x10° Pa){

a

0.040 m*

0010 3J= 8.0x10° Pa.
. m

5 3
) T, = PdVa _ (8.0x10°Pa)(0.010 m”) ~296K;
nR  (3.25 mol)(8.315 J/mol - K)
5 3
T,- pVy _ (8.0x10° Pa)(0.040 m”) _1184 K:
nR  (3.25 mol)(8.315 J/mol - K)
5 3
_PVe _ (2.0x10” Pa)(0.040 m”) _ 296K =T,

© nR  (3.25 mol)(8.315 J/mol - K)
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(¢) ab: Q=nC,AT =(3.25 mol)(%)(8.315 J/mol-K)(1184 K—-296 K) = 6.00x10* J; heat enters the gas.
bc: Q=nCyAT =(3.25 mol)(%)(8.3 15 J/mol-K)(296 K —1184 K)=-3.60x% 10% J; heat leaves the gas.
3
ca: Q=nRTIn Vo =(3.25 mol)(8.315 J/mol - K)(296 K)In w =—1.11x10* J; heat leaves the gas.
V. 0.040 m
(d) ab: AU =nCyAT =(3.25 mol)(%)(S.SlS J/mol-K)(1184 K—-296 K) = 3.60x10* J; the internal energy
increased.
bc: AU =nCyAT =(3.25 mol)(%)(8.315 J/mol-K)(296 K —1184 K) =-3.60x 10* J; the internal energy
decreased.
ca: AT =0 so AU =0.
EVALUATE: As we saw in (d), for any closed path on a pJ diagram, AU =0 because we are back at the
same values of P, V, and T.
19.49. IDENTIFY: The segments ab and bc are not any of the familiar ones, such as isothermal, isobaric or
isochoric, but ac is isobaric.
SET Up: For helium, € =12.47 J/mol-K and C, =20.78 J/mol-K. AU =Q —W. Wis the area under
the p versus V curve. AU =nCj, AT for any process of an ideal gas.
EXECUTE: (a) 7 =1(1.0x10°Pa +3.5x10° Pa)(0.0060 m’ — 0.0020 m")
+1(1.0x10°Pa +3.5x10° Pa)(0.0100 m* - 0.0060 m*) = 1800 J.
5 3 3
Find AT =T,-T,. pis constant so AT = pAV _ (1.0x107Pa)(0.0100 m” ~0.0020 m’) _ 289 K. Then
nR (4 mol) (8315 J/mol - K)
AU = nCyAT = (1 mol)(12.47 J/mol - K)(289 K) =1.20x10°J.
O=AU+W =120x10>J+1800J =3.00x10°J. Q> 0, so this heat is transferred into the gas.
(b) This process is isobaric, so Q =nC,AT = (% mol)(20.78 J/mol - K)(289 K) =2.00 x 10° I. 0>0,so0
this heat is transferred into the gas.
(¢) Qs larger in part (a).
EVALUATE: AU is the same in parts (a) and (b) because the initial and final states are the same, but in (a)
more work is done.
19.50. IDENTIFY: We have an isobaric expansion followed by an adiabatic expansion.

SET UP: T =300 K. When the volume doubles at constant pressure the temperature doubles, so
T, =600 K. For helium, C}, =20.78 J/mol-K and y =1.67. AU =nCyAT for any process of an ideal
gas. AU=Q-W.
EXECUTE: (a) The process is sketched in Figure 19.50.
p

Figure 19.50

(b) For the isobaric step, O =nC,AT = (2.00 mol)(20.78 J/mol-K)(300 K) =1.25 % 10*J. For the
adiabatic process, Q =0. The total heat is Q is 1.25X 10%7.
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(¢) AU =0 since AT =0.
(d) Since AU =0, W =0=125x10"J.
(e) T, =300K, T, =600K and ¥, =0.0600 m*. T,V,” ' =137,

Uy -1 1/0.67
V3= Vz[ﬁJ =(0.0600 m3)(MJ =0.169 m>.
T 300 K

EVALUATE: In both processes the internal energy changes. In the isobaric expansion the temperature
increases and the internal energy increases. In the adiabatic expansion the temperature decreases and AU < 0.

