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The English unit problems are:

The correspondence between the new English unit problem set and the previous
5th edition chapter 10 problem set with the current set of SI problems.

New 5" SI New 5" SI New 5" SI
107 new 12 120 65 42 133 new 82
108 new 14 121 68 43 134 new 71
109 new 15 122 64 44 135  77mod 74
110 new 16 123 67 45 136 78 76
111 new 18 124  86b 50 137  79mod 78
112 new 20 125 70 51 138 81 79
113 69 22 126 73 52 139  new 87
114 62 24 127 74 53 140  new 89
115 new 23 128 76 61 141 61 96
116 66 32 129  new 63 142 80 97
117 86a 34 130 71 65 143 82 99
118 new 37 131 72 67 144  new -

119 63 39 132 75 68 145 87 104
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Concept-Study Guide Problems

10.1

10.2

10.3

10.4

Can I have any energy transfer as heat transfer that is 100% available?

By definition the possible amount of work that can be obtained equals the
exergy (availability). The maximum is limited to that out of a reversible heat
engine, if constant T then that is the Carnot heat engine

To
W= (1 T )Q
So we get a maximum for an infinite high temperature T, where we approach an
efficiency of one. In practice you do not have such a source (the closest would be
solar radiation) and secondly no material could contain matter at very high T so a
cycle process can proceed (the closest would be a plasma suspended by a
magnetic field as in a tokamak).

Is energy transfer as work 100% available?

Yes. By definition work is 100% exergy or availability.

We cannot create nor destroy energy, but how about available energy?

Yes. Every process that is irreversible to some degree destroys exergy.
This destruction is directly proportional to the entropy generation.

Energy can be stored as internal energy, potential energy or kinetic energy. Are
those energy forms all 100% available?

The internal energy is only partly available, a process like an expansion
can give out work or if it cools by heat transfer out it is a Q out that is only partly
available as work. Potential energy like from gravitation, mgH, or a compressed
spring or a charged battery are forms that are close to 100% available with only
small losses present. Kinetic energy like in a fly-wheel or motion of a mass can
be transferred to work out with losses depending on the mechanical system.
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10.6

10.7

10.8

10.9
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All the energy in the ocean is that available?

No. Since the ocean is at the ambient T (it is the ambient) it is not possible
to extract any work from it. You can extract wave energy (wind generated kinetic
energy) or run turbines from the tide flow of water (moon generated kinetic
energy). However, since the ocean temperature is not uniform there are a few
locations where cold and warmer water flows close to each other like at different
depths. In that case a heat engine can operate due to the temperature difference.

Does a reversible process change the availability if there is no work involved?

Yes. There can be heat transfer involved and that has an availability
associated with it, which then equals the change of availability of the substance.

Is the reversible work between two states the same as ideal work for the device?

No. It depends on the definition of ideal work. The ideal device does not
necessarily have the same exit state as the actual device. An ideal turbine is
approximated as a reversible adiabatic device so the ideal work is the isentropic
work. The reversible work is between the inlet state and the actual exit state that
do not necessarily have the same entropy.

When is the reversible work the same as the isentropic work?

That happens when the inlet and exit states (or beginning and end states)
have the same entropy.

If T heat some cold liquid water to T, do I increase its availability?

No. You decrease its availability by bringing it closer to T, where it has

zero availability, if we neglect pressure effects. Any substance at a T different
from ambient (higher or lower) has a positive availability since you can run a heat
engine using the two temperatures as the hot and cold reservoir, respectively. For
a T lower than the ambient it means that the ambient is the hot side of the heat
engine.
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Are reversible work and availability (exergy) connected?

Yes. They are very similar. Reversible work is usually defined as the
reversible work that can be obtained between two states, inlet-exit or beginning to
end. Availability is a property of a given state and defined as the reversible work
that can be obtained by changing the state of the substance from the given state to
the dead state (ambient).

Consider availability (exergy) associated with a flow. The total exergy is based on
the thermodynamic state, the kinetic and potential energies. Can they all be
negative?

No. By virtue of its definition kinetic energy can only be positive. The
potential energy is measured from a reference elevation (standard sea level or a
local elevation) so it can be negative. The thermodynamic state can only have a
positive exergy the smallest it can be is zero if it is the ambient dead state.
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10.12
A flow of air at 1000 kPa, 300 K is throttled to 500 kPa. What is the
irreversibility? What is the drop in flow availability?

A throttle process is constant enthalpy if we neglect kinetic energies.

Process: h,=h; soidealgas => T.=Tj;

P

Entropy Eq.: =g =g OR1&=OR1—G
ntropy Eq.: - Se - 8 = Sgen = Spe - S ~RInp =0 -RInp

Sgen = - 0.287 In (500 / 1000) = 0.2 kJ/kg K
EQ.10.11:  i=T,Sgn= 298 0.2=59.6 ki/kg

The drop in availability is exergy destruction, which is the irreversibility
Ay =1=59.6 kJ/kg

A* AT
10004 ! Pi P,
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10.13
A steam turbine inlet is at 1200 kPa, 500°C. The actual exit is at 300 kPa with an
actual work of 407 kJ/kg. What is its second law efficiency?

The second law efficiency is the actual work out measured relative to the
reversible work out, Eq. 10.29.

Steam turbine ~ T,=25°C=298.15K

Inlet state: Table B.1.3 h; =3476.28 kl/kg; s;="7.6758 kl/kg K
Actual turbine energy Eq.: h, =h; - w,. =3476.28 — 407 = 3069.28 kl/kg
Actual exit state: Table B.1.3 T.=300°C; s,=7.7022 kl/kg K

From Eq.10.9,
WV = (h; - Tosp) — (he - Tose) = (h; - he) + To(se - 57)
= (3476.28 — 3069.28) + 298.15(7.7022 — 7.6758)
=407 + 7.87 = 414.9 kl/kg

N1 = Wao/ W' = 407 / 414.9 = 0.98
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10.14
A heat exchanger increases the availability of 3 kg/s water by 1650 kJ/kg using 10
kg/s air coming in at 1400 K and leaving with 600 kJ/kg less availability. What
are the irreversibility and the second law efficiency?

C.V. Heat exchanger, steady flow 1 inlet 4 2

and 1 exit for air and water each. The - |

two flows exchange energy with no heat | air

transfer to/from the outside. 3 water
>

The irreversibility is the destruction of exergy (availability) so
I = D geseruction = Pin - Poyr = 10 x 600 — 3 x 1650 = 1050 kW

The second law efficiency, Eq.10.32

. . 3 x 1650
T]H = CDOut / (I)in = 10 x 600 =0.825



Sonntag, Borgnakke and van Wylen

10.15
A heat engine receives 1 kW heat transfer at 1000 K and gives out 600 W as work
with the rest as heat transfer to the ambient. What are the fluxes of exergy in and
out?

- TOJ : ( 298.15)
Exergy flux in: ®y= |1 -7 = 1-—"5on | | kKW = 0.702 kW
gy H ( Ty Qu 1000
. T,) .
Exergy flux out: @ =|1 —T—L QL=0 (TL=T,)

The other exergy flux out is the power Ci)out =W =0.6 kW

\. 1000K

Q= 1kW

4-@@
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10.16
A heat engine receives 1 kW heat transfer at 1000 K and gives out 600 W as work
with the rest as heat transfer to the ambient. Find its first and second law
efficiencies.

First law efficiency is based on the energies
<. 0.6
Ny =W/Qyu= - —06
The second law efficiency is based on work out versus availability in

s To) - 298.15
Exergy flux in: @y = (1 —ﬁj Q= (1 ~ 71000 ) 1 kW= 0.702 kW

Notice the exergy flux in is equal to the Carnot heat engine power output given 1
kW at 1000 K and rejecting energy to the ambient.

