Solution Topic1

A heat source at 800 K loses 2000 kJ of heat to a sink at (a) 500 K and (b) 750 K.
Determine which heat transfer process is more irreversible.

SOLUTION Heat is transferred from a heat source to two heat sinks at different
temperatures. The heat transfer process that is more irreversible is to be determined.
Analysis A sketch of the reservoirs is shown in Fig. 7-9. Both cases involve heat
transfer through a finite temperature difference, and therefore both are irreversible.
The magnitude of the irreversibility associated with each process can be determined
by calculating the total entropy change for each case. The total entropy change for a
heat transfer process involving two reservoirs (a source and a sink) is the sum of the
entropy changes of each reservoir since the two reservoirs form an adiabatic system.
Or do they? The problem statement gives the impression that the two reservoirs
are in direct contact during the heat transfer process. But this cannot be the case
since the temperature at a point can have only one value, and thus it cannot be 800 K
on one side of the point of contact and 500 K on the other side. In other words,
the temperature function cannot have a jump discontinuity. Therefore, it is reason-
able to assume that the two reservoirs are separated by a partition through which the




temperature drops from 800 K on one side to 500 K (or 750 K) on the other. In that
case, the entropy change of the partition should also be considered when evaluating
the total entropy change for this process. However, considering that entropy is a prop-
erty and the values of properties depend on the state of a system, we can argue that the
entropy change of the partition is zero since the partition appears to have undergone
a steady process and thus experienced no change in its properties at any point. We
base this argument on the fact that the temperature on both sides of the partition and
thus throughout remains constant during this process. Therefore, we are justified to
assume that AS , ;, = 0 since the entropy (as well as the energy) content of the parti-
tion remains constant during this process.

The entropy change for each reservoir can be determined from Eq. 7-6 since each
reservoir undergoes an internally reversible, isothermal process.
(a) For the heat transfer process to a sink at 500 K:

AS ey = Qaouee - 200K _ 5 505
Ty 800K
AS = S = 200K _ 6 gk

sk 500K
and

+ AS,, = (2.5 + 4.0) KI/K = 1L5kJ/K

source

Sgen = AStotal = AS

Therefore, 1.5 kJ/K of entropy is generated during this process. Noting that both res-
ervoirs have undergone internally reversible processes, the entire entropy generation
took place in the partition.

(b) Repeating the calculations in part (a) for a sink temperature of 750 K, we obtain

AS,,.. = —2.5kI/K
AS,., =2.7KI/K

and
Sgerl = AS, .y = (2.5 + 2.7)kKI/K = 0.2kJ/K

The total entropy change for the process in part (b) is smaller, and therefore it is less
irreversible. This is expected since the process in (b) involves a smaller temperature
difference and thus a smaller irreversibility.

Discussion The irreversibilities associated with both processes could be elimi-
nated by operating a Carnot heat engine between the source and the sink. For this case
it can be shown that AS,,, = 0.

Solution Topic 2



I A rigid tank contains 5 kg of refrigerant-134a initially at 20°C and 140 kPa. The
I refrigerant is now cooled while being stirred until its pressure drops to 100 kPa.
Determine the entropy change of the refrigerant during this process.

SOLUTION The refrigerant in a rigid tank is cooled while being stirred. The
entropy change of the refrigerant is to be determined.
Assumptions The volume of the tank is constant and thus v, = v,.
Analysis We take the refrigerant in the tank as the system (Fig. 7-12). This is a
closed system since no mass crosses the system boundary during the process. We
note that the change in entropy of a substance during a process is simply the differ-
ence between the entropy values at the final and initial states. The initial state of the
refrigerant is completely specified.