The magnitudes of the two temperature changes are equal and the net change in internal energy is zero.
19.51.  IDENTIFY: Use Q=nC, AT to calculate the temperature change in the constant volume process and use

pV =nRT to calculate the temperature change in the constant pressure process. The work done in the
constant volume process is zero and the work done in the constant pressure process is W = pAV. Use
O =nC,AT to calculate the heat flow in the constant pressure process. AU =nCy AT, or AU =0 -W.
SETUP: For N,, € =20.76 J/mol-K and C,, =29.07 J/mol-K.

0 1.52x10% J
nCy  (2.50 mol)(20.76 J/mol- K)
T, =586 K. pV =nRT says T doubles when V" doubles and p is constant, so
T, =2(586 K)=1172 K =899°C.
(b) For process ab, W, =0. For process bc,
Wy = pAV =nRAT =(2.50 mol)(8.314 J/mol-K)(1172 K -586 K) = 1.22x10% J.
W =W, +Wy. =1.22x10% J.
(¢) For process be, O =nC,AT =(2.50 mol)(29.07 J/mol-K)(1172 K — 586 K) =4.26x 10% 1.

EXECUTE: (a) For process ab, AT = =293K. T,=293K, so

(d) AU =nCy,AT =(2.50 mol)(20.76 J/mol - K)(1172 K —293 K) = 4.56x10* J.
EVALUATE: The total Qis 1.52x10% J+4.26x10% J=5.78x10* J.
AU =0-W =5.78x10% T =1.22x10% T =4.56x10* J, which agrees with our results in part (d).
19.52. IDENTIFY: For a constant pressure process, Q = nCpAT. AU =Q—-W. AU =nCyAT for any ideal gas
process.

SETUP: For N,, €} =20.76 J/mol-Kand C, =29.07 J/mol-K. O <0 if heat comes out of the gas.

_ 4
Q 2.5x10°J —21.5 mol.

EXECUTE: (a) n= = =
C,AT  (29.07 J/mol - K)(—40.0K)

(b) AU =nCyAT = Q(Cy/C,) =(-2.5x10* 1)(20.76/29.07) = —1.79x10" I.

(€) W=0-AU =-7.15x10° J.

(d) AU is the same for both processes, and if AV =0, W =0 and Q=AU = ~1.79x10* J.
EVALUATE: For a given AT, Q is larger in magnitude when the pressure is constant than when the

volume is constant.
19.53.  IDENTIFY and SET UP: Use the first law to calculate " and then use W = pAl for the constant pressure

process to calculate AV.
EXECUTE: AU =0Q0-W

0=-2.15x10°J (negative since heat energy goes out of the system)
AU =0 so W=0=-2.15x10" ]

%
Constant pressure, so W = jmzpdV =p(V,=V)=pAV.
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5
Then AV =" =_2'15—X150J =-0.226m’.
P 9.50x10° Pa
EVALUATE: Positive work is done on the system by its surroundings; this inputs to the system the energy
that then leaves the system as heat. Both Egs. (19.4) and (19.2) apply to all processes for any system, not
just to an ideal gas.

19.54. IDENTIFY: pJV =nRT. For an isothermal process W =nRT In(V,/V]). For a constant pressure process,
W = pAV.
SETUP: 1L=10"" m’,

EXECUTE: (a) The pV-diagram is sketched in Figure 19.54.
(b) At constant temperature, the product p¥ is constant, so

1.00x10° Pa

=6.00 L. The final pressure is given as being the same as
2.50x10* Pa

Va=Vi(p/py)=(1.5 L)(

P3=py= 2.5x10* Pa. The final volume is the same as the initial volume, so I =T (ps3/p))=75.0K.
(c) Treating the gas as ideal, the work done in the first process is W =nRT In(V,/V}) = pV; In(p/p,).

1.00x10° Pa
2.50x10* Pa
For the second process, I = p, (V= 3) = p2 (i =2) = pai (1= (pyp)).

W =(1.00x10° Pa)(1.5x107> m3)ln[ J=208 1.