\. 1000K

10.17
Is the exergy equation independent of the energy and entropy equations?

No. The exergy equation is derived from the other balance equations by
defining the exergy from the state properties and the reference dead state.
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10.18
A heat pump has a coefficient of performance of 2 using a power input of 2 kW.

Its low temperature is T, and the high temperature is 80°C, with an ambient at T,
Find the fluxes of exergy associated with the energy fluxes in and out.

First let us do the energies in and out

COP=B=—" => Qu=BW=2x2kW=4kW

Energy Eq.: QLZQH—W=4—2=2kW

. T, .
Exergy flux in: @ = (1 —T_I(j QL=0 (TL=T,)

Exergy flux in: d)W =W =2kW

: To) 298.15
Exergy flux out: @y = (1 _ﬁj Q= (1 - 353.15) 4 kW = 0.623 kW

Remark: The process then destroys (2 — 0.623) kW of exergy.
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Use the exergy balance equation to find the efficiency of a steady state Carnot
heat engine operating between two fixed temperature reservoirs?

The exergy balance equation, Eq.10.36, for this case looks like

TO . TO . .
0=|1-7)Qu-|1-7, ] Q-W+0+0-0-0

Steady state (LHS = 0 and dV/dt = 0, no mass flow terms, Carnot cycle so
reversible and the destruction is then zero. From the energy equation we have

0=Qu-QL-W
which we can subtract from the exergy balance equation to get
T T

0 ~ 0~

0= _THQH+TLQL
Solve for one heat transfer in terms of the other

. Ty .

QL - TH QH
The work from the energy equation is

. . . . T
W = - = -7
Qu-QL=0QquI Ty ]

from which we can read the Carnot cycle efficiency as we found in Chapter 7.



Sonntag, Borgnakke and van Wylen

10.20
Find the second law efficiency of the heat pump in problem 10.18.

The second law efficiency is a ratio of exergies namely what we want out
divided by what we have to put in. Exergy from first term on RHS Eq. 10.36

: T,) . : :
Dy = (l—ﬁjQH; Qu=PW=2x2kW=4kW
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Available Energy, Reversible work

10.21
Find the availability of 100 kW delivered at 500 K when the ambient is 300 K.

Solution:

The availability of an amount of heat transfer equals the possible work that
can be extracted. This is the work out of a Carnot heat engine with heat
transfer to the ambient as the other reservoir. The result is from Chapter 7 as
also shown in Eq. 10.1 and Eq. 10.36

by To . 300
(D:WrevHE:(l_T)Q:(I—SOO)IOOI{W=40](W
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10.22
A control mass gives out 10 kJ of energy in the form of
a. Electrical work from a battery
b. Mechanical work from a spring
c. Heat transfer at 500°C

Find the change in availability of the control mass for each of the three cases.

Solution:
a) Work is availability AD =-W, =-10kJ
b) Work is availability AD = —Wring =-10 kJ
c) Give the heat transfer to a Carnot heat engine and W is availability

To 298.15
AD=—[1- T, ] Quu= —(1 - 773.15) 10 =—6.14 kJ
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10.23
A heat engine receives 5 kW at 800 K and 10 kW at 1000 K rejecting energy by
heat transfer at 600 K. Assume it is reversible and find the power output. How
much power could be produced if it could reject energy at T, = 298 K?

Solution:
C.V. The heat engine, this is in steady state. Q 1 Q 9
Energy Eq.: 0=Q;+Q,-Qp-W l

Entropy Eq.: 0—Tl +T2—TL+O |:> O

Now solve for QL from the entropy equation

o Tp . T . 600 600
Qu=7, Qi 7, Q=500 %5 +7pgp X 107975 kW

Substitue into the enrgy equation and solve for the work term

W=0Q;+0Q,-Qp=5+10-9.75=525 kW
For a low temperature of 298 K we can get

. 298 .
QL2 = 6#.0 QL =4.843 kW

W=0Q;+Q,—Qp =5+10-4.843=10.16 kW

Remark: Notice the large increase in the power output.
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10.24
The compressor in a refrigerator takes refrigerant R-134a in at 100 kPa, —20°C

and compresses it to 1 MPa, 40°C. With the room at 20°C find the minimum
compressor work.

Solution:
1
C.V. Compressor out to ambient. Minimum work in
is the reversible work.
. . => 2
Steady flow, 1 inlet and 2 exit W
“C

Energy Eq.: w,=h; -h, +q"¥
Entropy Eq.: s, =s;+ qu/T +8gen =81 +qV/Ty +0
= =To(s; )
We min = hl - h2 + TO(SZ - Sl)
=387.22 - 420.25 +293.15 x (1.7148 - 1.7665)
=-48.19 kJ/kg
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10.25
Find the specific reversible work for a steam turbine with inlet 4 MPa, 500°C and

an actual exit state of 100 kPa, x = 1.0 with a 25°C ambient.

Solution:
Steam turbine ~ T,=25°C=298.15K

Inlet state: Table B.1.3 h; =3445.2 kJ/kg; s;=7.090 kl/kg K
Exit state: Table B.1.2 ~ h,=2675.5klJ/kg; s,=7.3593 kl/kg K
From Eq.9.39,
Wi = (h; - Tgs;) — (h - Tgse) = (h - h) + Tofse - 5)
= (3445.2 - 2675.5) + 298.2(7.3593 — 7.0900)
=769.7 + 80.3 = 850.0 kJ/kg

A
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10.26

Calculate the reversible work out of the two-stage turbine shown in Problem 6.82,
assuming the ambient is at 25°C. Compare this to the actual work which was
found to be 18.08 MW.

C.V. Turbine. Steady flow, 1 inlet and 2 exits.

Use Eq. 10.12 for each flow stream with q =0 for adiabatic turbine.
1

Supply state 1: 20 kg/s at 10 MPa, 500°C

Process steam 2: 5 kg/s, 0.5 MPa, 155°C,
Exit state 3: 20 kPa, x=0.9
Table B.1.3: h; =3373.7, hy=2755.9 kl/kg,

2

D Wy

Table B.1.2: h3=251.4+0.9 x2358.3 =2373.9 kl/kg,
s3=0.8319+ 0.9 x 7.0766 = 7.2009 kJ/kg K

wrev = (rhlhl - rhzhz - rh3h3) - To(rhlsl - Ihzsz - 1’i13S3)

= 20 x3373.7-5x2755.9-15x2373.9
—298.15 (20 x 6.5966 - 5 x 6.8382 + 15 x 7.2009)

= 21.14 MW = W2 + O™V = 18084 kW + 3062.7 kW
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A household refrigerator has a freezer at T and a cold space at T from which
energy is removed and rejected to the ambient at T, as shown in Fig. P10.27.
Assume that the rate of heat transfer from the cold space, QC, is the same as from

the freezer, QF, find an expression for the minimum power into the heat pump.

Evaluate this power when T = 20°C, T = 5°C, T = -10°C, and QF =3 kW.

Solution:
C.V. Refrigerator (heat pump), Steady, no Q C QF
external flows except heat transfer. l l

Energy Eq.:  Qp+Q,+W=0Q, <= W
(amount rejected to ambient) REF :> .
Qa
Reversible gives minimum work in as from Eq. 10.1 or 10.9 on rate form.

oo Tal, . Ta 293.15 293.15
W_Ql{l _TF}QC{I _TJ _3[1 _263.15} +3[1 _278.15}

=-0.504 KW (negative so work goes in)
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10.28
Find the specific reversible work for a R-134a compressor with inlet state of
—20°C, 100 kPa and an exit state of 600 kPa, 50°C. Use a 25°C ambient
temperature.