Recognizing that the specific volume remains constant during this process, the
properties of the refrigerant at both states are

P, = 140kPa) s, = 1.0625 kJ/kg-K
State 1: o }
T, =20°C v, = 0.16544 m?/kg
- v, = 0.0007258 m?/k
State 2: Po="100 kPa} ¥ g
UV, =V, v, = 0.19255 m*/kg

The refrigerant is a saturated liquid—vapor mixture at the final state since U, < U, < U,
at 100 kPa pressure. Therefore, we need to determine the quality first:

v = U, = Uy 0.16544 — 0.0007258

7 vy,  0.19255 - 0.0007258

8

TABLE A-13

Superheated refrigerant-134a

= (.859

T U u h s 7] u h s 7] u h s
HC m/kg kl/kg kl/kg kl/kgK | mikg kl/kg K/kg KkgK | m¥kg kl/kg kl/kg kl/kgK
P =0.06 MPa (T, = —36.95°C) P =0.10 MPa (T, = —26.37°C) P =0.14 MPa (T, = —18.77°C)

Sat. 031108 209.13 227.80 0.9645 0.19255 215.21 23446 0.9519 0.14020 219.56 239.19  0.9447
-20 033608 220.62 240.78 1.0175 0.19841 219.68 239.52 0.9721
-10 035048 227.57 248.60 1.0478 0.20743  226.77 247.51 1.0031 0.14605 225.93 24637 09724
0 036476 234.67 256.56 1.0775 0.21630 233.97 255.60 1.0333 0.15263 23325 25461 1.0032
10 037893 241.94 264.68 1.1067 | 022506 241.32 263.82 1.0628 0.15908 240.68 26295 1.0331
20 039302 249.37 27295 1.1354 | 0.23373 248.81 272.18 1.0919 0.16544 248.24 27140 1.0625
30 0.40705 256.97 281.39 1.1637 | 0.24233 256.46 280.69 1.1204 0.17172 255.95 279.99 1.0913
40 042102 26473 289.99 1.1916 | 0.25088 264.27 289.36 1.1485 0.17794 263.80 288.72 1.1196
50 043495 272.66 298.75 1.2192 | 025937 27224 298.17 1.1762 0.18412 271.81 29759 1.1475
60 0.44883 280.75 307.68 1.2464 | 0.26783 280.36 307.15 1.2036 0.19025 279.97 306.61 1.1750
70 0.46269 289.01 316.77 1.2732 | 0.27626 288.65 316.28 1.2306 0.19635 288.29 315.78 1.2021
80 047651 29743 326.02 1.2998 028465 297.10 32557 1.2573 020242 296.77 325.11 12289
90 0.49032 306.02 33543 1.3261 029303 305.71 335.01 1.2836 0.20847 30540 33459 12554
100 050410 314.76 345.01 1.3521 0.30138 314.48 344.61 1.3097 021449 314.19 34422 1.2815




§y = 8; + x5, = 0.07182 + (0.859)(0.88008) = 0.8278 kl/kg-K
Then, the entropy change of the refrigerant during this process is

AS = m(s, — 5,) = (5 kg)(0.8278 — 1.0625) kl/kg-K
= —1.173 kJ/K
Discussion The negative sign indicates that the entropy of the system is decreasing

during this process. This is not a violation of the second law, however, since it is the
entropy generation S, that cannot be negative.

Solution Topic 3

Steam enters an adiabatic turbine at 5 MPa and 450°C and leaves at a pressure of
1.4 MPa. Determine the work output of the turbine per unit mass of steam if the pro-
cess is reversible.

SOLUTION Steam is expanded in an adiabatic turbine to a specified pressure in a
reversible manner. The work output of the turbine is to be determined.
Assumptions 1 This is a steady-flow process since there is no change with time at
any point and thus Amy = 0, AE., = 0, and AS, = 0. 2 The process is reversible.
3 Kinetic and potential energies are negligible. 4 The turbine is adiabatic and thus
there is no heat transfer.
Analysis We take the turbine as the system (Fig. 7-15). This is a control volume
since mass crosses the system boundary during the process. We note that there is only
one inlet and one exit, and thus m;, =m, =m.