5
W =(2.50x10* Pa)(1.5x107> m3)[l—wj=—ll3 1.

2.50x10* Pa

The total work done is 208 J—113 J=95J.
(d) Heat at constant volume. No work would be done by the gas or on the gas during this process.
EVALUATE: When the volume increases, W > 0. When the volume decreases, W <0.

n

Figure 19.54
19.55.  IDENTIFY: AV =V,[BAT. W = pAV since the force applied to the piston is constant. O =mc,AT.
AU =Q0-W.
SETUP: m=pl
EXECUTE: (a) The change in volume is
AV =V, AT =(1.20x107% m*)(1.20x107> K™1)(30.0 K) =4.32x10™* m°.
(b) W = pAV = (FIA)AV =((3.00x10* N)/(0.0200 m?))(4.32x107* m*) =648 J.
(¢) O =mc,AT =V,pc,AT =(1.20x107> m*)(791kg/m’)(2.51x10° J/kg-K)(30.0 K).
0=7.15%x10° J.
(d) AU=0-W =7.15x10° J to three figures.
(e) Under these conditions # is much less than Q and there is no substantial difference between ¢;, and c -~

EVALUATE: AU =Q—W is valid for any material. For liquids the expansion work is much less than Q.
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19.56.  IDENTIFY: AV =JBV,AT. W = pAV since the applied pressure (air pressure) is constant. Q =mc,AT.
AU=0-W.
SETUP: For copper, 8=5.1x10" (C°), ¢, =390 J/kg-K and p =8.90x10> kg/m’.
EXECUTE: (a) AV = ATV, =(5.1x107>(C°)")(70.0 C°)(2.00x1072 m)* =2.86x1075 m®.
(b) W = pAV =2.88x1073 J.
(€) O =me,AT = pVyc,AT =(8.9%x10° kg/m’)(8.00x107° m*)(390 J/kg-K)(70.0 C°) =1944 1.
(d) To three figures, AU =0 =1940 J.

(e) Under these conditions, the difference is not substantial, since /# is much less than Q.
EVALUATE: AU =(Q—W applies to any material. For solids the expansion work is much less than Q.
19.57.  IDENTIFY and SET UP: The heat produced from the reaction iS O,cpction = MLycaction> Where Liaction 1S the
heat of reaction of the chemicals.
Oreaction =W +AUgpray
EXECUTE: For a mass m of spray, W = %mv2 = %m(19 m/s)? = (180.5 J/kg)m and
AUgpray = Ospray = mcAT =m(4190 J/kg - K)(100°C —20°C) = (335,200 J/kg)m.
Then O,.yction = (180 J/kg+335,200 J/kg)m = (335,380 J/kg)m and O,caction = MLreaction 1Mplies

ereaction = (3359380 J/kg)m.

=3.4x10° J/kg.

EVALUATE: The amount of energy converted to work is negligible for the two significant figures to which the
answer should be expressed. Almost all of the energy produced in the reaction goes into heating the compound.

19.58.  IDENTIFY: The process is adiabatic. Apply p¥;” = p,V and pV =nRT. Q=0so

The mass m divides out and L, on

1
AU =-W = _F(prl = DpaVa).

SETUp: For helium, y=1.67. p, =1.00 atm =1.013x10° Pa. ¥ =2.00x10° m®.
P, =0.900 atm =9.117x10* Pa. 7; =288.15 K.

1.00 atm

1/1.67
=2.13x10° m’.
0.900 atm

1y
EXECUTE: (a) V] =V [ﬂj. V2=Vl[ﬂj =(2.00x10° m3)(
V) P2

(b) pV =nRT gives L=L
i Pl
3 3
r=n| 22| 2 |-@ss1s K)(O'900 atmj 20 W 5962k =3.0°C.
n )\ 1.00 atm J{ 2.00x10° m

(¢) AU =—$([1.013><105 Pa)(2.00x10° m?)]-[9.117x10* Pa)(2.13x10°> m*)]=—-1.25x107 J.

EVALUATE: The internal energy decreases when the temperature decreases.
19.59. IDENTIFY: For an adiabatic process of an ideal gas, TV}’ = T,V)~". pV =nRT.

SET UP: For air, y=1.40=1.

EXECUTE: (a) As the air moves to lower altitude its density increases; under an adiabatic compression,
the temperature rises. If the wind is fast-moving, Q is not as likely to be significant, and modeling the
process as adiabatic (no heat loss to the surroundings) is more accurate.

nRT

(b) V= , so T =10 gives T,V p;” =TJ p5 7. The temperature at the higher pressure is

T, =T;(p/p,)7 D" = (258.15 K)([8.12x10* Pa]/[5.60x10* Pa])?7 =287.1 K =13.9°C so the
temperature would rise by 11.9 C°.
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EVALUATE: In an adiabatic compression, Q = 0 but the temperature rises because of the work done on
the gas.
19.60. IDENTIFY: For constant pressure, W = pAV. For an adiabatic process of an ideal gas,

C,
W= ?V(prl —poVy) and pVi” = p.vy.