Solution:

This is a steady state flow device for which the reversible work is given by
Eq.10.9. The compressor is also assumed to be adiabatic so q =10

W =To(se - 8) - (he - hy)
Table B.5.2: h; =387.22 kJ/kg;  s;=1.7665 kl/kg K
h, =438.59 kl/kg; s, =1.8084 klJ/kg K

w'v =298.15 (1.8084 - 1.7665) - (438.59 - 387.22) = -38.878 kJ/kg
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10.29
An air compressor takes air in at the state of the surroundings 100 kPa, 300 K.

The air exits at 400 kPa, 200°C at the rate of 2 kg/s. Determine the minimum
compressor work input.

C.V. Compressor, Steady flow, minimum work in is reversible work.
vy, = 0 at ambient conditions
S0 - 82 = St, - ST, - R In(Py/Py)
=6.86926 - 7.3303 - 0.287 In(100/400) = -0.06317 kl/kg K
Wy, =h, - hy + Ty(sg - s,) =475.79 - 300.473 + 300 (-0.06317)
=156.365 kl/kg
“WREY = m(y, - y)) =312.73 kW =W,
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10.30

A steam turbine receives steam at 6 MPa, 800°C. It has a heat loss of 49.7 kJ/kg
and an isentropic efficiency of 90%. For an exit pressure of 15 kPa and

surroundings at 20°C, find the actual work and the reversible work between the
inlet and the exit.

C.V. Reversible adiabatic turbine (isentropic)
wr=h;-hgg ; Ses = 8= 7.6566 kJ/kg K,  h;=4132.7 kl/kg
Xes = (7.6566 - 0.7548)/7.2536 = 0.9515,
he s =225.91 +0.9515%2373.14 = 2483.9 kl/kg
wr s =4132.7 - 2483.9 = 1648.79 kJ/kg
C.V. Actual turbine
W e = MW ¢ = 1483.91 kJ/kg
=h; - hepe - dioss =
he ac = Dy = Qiogs = W oc =4132.7 - 49.7 - 1483.91 = 2599.1 kl/kg
Actual exit state: P,h = sat. vap., s, =8.0085 kJ/kg K
C.V. Reversible process, work from Eq.10.12

kJ
QR = Ty (Se.ac - 87) = 293.15 x (8.0085 - 7.6566) = 103.15 "

WR = h; - hy oo + g = 4132.7 - 2599.1 + 103.16 = 1636.8 kJ/kg
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10.31

An air compressor receives atmospheric air at T = 17°C, 100 kPa, and
compresses it up to 1400 kPa. The compressor has an isentropic efficiency of
88% and it loses energy by heat transfer to the atmosphere as 10% of the
isentropic work. Find the actual exit temperature and the reversible work.

C.V. Compressor
h

e,S

-h S..=S:

Isentropic: w is Ses™ S

c,in,s

From table A.7.1 and entropy equation we get

s(fe = s(%i + R In (P/P;) = 6.83521 + 0.287 In(14) = 7.59262
Back interpolate in Table A.7: = h,(=617.23 kJ/kg

Weins — 017.23 - 290.43 = 326.8 kl/kg
cinac = Weing/Me = 371.36 ; qogs = 32.68 kl/kg

Wc,in,ac + hi = he,ac + ioss
=> hg 5o =290.43 + 371.36 - 32.68 = 629.1 kJ/kg
=> T, =621 K

Actual: w

Reversible: W' =h; - h .. + T(s, 5 - S;)
=290.43 - 629.1 +290.15 x (7.6120 - 6.8357)
=-338.67 +225.38 =-113.3 kJ/kg

Since q, 15 also to the atmosphere it is the net q exchanged with the ambient
that explains the change in s.
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Air flows through a constant pressure heating device, shown in Fig. P10.32. It is
heated up in a reversible process with a work input of 200 kJ/kg air flowing. The
device exchanges heat with the ambient at 300 K. The air enters at 300 K, 400
kPa. Assuming constant specific heat develop an expression for the exit
temperature and solve for it by iterations.

C.V. Total out to T,
Energy Eq.:  h; +qp' -w* =h,
Entropy Eq.:  s;+q5"/To=s, = qp’ =Ty(s3-5))
hy - hy =Ty(sy - s7) - w (same as Eq. 10.12)
Constant C,, gives: Cy(T, - T}) = T(C, In (T,/T;) + 200
The energy equation becomes

T 200
T,-T,In(72) =T, +
T, C,

T,=300K, C,=1004klkgK, T,=300K

T 2
T, -300 In (350) =300+ 00

1004~ 4993 K

Now trial and error on T,

At600 K LHS =392 (too low)

At800 K LHS =505.75
Linear interpolation gives T, =790 K (LHS =499.5 OK)



10.33

Sonntag, Borgnakke and van Wylen

A piston/cylinder has forces on the piston so it keeps constant pressure. It
contains 2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a
reversible heat engine that receives heat from a 200°C source. Find the work out of
the heat engine.

C.V. Ammonia plus heat engine

Energy: myy(uy -up) =1Qa200 - Whe - 1Wapiss N
NH
Entropy: mam(SZ - Sl) = 1Q2/ Tres +0 3

Process: P =const. = W, =P(v,-v))m,,

Substitute the piston work term and heat transfer
into the energy equation

| |

\
= = -s)T |
IQZ mam(sz Sl) res | ﬁ QL |

\

|

l

WH.E. = mam(sz - Sl)Tres - mam(hZ - hl) B t QH
7 200C N
Table B.2.2: h; =1508.5 kJ/kg, s;=5.1778 kl/kg K,

h, = 1664.3 kl/kg, s,=5.6342kI/kg K

Wip =2 x [(5.6342 - 5.1778)473.15 - (1664.3 - 1508.5)| = 120.3 kJ
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10.34

A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a
uniform final temperature with no external heat transfer by connecting the house
and rock bed through some heat engines. If the process is reversible, find the final
temperature and the work done in the process.

Solution:
Take C.V. Total (rockbed and heat engine)
Energy Eq.: Myock (U = Up) + Myo0q(Uy - Up) + Mee(uy - up) = - W)
Entropy Eq.: M, (S7 - S1) T My,004(S2 - 1) T Mpe(sy -81) =0

T, T, T,
(mc)rockln T_l + (mc)woodln T_l + (mC)Feln T_l =0

6000 x 0.89 In (T,/343.15) + 12000 x 1.26 In (T,/288.15)
+ 1000 x 0.46 In (T,/288.15) =0
= T,=3013K
Now from the energy equation

-1W, =6000 x 0.89(301.3 - 343.15)

+ (12000 x 1.26 + 460)(301.3 - 288.15)
= 1W2 = 18 602 kJ

]
O
L.
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An air flow of 5 kg/min at 1500 K, 125 kPa goes through a constant pressure heat
exchanger, giving energy to a heat engine shown in Figure P10.35. The air exits
at 500 K and the ambient is at 298 K, 100 kPa. Find the rate of heat transfer
delivered to the engine and the power the engine can produce.

Solution:
C.V. Heat exchanger
Continuity eq.: rhl = rhz ;

Energy Eq.6.12: l’i’llhl = rhlhz + QH

Table A.7.1: h; =1635.8 klJ/kg,
h, =503.36 kJ/kg, s; = 8.61209 kl/kg K

s, = 7.38692 kl/kg K /" Ambient \

. 5 ke kJ
Q= m(hy —hy) = 5575 (1635.8 —503.36) - = 94.37 kW

C.V. Total system for which we will write the second law.