The power output of the turbine is determined from the rate form of the energy
balance,

/,O (steady) _ 0

Ein - Eout = dE system/ dt
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies
Ein = Eout
mh,= W, + mh, (since Q = 0,ke = pe = 0)

Wi = ’h(hl - hz)

out



Superheated water (Continued)

T v u h 5 v u h s v u h s

°C mikg kl/kkg  kl/kg kl/kg K | m’/kg kl’kg kl’kg  klkgK | m¥/kg ki/kg klkg  kl/kg'K

P = 4.0 MPa (250.35°C) P = 4.5 MPa (257.44°C) P =5.0 MPa (263.94°C)

Sat. 0.04978 2601.7 2800.8 6.0696 | 0.04406 2599.7 2798.0 6.0198 | 0.03945 2597.0 27942 5.9737
275  0.05461 26689 2887.3 6.2312 | 0.04733 26514 28644 6.1429 | 0.04144 26323 2839.5 6.0571
300 0.05887 2726.2 2961.7 6.3639 | 0.05138 2713.0 29442 6.2854 | 0.04535 2699.0 29257 6.2111
350 0.06647 2827.4 30933 6.5843 | 0.05842 2818.6 3081.5 6.5153 | 0.05197 2809.5 30693 6.4516
400  0.07343 2920.8 32145 6.7714 | 0.06477 29142 3205.7 6.7071 | 0.05784 2907.5 3196.7 6.6483
450  0.08004 3011.0 3331.2 6.9386 | 0.07076 3005.8 33242 6.8770 | 0.06332 3000.6 33172 6.8210
500 0.08644 3100.3 3446.0 7.0922 0.07652 3096.0 34404 7.0323 | 0.06858 3091.8 34347 6.9781
600 0.09886 3279.4 36749 7.3706 0.08766 3276.4 36709 7.3127 0.07870 32733 36669 7.2605
700  0.11098 3462.4 39063 7.6214 | 0.09850 3460.0 3903.3 7.5647 | 0.08852 3457.7 39003 7.5136
800  0.12292 3650.6 41423 7.8523 | 0.10916 3648.8 4140.0 7.7962 | 0.09816 36469 4137.7 7.7458
900  0.13476 3844.8 43839 8.0675 | 0.11972 3843.3 4382.1 8.0118 | 0.10769 3841.8 43802 7.9619

1000  0.14653 4045.1 4631.2 8.2698 | 0.13020 40439 4629.8 8.2144 | 0.11715 4042.6 46283 8.1648

1100  0.15824 42514 48844 84612 | 0.14064 42504 48832 84060 | 0.12655 42493 4882.1 8.3566

1200 0.16992 4463.5 51432 8.6430 | 0.15103 4462.6 51422 8.5880 | 0.13592 4461.6 51413 8.5388

1300  0.18157 46809 5407.2 8.8164 | 0.16140 4680.1 54065 8.7616 | 0.14527 4679.3 54057 8.7124

Superheated water (Continued)

T v u h s v u h 5 v u h g

°C m¥kg klkg  kl’kg  kl/kgK | m¥kg kl/kg kK/kg K/kgK | mikg kl/kg klkg  kl/kgK

P =1.00 MPa (179.88°C) P =1.20 MPa (187.96°C) P =1.40 MPa (195.04°C)

Sat. 0.19437 2582.8 2777.1 6.5850 | 0.16326 2587.8 2783.8 6.5217 | 0.14078 2591.8 27889 6.4675
200 0.20602 26223 28283 6.6956 | 0.16934 26129 2816.1 6.5909 | 0.14303 2602.7 2803.0 6.4975
250 023275 27104 2943.1 6.9265 | 0.19241 27047 29356 6.8313 | 0.16356 2698.9 29279 6.7488
300 0.25799 2793.7 3051.6 7.1246 | 0.21386 2789.7 3046.3 7.0335 | 0.18233 2785.7 30409 6.9553
350 0.28250 2875.7 31582 7.3029 | 0.23455 28727 31542 7.2139 | 0.20029 2869.7 3150.1 7.1379
400 030661 2957.9 32645 7.4670 | 0.25482 29555 3261.3 7.3793 | 0.21782 2953.1 3258.1 7.3046
500 035411 3125.0 3479.1 7.7642 | 0.29464 31234 3477.0 7.6779 | 0.25216 3121.8 34748 7.6047
600 040111 32975 3698.6 8.0311 | 0.33395 3296.3 3697.0 7.9456 | 0.28597 3295.1 36955 7.8730
700 0.44783 3476.3 3924.1 8.2755 | 0.37297 34753 39229 8.1904 | 0.31951 34744 3921.7 8.1183
800 0.49438 3661.7 4156.1 8.5024 | 0.41184 3661.0 41552 8.4176 | 0.35288 3660.3 41543 8.3458
900 0.54083 38539 43948 8.7150 | 0.45059 3853.3 4394.0 8.6303 | 0.38614 3852.7 4393.3 8.5587