C C +C
SET UP: =_p=1’—V=]+£
CV CV CV

EXECUTE: (a) The pV-diagram is sketched in Figure 19.60.

W =psy {1 + %(2 - 22_7’)}. Note that p, is the absolute pressure.

(¢) The most direct way to find the temperature is to find the ratio of the final pressure and volume to the

Y Y
original and treat the air as an ideal gas. p; = p, {%) = pl[sz , since p; = p,. Then
3 3
V. v Y (7 1Y
=T, 223 =To(—2j [—3}%[—} 4=Ty(2.
nh ) h 2

. V . .
(d) Since n= pO—VO, 0= m(CV +R)(2Ty —Ty) = poVy S +1 |. This amount of heat flows into the gas,
RT, RT, R

since 0 >0.

EVALUATE: In the isobaric expansion the temperature doubles and in the adiabatic expansion the
temperature decreases. If the gas is diatomic, with y = %, 2- 7:% and T3 =1.527,, W =2.21pyV, and
0=3.50pyV,. AU =1.29pyV,,. AU >0 and this is consistent with an increase in temperature.

14

Figure 19.60

19.61. IDENTIFY: Assume that the gas is ideal and that the process is adiabatic. Apply Egs. (19.22) and (19.24)
to relate pressure and volume and temperature and volume. The distance the piston moves is related to the
volume of the gas. Use Eq. (19.25) to calculate 7.
(@) SETUP:  y=C,/Cy =(Cy +R)/Cy =1+ R/Cy; =1.40. The two positions of the piston are shown in

Figure 19.61.
I p =1.01x10° Pa
;,]Tz ’:jl | I1jz_=h4.A20><105 Pa+ p, =5.21x10° Pa
0.250 m = l Vl ;};A
= T, 2

l 1

Figure 19.61
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EXECUTE: adiabatic process: p V)" = p,V
i A7 = pyhf A7

v 1.01x10° Pa | ¥
hy=h| 2| =(0250 m)| =0.0774 m
D) 5.21x10° Pa

The piston has moved a distance /4 —/, =0.250 m—0.0774 m=0.173 m.
() TV =10
Lh A = nn T AT

7-1 0.40
n=r| M| 3001 K(mj =479.7 K =207°C
h 0.0774 m

(€) W =nCy(T,-T,) (Eq.19.25)

W =(20.0 mol)(20.8 J/mol-K)(300.1 K —479.7 K) =-7.47x10* J
EVALUATE: In an adiabatic compression of an ideal gas the temperature increases. In any compression
the work W is negative.

19.62. IDENTIFY: m= pV. The density of air is given by p = % For an adiabatic process, T}/}” 1= T2V27'_1.

pV =nRT

nRT

SETUp: Using V' =——in T/} =T,V " gives T,p| 7 =Topy 7.

EXECUTE: (a) The pV-diagram is sketched in Figure 19.62.
(b) The final temperature is the same as the initial temperature, and the density is proportional to the
absolute pressure. The mass needed to fill the cylinder is then

S
m=poy L= (123 kg/m®)(575x107¢ m) 1 2X10 T2

=1.02x107> kg.
Pair 1.01x10° Pa

Without the turbocharger or intercooler the mass of air at 7 =15.0°C and p =1.01x10° Pa in a cylinder is
m= poV =7.07% 107 kg. The increase in power is proportional to the increase in mass of air in the

1.02x107° kg

2 —1=0.44 = 44%.
7.07x107 kg

cylinder; the percentage increase is

(r=D/y
(¢) The temperature after the adiabatic process is 7, =T [&j . The density becomes
Py

T =n'r Vy
P=n [#J[&j = g)[&j [&j = pb(&j . The mass of air in the cylinder is
2 )\ P P P P

1.45x10° Pa

1/1.40
- =9.16x10"* kg,
1.01x10° Pa

m = (123 kg/m®)(575x107° m3)(
9.16x10* kg
7.07x10* kg

EVALUATE: The turbocharger and intercooler each have an appreciable effect on the engine power.