Entropy Equation 9.8: m sp + Sgen =m Sy + QL/T0
Process:  Assume reversible Sgen =0, and P = C for air

O =T, m (s] — ) = 298 K%%g (8.61209 — 7.38692)

kJ
kg K

=30.425 kW
Energy equation for the heat engine gives the work as
W = Q- Q =94.37 - 30.425 = 63.9 kW
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Irreversibility

10.36
Calculate the irreversibility for the condenser in Problem 9.53 assuming an

ambient temperature at 17°C.
Solution:
C.V. Condenser. Steady state with no shaft work term.
Energy Equation 6.12: m h+Q= rhhe

Entropy Equation 9.8: ms; + Q/T+ Sy, =ms,

Properties are from Table B.1.2
h, =22591+0.9 x 2373.14 =2361.74 kJ/kg , h,=225.91 kl/kg

5;=0.7548 + 0.9 x 7.2536 = 7.283 kl/kg K, s, = 0.7548 kl/kg K

From the energy equation
Quui=-Q=m (h; —h,) =5(2361.74 - 225.91) = 10679 kW

From the entropy equation

Sgen=m (5¢ = 87) + Quu/T = 5(0.7548 — 7.283) + 10679/(273 + 17)

=-35.376 + 36.824 = 1.448 kKW/K
From Eq.10.11 times m,
[=T.S.. =290 x 1.448 = 419.9 kKW

o Pgen
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A constant pressure piston/cylinder contains 2 kg of water at 5 MPa and 100°C.

Heat is added from a reservoir at 700°C to the water until it reaches 700°C. We
want to find the total irreversibility in the process.

Solution:
C.V. Piston cylinder out to the reservoir (incl. the walls).

Energy Eq.:  m(up -uj)= Q- W
Entropy Eq.: m(sp - s1) = 1Qp/Tyes 152 gen

| H20 |

State 1: h; =422.71 kl/kg, s;=1.303 ki/kgK ‘ |

State 2:  hy =3900.13 kl/kg, s, =7.5122 kl/kgK ,T

Process: P=C => W,=P(V,-V ~ =
Wy =P(V,-V)) e

From the energy equation we get
1Q2 = m(u2 - ul) + 1W2 = m(hz - hl) = 2(390013 — 42271) =6954.8 kJ
From the entropy equation we get
1Q2 6954.8 kJ
152 gen = m(s2 - 81) —T =2(7.5122 -1.303) - 273+ 700 5.2717 K

€S

Now the irreversibility is from Eq. 10.19

) kJ
112 =m 112 = TO 182 gen: 298.15 K % 52717E: 1572 kJ
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10.38
Calculate the reversible work and irreversibility for the process described in

Problem 5.97, assuming that the heat transfer is with the surroundings at 20°C.

Solution:
1 Linear spring gives
2 Wy = fPdV :%(Pl +Py)(Vy- V)
- 1Q2 =m(uy -up) +; W,

Equation of state: PV =mRT
State 1: V; =mRT;/P; =2 x0.1889 x 673.15 /500 = 0.5087 m>

State 2: V, = mRTy/P, =2 x 0.1889 x 313.15 /300 = 0.3944 m’
Wy = %(500 +300)(0.3944 - 0.5087) = -45.72 kJ
From Figure 5.11: Cp(Tyye) =5.25R=0.99 = C,=0803=C,-R
For comparison the value from Table A.5 at 300 K 'is Cy, =0.653 kJ/kg K
1Q2 =mCy(T, - T) + W, =2 x 0.803(40 - 400) - 45.72 =-623.9 kJ

Iev

Wy =To(S2-S1)-(Uy-Up +1Qa (1 -Ty/Tp)
ac
=Tom(sy - s)+ W, -1Qy T/T,

= Tom[Cp In(T / Tp) — R In(Py / P)] + W5 - 1Q;
—293.15 x 2 [ 0.99 In(313/673) - 0.1889 In(300/500)] - 45.72 + 623.9
= 387.8-45.72 +623.9=190.4 kJ

v

=W, - Wy =190.4 - (-45.72) = 236.1 kJ
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10.39
A supply of steam at 100 kPa, 150°C is needed in a hospital for cleaning purposes
at a rate of 15 kg/s. A supply of steam at 150 kPa, 250°C is available from a
boiler and tap water at 100 kPa, 15°C is also available. The two sources are then
mixed in a mixing chamber to generate the desired state as output. Determine the
rate of irreversibility of the mixing process.

C.V. Mixing chamber, Steady flow
Continuity Eq.: m, + m, = m;
Energy Eq.: mjh; + myh, = m;h,
Entropy Eq.: rhlsl + rhzsz + Sgen = ri13s3

Table properties
B.1.1: h;=62.99 kl/kg, s;=0.2245kl/kgK

B.1.3: h,=2972.7kl/kg, s,=7.8437kJkgK
B.1.3: hy;=2776.4kl/kg, s;=7.6133 kl/kg K

From the energy equation we get

27764 -62.99
) =2972.7 - 62.99

m, = 13.988 kg/s, m;=1.012 kg/s

m,/m; = (hy - h,)/(h, - =0.9325

From the entropy equation we get

I'=ToSgen = To(mys; - mys, - mys,)
=298.15x (15x7.6133 - 1.012 x 0.2245 - 13.988 x 7.8437)
=1269 kW

.-m- CHAMBER S
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10.40
The throttle process in Example 6.5 is an irreversible process. Find the reversible

work and irreversibility assuming an ambient temperature at 25°C.

Solution:

C.V. Throttle. Steady state, adiabatic q = 0 and no shaft work w = 0.
Inlet state: B.2.1 h; =346.8 kl/kg; s;=1.2792kJkgK
Energy Eq.6.13: h, =h;

Exit state: B.2.1 P =291kPa, h,=h; which is two-phase

S = 8¢+ Xy = 0.5408 + 0.1638 x 4.9265 = 1.3478 kl/kg K

The reversible work is the difference in availability also equal to the
expression in Eq.10.9 or 10.36 and 10.37

WY =y - e = (h - Tgsp) — (he - Tose) = (hy - he) + T(se - 57)
=0+298.15(1.2792 - 1.3478) = 20.45 kJ/kg

1=w"-w=20.45-0=20.45 kJ/kg
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10.41
Two flows of air both at 200 kPa of equal flow rates mix in an insulated mixing
chamber. One flow is at 1500 K and the other is at 300 K. Find the irreversibility
in the process per kilogram of air flowing out.

C.V. Mixing chamber

Continuity Eq..: m; +m,=m;=2m,
Energy Eq.: m;h; + m;hy =2 m;h;
Entropy Eq.: mys; +m;s, + Sgen =2 ﬁ1153
Properties from Table A.7

hy = (h; + h,)/2 = (300.473 + 1635.8)/2 = 968.14 kl/kg
= sty =8.0474 kl/kg K

From the entropy equation

§,./2M, = 53 — (5] T $,)/2 = 8.0474 - (6.86926 + 8.61208)/2

gen'
=0.30673 kJ/kg K
i=1/2m; =TS, /2m; =298.15 x 0.30673 = 91.45 kJ/kg

gen

200 kPa

MIXING
CHAMBER
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Fresh water can be produced from saltwater by evaporation and subsequent
condensation. An example is shown in Fig. P10.42, where 150-kg/s saltwater,
state 1, comes from the condenser in a large power plant. The water is throttled to
the saturated pressure in the flash evaporator and the vapor, state 2, is then
condensed by cooling with sea water. As the evaporation takes place below
atmospheric pressure, pumps must bring the liquid water flows back up to P,
Assume that the saltwater has the same properties as pure water, the ambient is at
20°C and that there are no external heat transfers. With the states as shown in the
table below find the irreversibility in the throttling valve and in the condenser.