1000 0.58721 40527 4640.0 8.9155 | 0.48928 4052.2 46394 8.8310 | 041933 4051.7 4638.8 8.7595

1100  0.63354 42579 48914 9.1057 | 0.52792 4257.5 4891.0 9.0212 | 0.45247 4257.0 4890.5 8.9497

1200  0.67983 4469.0 51489 9.2866 | 0.56652 4468.7 5148.5 9.2022 | 0.48558 44683 5148.1 9.1308

1300  0.72610 4685.8 54119 9.4593 | 0.60509 4685.5 5411.6 9.3750 | 0.51866 4685.1 5411.3 9.3036

The inlet state is completely specified since two properties are given. But only one
property (pressure) is given at the final state, and we need one more property to fix
it. The second property comes from the observation that the process is reversible and
adiabatic, and thus isentropic. Therefore, s, = s,, and

P, =5MPaY h, =3317.2kl/kg
State 1:
T, = 450°C J s, = 6.8210 ki/kg:K
P,=1.4MP
State 2: L a} h, = 2967.4 K)/kg
2 — V1

Then, the work output of the turbine per unit mass of the steam becomes

W, = h, — h, = 33172 — 2967.4 = 349.8 kJ/kg



Solution Topic 4

Consider steady heat transfer through a 5-m X 7-m brick wall of a house of thickness
30 cm. On a day when the temperature of the outdoors is 0°C, the house is maintained
at 27°C. The temperatures of the inner and outer surfaces of the brick wall are mea-
sured to be 20°C and 5°C, respectively, and the rate of heat transfer through the wall
is 1035 W. Determine the rate of entropy generation in the wall and the rate of total
entropy generation associated with this heat transfer process.

SOLUTION Steady heat transfer through a wall is considered. For specified heat
transfer rate, wall temperatures, and environment temperatures, the entropy genera-
tion rate within the wall and the total entropy generation rate are to be determined.
Assumptions 1 The process is steady, and thus the rate of heat transfer through the
wall is constant. 2 Heat transfer through the wall is one-dimensional.
Analysis We first take the wall as the system (Fig. 7-64). This is a closed sys-
tem since no mass crosses the system boundary during the process. We note that the
entropy change of the wall is zero during this process since the state and thus the
entropy of the wall do not change anywhere in the wall. Heat and entropy are entering
from one side of the wall and leaving from the other side.

The rate form of the entropy balance for the wall simplifies to

. . _ . 0 (steady)
S in — S ot T N gen =dS system/ dt
N— —— D
Rate of net entropy Rate of entropy Rate of change
transfer by heat generation in entropy

and mass

(G- ()
Tin Tout :

1035W 1035 W +5.=0
293 K 278 K .




Therefore, the rate of entropy generation in the wall is

Sgen = 0.191 W/K

Note that entropy transfer by heat at any location is Q/T at that location, and the direc-
tion of entropy transfer is the same as the direction of heat transfer.

To determine the rate of total entropy generation during this heat transfer process,
we extend the system to include the regions on both sides of the wall that experience
a temperature change. Then, one side of the system boundary becomes room tempera-
ture while the other side becomes the temperature of the outdoors. The entropy bal-
ance for this extended system (system + immediate surroundings) is the same as that
given above, except the two boundary temperatures are now 300 and 273 K instead of
293 and 278 K, respectively. Then the rate of total entropy generation becomes

1035 W _ 1035W ¢

=0 - S
300 K 273 K gen.iotal

gen,total

= 0.341 W/K

Discussion Note that the entropy change of this extended system is also zero
since the state of air does not change at any point during the process. The difference
between the two entropy generations is 0.150 W/K, and it represents the entropy gen-
erated in the air layers on both sides of the wall. The entropy generation in this case is
entirely due to irreversible heat transfer through a finite temperature difference.