The percentage increase in power is 1=0.30=30%.
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Figure 19.62
19.63. IDENTIFY: In each case calculate either AU or Q for the specific type of process and then apply the first law.
(a) SET Up: isothermal (AT =0) AU=Q-W; W=43001J
For any process of an ideal gas, AU =nCj,AT.
EXECUTE: Therefore, for an ideal gas, if AT =0 then AU =0 and Q=W =+300 J.
(b) SET Up: adiabatic (Q =0)
AU=0-W; W=+3001J
EXECUTE: Q=0 says AU=-W=-3001]
(¢) SET UP: isobaric Ap =0
Use Wto calculate AT and then calculate Q.
EXECUTE: W = pAV =nRAT; AT =W/nR

0 =nC,AT and for a monatomic ideal gas C, = %R.
Thus Q0= n%RAT =(5Rn/2)(WInR)=5W/2=+7501J.

AU =nCyAT for any ideal gas process and C;, =C, —R = %R.

Thus AU =3W/2=+4501]
EVALUATE: 300 J of energy leaves the gas when it performs expansion work. In the isothermal process this
energy is replaced by heat flow into the gas and the internal energy remains the same. In the adiabatic process
the energy used in doing the work decreases the internal energy. In the isobaric process 750 J of heat energy
enters the gas, 300 J leaves as the work done and 450 J remains in the gas as increased internal energy.

19.64. IDENTIFY: pJV =nRT. For the isobaric process, W = pAV =nRAT. For the isothermal process,

W =nRTIn % .
Vi

SETUP: R=28.315J/mol-K

EXECUTE: (a) The pV diagram for these processes is sketched in Figure 19.64.

. T T T
(b) Find 7. For process 1 — 2, n, R and p are constant so I = iR =constant. —-=-2 and

n 1 2

T, = Tl[%j =(355K)(2)=710K.
1

(¢) The maximum pressure is for state 3. For process 2 — 3, n, R and T are constant. p,V, = p;V; and

P3=p) {%} =(2.40%x10° Pa)(2) =4.80x10° Pa.
3
(d) process 1 —2: W = pAV =nRAT =(0.250 mol)(8.315 J/mol-K)(710 K —355 K) =738 K.
process 2—3: W =nRTIn 7
V)
process 3—1: AV =0 and W =0.
The total work done is 738 J+(—1023 J) =-285 J. This is the work done by the gas. The work done on

the gas is 285 J.

j: (0.250 mol)(8.315 J/mol - K)(710 K)ln&j =-1023 1.
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EVALUATE: The final pressure and volume are the same as the initial pressure and volume, so the final
state is the same as the initial state. For the cycle, AU =0 and Q =W =-285J. During the cycle, 285 J of

heat energy must leave the gas.

Figure 19.64

19.65. IDENTIFY and SET UP: Use the ideal gas law, the first law and expressions for Q and W for specific types
of processes.
EXECUTE: (a) initial expansion (state 1 — state 2)
P =2.40x10° Pa, T, =355K, p,=2.40x10° Pa, V, =2,
pV =nRT; T/V = p/nR =constant, so T}/V, =T,/V, and T, =T,(V,/V}) =355 K(2V/V}) =710 K
Ap =0 so W = pAV =nRAT =(0.250 mol)(8.3145 J/mol-K)(710 K —355 K) =+738 J
0 =nC,AT =(0.250 mol)(29.17 J/mol - K)(710 K —355 K) =+2590 J
AU =0-W =2590J-7381=18501]
(b) At the beginning of the final cooling process (cooling at constant volume), 7 =710 K. The gas returns
to its original volume and pressure, so also to its original temperature of 355 K.
AV =0 so W=0
0 =nCyAT =(0.250 mol)(20.85 J/mol - K)(355 K—-710 K)=—-1850J
AU =0-W =-18501.
(c) For any ideal gas process AU =nCy,AT. For an isothermal process AT =0, so AU =0.

EVALUATE: The three processes return the gas to its initial state, so AU, =0; our results agree with this.

19.66. IDENTIFY: pV =nRT. For an adiabatic process of an ideal gas, T/} = o0
SET UP: For N,, y=1.40.

EXECUTE: (a) The pV-diagram is sketched in Figure 19.66.
(b) At constant pressure, halving the volume halves the Kelvin temperature, and the temperature at the
beginning of the adiabatic expansion is 150 K. The volume doubles during the adiabatic expansion, and

from Eq. (19.22), the temperature at the end of the expansion is (150 K)(1/ 2)0'40 =114K.