State 1 2 3 45 6 7 8
T[°C] 30 25 25 -~ 23 - 17 20
h[kikg] 12577 25472 96.5 7137  83.96
s[kikgK] 04369 8558 0.3392 0.2535 0.2966

C.V.Valve. P,=Pg(T,=T;)=3.169 kPa
Continuity Eq.:  m; =m,, = m, + my
Energy Eq.: h;=h, ; Entropy Eq.: s;+84,=5
h,=h;, = x,=(125.77 - 104.87)/2442.3 = 0.008558

= 5,=0.3673 + 0.008558 x 8.1905 = 0.4374 kl/kg K

m, = (1 - x,)m, = 148.716 kg/s

Sgen = S¢ - 81 = 0.4374 - 0.4369 = 0.000494 kJ/kg K

[ =mTs,e, = 150 x 293.15 x 0.000494 = 21.72 kW

gen
C.V. Condenser.

€

Energy Eq l'i'lzhz + l'il7h7 = rhzhs + Ii'l7h8 =
. . 2547.2 - 96.5 k
thy =, x (h, - hs)/(hg - hy) = 148.716 x T3¢ -1 5> = 28 948 =
Entropy Eq.: m,s, + m-s; + Sgen = m,s5 + m5sg

I=ToSgen = To [Ma(ss - 3) + my(sg - 57)]
=293.15[148.716(0.3392 - 8.558) + 28948(0.2966 - 0.2535)]
=203.15 x25.392 =7444 KW
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10.43
Calculate the irreversibility for the process described in Problem 6.133, assuming
that heat transfer is with the surroundings at 17°C.

Solution:
C.V. Cylinder volume out to T, =17 OC.
Continuity Eq.6.15: my - my =mj,
Energy Eq.6.16: mpuy - myuy = mj hipe +1Q2 - W
Entropy Eq.9.12: my s, -mys; = misj + Q2 / To+ 1S e

Process:  Pj is constant to stops, then constant V to state 2 at P,

PV 300x0.25
M17RT, ~0.287 x 290.2

State 2: _|:| |:r

Opento P, =400 kPa, T, =350 K

State 1: Py, Ty =0.90 kg

400 x 1
M) = 0587 x 350 3.982 kg AIIR

m; =3.982-0.90=3.082 kg

Only work while constant P
1W2 = Pl(VZ - Vl) = 300(1 - 025) =225 kJ
Energy eq.:
1Q2 =myuy - myuy + W5 - mih;
=3.982 x 0.717 x 350 - 0.90 x 0.717 x 290.2 + 225
-3.082 x 1.004 x 600 =-819.2 kJ
Entropy eq. gives

TO IS2 gen I= T0 [ my (S2 - Sl) T mj (52 - Sl)] - IQZ

350 400 350 400
=290.15[0.9(Cp In 235~ R In355) +3.082(Cpln o5 - R In <0 )]
~(-819.2Kk))

=290.15 (0.0956 - 1.4705) + 819.2
=4203 kJ
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10.44
A 2-kg piece of iron is heated from room temperature 25°C to 400°C by a heat
source at 600°C. What is the irreversibility in the process?
Solution:

C.V. Iron out to 600°C source, which is a control mass.

Energy Eq.: MUy - up) = 1Qy - Wy

Entropy Eq.: Mpe(S5 - 51) = 1Qo/Tres T 15, gen

Process: Constant pressure  => W, =Pmg,(v; - v{)
= 1Q, =mg.(hy - h)) =mp,C(T, - T;) =2 x 0.42 x (400 - 25) =315 kJ
152 gen = Mpe(8y = 81) = 1Qo/ Treg = My C In (T/Ty) - 1Qo/ Ty

673.15 315
298.15 " 873.15

1, =Ty (1S gen ) = 298.15 x 0.3233 = 96.4 kJ

=2x042 x1In =0.3233 kI/K

- - - . .

| e | A real flame may be more than

A | 600°C, but a little away from it where
the gas has mixed with some air it
may be 600°C.
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10.45
Air enters the turbocharger compressor (see Fig. P10.45), of an automotive engine
at 100 kPa, 30°C, and exits at 170 kPa. The air is cooled by 50°C in an intercooler
before entering the engine. The isentropic efficiency of the compressor is 75%.
Determine the temperature of the air entering the engine and the irreversibility of
the compression-cooling process.
Solution:

a) Compressor. First ideal which is reversible adiabatic, constant s:
P, k—kl 170)0.286
Ty = TI(P_I) = 303.2(1—00 =3529K
wg = Cpo(T - Trg) = 1.004(303.2 - 352.9) =-49.9 kl/kg
Now the actual compressor
W = Wg/Mmg =-49.9/0.75 = -66.5 kl/kg = Cp(T; - T5)
=T,=369.5K
T5(to engine) = T, - AT NTERCOOLER = 369.5 - 50

=319.5 K =46.3°C
b) Irreversibility from Eq.10.13 with rev. work from Eq.10.12, (q =0 at Tyy)

319.4 170 kJ
s3 - s; = 1.004 ln(303.2) -0.287 1n(100) =-0.1001 ke K

1=T(s3-8)) - (hy-hy) -w=T(s3 - s)) - Cp(T5 - T}) - Cp(T; -Tp)
—303.2(-0.1001) - 1.004(-50) = +19.8 kJ/kg

Cooler => -(.) C

<= Exhaust

Engine

1 * Compressor
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10.46
A 2-kg/s flow of steam at 1 MPa, 700°C should be brought to 500°C by spraying
in liquid water at 1 MPa, 20°C in an steady flow. Find the rate of irreversibility,
assuming that surroundings are at 20°C.

C.V. Mixing chamber, Steady flow. State 1 is superheated vapor in, state 2 is
compressed liquid in, and state 3 is flow out. No work or heat transfer.

1

Continuity Eq.6.9: m3;=m, +m, *_ )
Energy Eq.6.10: 1{13}13 :n'llh1 +1‘;12h2 e

Entropy Eq.9.7: ﬁ13s3 = rhlsl + 1’;1282 + égen

Table B.1.3: h; =3923.1 kl/kg, s;=8.2731kl/kgK,
hy =3478.5 kl/kg, s3=7.7622 kl/kg K,
For state 2 interpolate between, saturated liquid 20°C table B.1.1 and,
compressed liquid 5 MPa, 20°C from Table B.1.4: h, =84.9, s,=0.2964
x =my/m, = (h; - h,)/(h, - hy) = 0.13101
= fnz =2x0.131=0.262 kg/s ; ﬁ13 =2+0.262 =2.262 kg/s

égen = 1';'1353 - l';'llsl - l'i'1252 =0.9342 kW/K

[=WreV - Wac =WV =T S =293.15 x 0.9342 = 273.9 kW

gen
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10.47
A car air-conditioning unit has a 0.5-kg aluminum storage cylinder that is sealed
with a valve and it contains 2 L of refrigerant R-134a at 500 kPa and both are at
room temperature 20°C. It is now installed in a car sitting outside where the whole

system cools down to ambient temperature at —10°C. What is the irreversibility of
this process?

C.V. Aluminum and R-134a
Energy Eq.: my Uy - up)a Mgy - ug =1Q - Wy (W,=0)
Entropy Eq.: ML (S; - Spar T MR(Sy - $)R = 1Q2/To + 157 gen

(up - up)a; = Gy ATy - Ty) = 0.9(-10 - 20) = - 27 kl/kg

(S9-8P)a1 = Cp,Al In(T,/T;) = 0.9 In(263.15/293.15) = -0.09716 kl/kg K
Table B.5.2: v, =0.04226 m>/kg, u; = 390.5 kl/kg,

s; = 1.7342 kJ/kg K, mR134a = V/v1 =0.0473 kg

v, =v;=0.04226 & T, => x,=(0.04226 - 0.000755)/0.09845 =0.4216

u, = 186.57 + 0.4216x185.7 = 264.9 kl/kg,

s, =0.9507 + 0.4216x0.7812 = 1.2801 kl/kg K

1Qy = 0.5 x (:27) + 0.0473(264.9 - 390.5) = - 19.44 kJ

19.44
263.15

152 gen = 0.5 (-0.09716) + 0.0473(1.2801 - 1.7342) + =0.003815 kI/K

1L, =Ty (1S gen ) = 263.15 x 0.003815 = 1.0 kJ

X
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10.48
The high-temperature heat source for a cyclic heat engine is a steady flow heat
exchanger where R-134a enters at 80°C, saturated vapor, and exits at 80°C,
saturated liquid at a flow rate of 5 kg/s. Heat is rejected from the heat engine to a
steady flow heat exchanger where air enters at 150 kPa and ambient temperature
20°C, and exits at 125 kPa, 70°C. The rate of irreversibility for the overall process
is 175 kW. Calculate the mass flow rate of the air and the thermal efficiency of
the heat engine.

C.V. R-134a Heat Exchanger,

MR 34, =5 kg/s, Table B.5.1 | J
Inlet: Ty =80°C, sat. vapor x;= 1.0, Qn
hy = hy = 429.189 kl/ke, W
51 =5, = 16862 kI/kg-K i
U &

Exit: T, =80°C, sat. liquid x,=0.0
h, =hg=322.794 kJ/kg, | ; “ " V l 4
s, = s¢=1.3849 kl/kg-K

C.V. Air Heat Exchanger, C,=1.004 kJ/kg-K, R=0.287 kl/kg-K
Inlet: T3=20°C, P3=150kPa Exit: T4 =70°C, P4=125kPa

Ty Py
S4-83= Cp In (T—3)—R ln(P—3) =0.2103 kJ/kg-K

20d [ aw for the total system as control volume (since we know I ):
=T, Sper =MRy34a (52 - 1) + Mygir(s4 - 53)
Mair = [T - MR134a (52 - 51))/(s4 - 53) = 10.0 ke/s
15t Law for each line: ~ Q + mhh;, = mhg, + W; W =0
R-134a: Q= -Qy = Mpy349(hy - hy) =-532 kW
Air: QL = 3Q4 = Myj(hy - h3) = My Co(T4 - T3) = 501.8 kW
Control volume heat engine
Wet = Qp - Qp = 532 - 501.8 = 30.2 kW;
Nth = Wpet/ Q=0.057,  or 5.7%
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10.49
A rigid container with volume 200 L is divided into two equal volumes by a
partition. Both sides contains nitrogen, one side is at 2 MPa, 300°C, and the other
at 1 MPa, 50°C. The partition ruptures, and the nitrogen comes to a uniform state
at 100°C. Assuming the surroundings are at 25°C find the actual heat transfer and
the irreversibility in the process.

Solution:
C.V. Total container
Continuity Eq.: m,—my —mg =0
Energy Eq.: my(uy - up)p T mp(uy -up)g =1Q - W,
Entropy Eq.: Mu(Sy - S1)A T mp(Sy - 8B = 1Q2/ Teur 1S5 gen
Process: V=C => W,=0

From the initial state we get the mass as
e _Pa1Va PpiVe
2 7A BT RT,, RTy,
~_2000x0.1 N 1000x0.1
"~ 0.2968x573.15  0.2968x323.15

P, = m,RT,/V, = 2.219 x 0.2968 x 373.15/0.2 = 1228.8 kPa

=1.176 + 1.043 =2.219 kg

From the energy equation we get the heat transfer as the change in U
1Q =mpCy(T, - T)p + mpCy(T, - Ty
=1.176 x 0.745 x (100 - 300) + 1.043 x 0.745 x (100 - 50)

=-136.4 kJ
The entropy changes are found from Eq.8.25
373.15 1228.8
(s9-81)p =1.042 x 111573.15 - 0.2968 x In 2000 -0.09356 kl/kg K
373.15 1228.8
(55 - s1)g = 1.042 x ln323.15 -0.2968 x In 1000 — 0.0887 kl/kg K

The entropy generation follows from the entropy equation
152 gen = 1.176x (-0.09356) + 1.043x 0.0887 + 136.4/298.15 = 0.4396 kJ/K

Now the irreversibility comes from Eq. 10.19
112 = TO X 182’gen =131.08 kJ
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10.50
A rock bed consists of 6000 kg granite and is at 70°C. A small house with lumped
mass of 12000 kg wood and 1000 kg iron is at 15°C. They are now brought to a
uniform final temperature by circulating water between the rock bed and the
house. Find the final temperature and the irreversibility of the process, assuming
an ambient at 15°C.

C.V. Total Rockbed and house. No work, no Q irreversible process.
Energy Eq.:  (MC)yoq(T, - 70) + (MCyy0q + MCp)(T, - 15) = 0
T,=29.0°C =302.2 K

Entropy Eq.: S;—S; =) mj(s; - 51); = 0 + Sge,

302.2 30
Sgen = 2Mi(s7 - 81); = 5340 In 5,375 + 15580 In 5o

11 = (T0)S2.gen = 288.15 x 63.13 = 18191 kJ

=63.13kJ/K
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Availability (exergy)

10.51

A steady stream of R-22 at ambient temperature, 10°C, and at 750 kPa enters a

solar collector. The stream exits at 80°C, 700 kPa. Calculate the change in
availability of the R-22 between these two states.

MM N Y
LT; |

f inlet SOLAR COLLECTOR exit;

Inlet (T,P) Table B.4.1 (liquid): h, =56.46 kl/kg, s;,=0.2173 klJ/kg K
Exit (T,P) Table B.4.2 (sup. vap.): h,=30591 kJ/kg, s, =1.0761 kJ/kg K
From Eq.10.24 or 10.37
Ay, =W, - y; = (h, - hy) - T(s, - 8;) = (305.912 - 56.463)
-283.2(1.0761 - 0.2173) = 6.237 kJ/kg
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10.52
Consider the springtime melting of ice in the mountains, which gives cold water

running in a river at 2°C while the air temperature is 20°C. What is the
availability of the water relative to the temperature of the ambient?
Solution:

y=hy-hy-Ty(s;-sg) flow availability from Eq.10.24
Approximate both states as saturated liquid from Table B.1.1
v =28.392 - 83.96 - 293.15(0.03044 - 0.2966) = 2.457 kJ/kg

Why is it positive? As the water is brought to 20°C it can be heated with qp
from a heat engine using qy from atmosphere Ty; = T, thus giving out work.
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10.53
A geothermal source provides 10 kg/s of hot water at 500 kPa, 150°C flowing
into a flash evaporator that separates vapor and liquid at 200 kPa. Find the three
fluxes of availability (inlet and two outlets) and the irreversibility rate.

C.V. Flash evaporator chamber. Steady flow with no work or heat transfer.