(¢) The minimum pressure occurs at the end of the adiabatic expansion (state 3). During the final heating
the volume is held constant, so the minimum pressure is proportional to the Kelvin temperature,

Prin = (1.80x10° Pa)(114K/300 K) = 6.82x10 Pa.
EVALUATE: In the adiabatic expansion the temperature decreases.

n

(]

Figure 19.66
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19.67. IDENTIFY: Use the appropriate expressions for O, Wand AU for each type of process. AU =Q—W can

also be used.
SETUP: For N,, () =20.76 J/mol-Kand C, =29.07 J/mol-K.

EXECUTE: (a) W = pAV =nRAT =(0.150 mol)(8.3145 J/mol-K)(-150 K) =-187 J,
0 =nC,AT =(0.150 mol)(29.07 mol-K)(—150 K) =—-654 J, AU =Q—W =-467 J.
(b) From Eq. (19.26), using the expression for the temperature found in Problem 19.66,

W= ﬁ(o. 150 mol)(8.3145 J/mol - K)(150 K)(1—(1/2°4°))=113 J. Q=0 for an adiabatic process, and

AU=Q0-W=-W=-1131].
(¢) AV =0, so W =0. Using the temperature change as found in Problem 19.66 part (b),
0 =nCy,AT =(0.150 mol)(20.76 J/mol-K)(300 K—-113.7 K)=580 Jand AU =Q-W =0 =5801.
EVALUATE: For each process we could also use AU =nCj,AT to calculate AU.
19.68. IDENTIFY: Use the appropriate expression for W for each type of process.
SET UP: For a monatomic ideal gas, y=5/3 and Cj, =3R/2.
EXECUTE: (a) W =nRT In(V,/V}) =nRTIn(3)=3.29 x10° J.
() 0=0 so W =—AU =-nCyAT. TV =Ty " gives T, =T;(1/3)*. Then
W =nCyT,(1-(1/3*"3)) = 2.33x10° 1.
(c) V, =3V}, so W=pAV =2pV; =2nRT} = 6.00x10° J.
(d) Each process is shown in Figure 19.68. The most work done is in the isobaric process, as the pressure is
maintained at its original value. The least work is done in the adiabatic process.
(e) The isobaric process involves the most work and the largest temperature increase, and so requires the
most heat. Adiabatic processes involve no heat transfer, and so the magnitude is zero.
(f) The isobaric process doubles the Kelvin temperature, and so has the largest change in internal energy.
The isothermal process necessarily involves no change in internal energy.

EVALUATE: The work done is the area under the path for the process in the pV-diagram. Figure 19.68
shows that the work done is greatest in the isobaric process and least in the adiabatic process.

”

% > (©
2

(@

. b

Figure 19.68

19.69. IDENTIFY: At equilibrium the net upward force of the gas on the piston equals the weight of the piston.
When the piston moves upward the gas expands, the pressure of the gas drops and there is a net downward
force on the piston. For simple harmonic motion the net force has the form F), =—ky, for a displacement y
k

from equilibrium, and f = L —.
2z \'m
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SETUP: pV =nRT. Tis constant.
(a) The difference between the pressure, inside and outside the cylinder, multiplied by the area of the
piston, must be the weight of the piston. The pressure in the trapped gas is pg + m—f =po+ m_g;

r

(b) When the piston is a distance /#+ y above the cylinder, the pressure in the trapped gas is

-1
(PO + m_ng h and for values of y small compared to 4, o = (1 + Z) ~1-2. The net force,
ot )\ h+y h+y h h

taking the positive direction to be upward, is then

W a e o

This form shows that for positive A, the net force is down; the trapped gas is at a lower pressure than the
equilibrium pressure, and so the net force tends to restore the piston to equilibrium.

2 2
2_ (pomer” +mg)/h =§[1+ PoTr J

(¢) The angular frequency of small oscillations would be given by @ P
m mg

) HN\1/2
oo 1 \/E et
2 27x\h mg
If the displacements are not small, the motion is not simple harmonic. This can be seen be considering

what happens if y ~—#h; the gas is compressed to a very small volume, and the force due to the pressure of

the gas would become unboundedly large for a finite displacement, which is not characteristic of simple
harmonic motion. If y >> % (but not so large that the piston leaves the cylinder), the force due to the

pressure of the gas becomes small, and the restoring force due to the atmosphere and the weight would
tend toward a constant, and this is not characteristic of simple harmonic motion.

EVALUATE: The assumption of small oscillations was made when was replaced by 1— y/h; this is
+y

accurate only when /A is small.
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