Cont. Eq.: m; =m, +mj ;
Energy Eq.: rhlhl = rhzhz + rh3h3

Entropy Eq.: Iﬁlsl + Sgen = rilzsz + Ii13s3

B.1.I:  hy=10487, s,=03673, h;=632.18, s, =1.8417
B.1.2:  hy=2706.63, s, =7.1271, h3=504.68, s3=1530

hy=xhy +(1-x)h3 => x=my/m, =h£‘2_'—11;31= 0.0579

m, = xmy = 0.579 kg/s mj = (1-x)my = 9.421 kg/s
égen =0.579 x 7.1271 + 9.421 x 1.53 - 10 x 1.8417 = 0.124 kW/K
Flow availability Eq.10.22: y =(h-Tys) - (hg - Tgsg) =h-hg - To(s - 50)
Y1 =632.18 - 104.87 - 298.15 (1.8417 - 0.3673) = 87.72 kl/kg

W) = 2706.63 - 104.87 - 298.15 (7.1271 - 0.3673) = 586.33 kJ/kg
w3 = 504.68 - 104.87 - 298.15 (1.53 - 0.3673) = 53.15 kJ/kg

my y;=877.2kW  moy, =339.5kW  myy; =500.7 kW
[=my vy -my yy - may3 =37 kW
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10.54
Find the availability at all 4 states in the power plant of Problem 9.42 with an

ambient at 298 K.
Solution:
Flow availability from Eq.10.24 neglecting kinetic and potential energy is:

Y =h-hg-To(s - 59)

so we need (h,s) for all four states.

Py =P, =20 MPa, T{ =700 °C
h; =3809.1 kJ/kg,
s =6.7993 kl/kg K
P, =P3=20kPa, T3 =40 °C
State 3: (P, T) Comp. liquid,
take sat. liquid Table B.1.1
hy =167.5 kl/kg,

v;= 0.001008 m>/kg

C.V. Turbine.
Entropy Eq.9.8: s, =581 =6.7993 klJ/kg K

Table B.1.2 s, =0.8319 + x5, x 7.0766 => x,=0.8433
h, =251.4 +0.8433x 2358.33 = 2240.1 kJ/kg
wr =h; - h, =3809.1 - 2240.1 = 1569 kl/kg

CV. Pump, property relation in Eq.9.13 gives work from Eq.9.18 as
wp = - V3( P4 - P3) =-0.001008(20000 — 20) = -20.1 kJ/kg
hy =h; - wp=167.5+20.1 = 187.6 kl/kg

Flow availability from Eq.10.24 and notice that since turbine work and pump
work are reversible they represent also change in avalability.

w1 =h;-hy-Ty(sy -sg) =3809.1 —104.87 - 298 (6.7993 — 0.3673)
=1787.5 kl/kg

Wy =hy - hy-Ty(sy - s9) =wp - wp=1787.5 - 1569 = 218.5 kl/kg

y3 =hs - hy - Ty(sz - sg) = 167.5 - 104.87 - 298(0.5724 - 0.3673)
=1.51 kl/kg

w4 =hy-hy-Ty(s4-59) =w3-wp=151+20.1=21.61kl/kg
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Air flows at 1500 K, 100 kPa through a constant pressure heat exchanger giving
energy to a heat engine and comes out at 500 K. What is the constant temperature
the same heat transfer should be delivered at to provide the same availability?
Solution:

C.V. Heat exchanger
Continuity eq.: rhl = Iilz ;

Energy Eq.6.12: rillhl = ﬁllhz + QH

Table A.7.1: h; =1635.8 kl/kg,
h, =503.36 kJ/kg, s; = 8.61209 kJ/kg K

Sy = 7.38692 kJ/kg K 7 Ambient
qout = h1 -hp =1635.8-503.36 = 1132.4 klJ/kg

T
Availability from heat transfer at T: Ay =(1- T_; ) dout = V1 - V2

Eq.10.37: wyi1-wyp=h1-hy-Ty(s1-5s2)
=1132.4-298.15 (8.6121 - 7.38692)
=1132.4-356.3="767.1kl/kg

TO
L= = (1-v2)/ dout = 767.1/ 11324 = 06774

T

T, = 03226 => Ty=924K
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10.56
Calculate the change in availability (kW) of the two flows in Problem 9.61.
Solution:
The two flows in the heat exchanger 4 2
exchanges energy and thus also exergy - |
(availability). Fist find state 4 | air
Air A.7: h; =1046.22, hy =401.3 kl/kg, 3 water
>

57, = 8.1349, 57, =7.1593 ki/kg K
Water B.1.1:  hy=83.94kJ/kg, s3=0.2966 kl/kg K
Energy Eq.6.10: mprAhaR = MppoAhoo
hy - hs = (thp (/M0 (hy - hy) = (2/0.5)644.92 = 2579.68 kl/kg
hy =h3 +2579.68 =2663.62 < h, at200 kPa
Ty = Ty, = 120.23°C,
X4 = (2663.62 — 504.68)/2201.96 = 0.9805,
sq= 1.53 +x4 5.597 = 7.01786 kl/kg K

We consider each flow separately and for each flow availability is Eq.10.24,
include mass flow rate as in Eq.10.36, use T, =20 C

For the air flow:

my(y1-yp)=my [hy-hy- Ty (s1-57)]
=211046.22 -401.3 - 293.2(8.1349 - 7.1593 - 0.287 ln%)]

=2(644.92 - 267.22 ) =755.4 kW
For the water flow:
m3(yg-y3)=mz[hy-h3-T,(s4-53)]
=0.5[2663.62 - 83.94 -293.2(7.01786 - 0.2966)]
=0.5[ 2579.68 - 1970.7 ] = 304.7 kW



Sonntag, Borgnakke and van Wylen

10.57
Nitrogen flows in a pipe with velocity 300 m/s at 500 kPa, 300°C. What is its

availability with respect to an ambient at 100 kPa, 20°C?

Solution:
From the availability or exergy in Eq.10.24

2
Y= hl - ho + (I/Z)Vl - To(sl - So)

2 T, Py
= Cy(T1 = To) + (12)V; - To[ €, InG ) - RinG ) ]

3007 573.15 500
= 1.042(300 - 20) + 35 - 293.15(1.042 1n(293_l 5) -0.2968 1n(1 00)
=272 kJ/kg

Notice that the high velocity does give a significant contribution.
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A steady combustion of natural gas yields 0.15 kg/s of products (having
approximately the same properties as air) at 1100°C, 100 kPa. The products are
passed through a heat exchanger and exit at 550°C. What is the maximum
theoretical power output from a cyclic heat engine operating on the heat rejected
from the combustion products, assuming that the ambient temperature is 20°C?

Solution:
C.V. Heat exchanger
Continuity eq.: rhi = Iile ;
Energy Eq.6.12: rhihi = rhihe + QH
QH =m;Cpy(T; - T) = 0.15 x 1.004(1100 - 550) = 82.83 kW
We do not know the H.E efficiency, high T not constant.

C.V. Total heat exchanger plus heat engine, reversible process.
Entropy Eq.: ﬁqisi +0= ﬁqise + QL/TL

) . ) T;
Qp =Ty mj(s;—se) =Ty mjCpyIn (T_e)

1373.1
=293.15x 0.15 x 1.004 In (%)=22.57 kW

her we used Eq.8.25 for the change in s of the air.
Energy Eq. heat engine:
Wypr = Qp - Q = 82.83 - 22.57 = 60.26 kW

7 Ambient
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10.59
Find the change in availability from inlet to exit of the condenser in Problem
9.42.

Solution:
Condenser of Prob. 9.42 has inlet equal to turbine exit.
State 2: P, =20kPa; s,=5;=6.7993 kl/kgK
=> X5 =1(6.7993 —0.8319)/7.0766 = 0.8433
h, =2240.1 kJ/kg
State 3: P, =P3; T3 =40°C; Compressed liquid assume sat.liq. same T
Table B.1.1  h3 =167.5 kJ/kg; s3=0.5724 kJ/kg K
From Eq.10.24 or 10.37
W3 - o = (hs - Tos3) — (hy - Tosy)
= (h3 - hy) = To(s3 - 5)
=(167.5-2240.1) — 298.2(0.5724 — 6.7993 )
=-2072.6 + 1856.9 = -215.7 kJ/kg
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10.60

Refrigerant R-12 at 30°C, 0.75 MPa enters a steady flow device and exits at 30°C,
100 kPa. Assume the process is isothermal and reversible. Find the change in
availability of the refrigerant.

Solution:
Table B.3.1: h; = 64.59 kJ/kg, s;=0.2399 kJ/kg K, compr. liquid.
Table B.3.2: h, =210.02 kJ/kg, s.=0.8488 klJ/kg K, sup. vapor

From Eq. 10.24 or 10.37
Ay =h, - h; - Ty(s, - s;) =210.02 - 64.59 - 298.15(0.8488 - 0.2399)
=-36.1 kJ/kg

P T
A i
745 kPa

750t
30t

1001

Remark: Why did the availability drop? The exit state is much closer to the
ambient dead state, so it lost its ability to expand and do work.



10.61

Sonntag, Borgnakke and van Wylen

An air compressor is used to charge an initially empty 200-L tank with air up to 5
MPa. The air inlet to the compressor is at 100 kPa, 17°C and the compressor
isentropic efficiency is 80%. Find the total compressor work and the change in
availability of the air.

C.V. Tank + compressor Transient process with constant inlet conditions, no
heat transfer.

Continuity: m,-m;=m;, (m;=0) Energy: myu,=m;h, - W,
Entropy:  mps; = mysi, +1S; gen

Reversible compressor: (S, gepn=0 = s, =5,

State 1: v, =RT,/P; = 0.8323 m’/kg,
State inlet, Table A.7.1: h,, =290.43 kl/kg, s%m =6.83521 kJ/kg K

5000
100

Table A.7.1 = T,;=854.6K, u,,=637.25kl/kg
= Wy = hj - Uy ¢ =290.43 - 637.25 = -346.82 kl/kg

P
Eq.8.28: s7,=sy,+ Rln(50) = 6.83521 +0.287 In (5 ) = 7.95796
m

Actual compressor: (W, sc = W, /N =-433.53 kl/kg
uszC = hin - IWZ,AC =290.43 —(-43353) =723.96 kJ/kg

= Tyac=958.5K, s3,,. = 8.08655 ki/kg K
State 2 v, =RT,/P, =0.05502 m>/kg so m,=V,/v,=3.635kg
= Wy =m, (;Wyac) = -1575.9 kJ
my(¢; - §1) =my[uy - uy + Po(vy - vy) - To(s; - sp)]
=3.635 [723.96 - 207.19 + 100(0.05502 - 0.8323) - 290[8.08655 -
6.83521 - 0.287 In(5000/100)] = 1460.4 kJ

-1W,

cb
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10.62
Water as saturated liquid at 200 kPa goes through a constant pressure heat
exchanger as shown in Fig. P10.62. The heat input is supplied from a reversible
heat pump extracting heat from the surroundings at 17°C. The water flow rate is 2
kg/min and the whole process is reversible, that is, there is no overall net entropy
change. If the heat pump receives 40 kW of work find the water exit state and the
increase in availability of the water.

C.V. Heat exchanger + heat pump.
m; =m,=2kg/min, m;h, +Qy+ W, =m;h,, mys; +QyT,=m;s,
Substitute Qo into energy equation and divide by m,
hy - Tosy + Wi, = hy - Tos,
LHS =504.7 - 290.15 x 1.5301 + 40x60/2 = 1260.7 kJ/kg
State 2: P,, h,-Tys, =1260.7 kl/kg
At sat. vap. h, - Tys, = 638.8 so state 2 is superheated vapor at 200 kPa.

At 600°C: h, - Tys, = 3703.96 - 290.15 x 8.7769 = 1157.34 kl/kg

At 700°C:  h, - Tysy =3927.66 - 290.15 x 9.0194 = 1310.68 kl/kg
Linear interpolation = T, =667°C

A\I/ = (h2 - T0S2) - (hl - Tosl) =W, = 1200 kJ/kg
=1260.7 - 504.7 + 290.15 x 1.5301 = 1200 kJ/kg

/ a I
w - .
T“ VR S t QO

7 Ambient \
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10.63
An electric stove has one heating element at 300°C getting 500 W of electric

power. It transfers 90% of the power to 1 kg water in a kettle initially at 20°C,
100 kPa, the rest 10% leaks to the room air. The water at a uniform T is brought
to the boiling point. At the start of the process what is the rate of availability
transfer by: a) electrical input b) from heating element and c) into the water at
T

water:

a) Work is availability b =W =500 W
b) Heat transfer at 300°C is only partly availability

. Ty) . 293.15
®= (1 _THj Q= (l “273.15+ 300) >00=244 W

c) Water receives heat transfer at 20°C as 90% of 500 W

. To ).~ 293.15
®= (1 - Twaterj Q= (1 ~273.15+ 20) HO=0w

NMVWAV AN

1 1
500 W at 300°C
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10.64
Calculate the availability of the water at the initial and final states of Problem
8.70, and the irreversibility of the process.

State properties
l:u; =83.94kl/kg, s;=0.2966kJ/kgK,, vi=0.001 m’/kg
2:u,=31243kl/kg, s,=7.7621kI/kgK, v, =0.354 m/kg
0: u, = 104.86 kI/kg, s,=0.3673 ki/kg K, v, =0.001003 m>/kg

Process transfers: (W, =203kJ, Q5 =3243.4kJ, Ty=873.15K
0= (u-Tps) - (ug - Tpsg) + Po( Vv -vp)
b1 = (83.94 - 298.15x0.2966) - (104.86 - 298.15x0.3673)

+ 100 (0.001002 - 0.001003) =0.159 kl/kg
$r =(3124.3 - 298.15x7.7621) - (104.86 - 298.15x0.3673)

+ 100 (0.35411 - 0.001003) =850 kJ/kg
1 =m(d; - ) + [1 - (TyT Q5 - 1 Wy +Po( V- V1)
298.1
=-849.84 + (1 - 232—12) 3243.4 - 203 + 100 (0.3541 - 0.001)

=-849.84 +2135.9-203 +35.31 =1118. kJ

[(Sgen = 3.75 kI/K ToSgen = 1118kJ 50 OK]
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10.65
A 10-kg iron disk brake on a car is initially at 10°C. Suddenly the brake pad
hangs up, increasing the brake temperature by friction to 110°C while the car
maintains constant speed. Find the change in availability of the disk and the
energy depletion of the car’s gas tank due to this process alone. Assume that the
engine has a thermal efficiency of 35%.
Solution:

All the friction work is turned into internal energy of the disk brake.
Energy eq.: m(u; - up) =1Qy - Wy = Q= mpCre(T, - T)
1Q,=10x0.45 x (110 - 10) =450 kJ

Neglect the work to the surroundings at P, so change in availability is from
Eq.10.27

A¢ = m(u, - uy) - Tom(s; - 51)
Change in s for a solid, Eq.8.20

383.15
m(s,-s;) =mC In(T,/T;) =10 x 0.45 x ln( ): 1.361 kJ/K

283.15
Ad =450 - 283.15 x 1.361 = 64.63 kJ

Wengine = T]tthas = ,Q, = Friction work

Qgas = 1Qa/Myy, = 450/0.35 = 1285.7 kJ



Sonntag, Borgnakke and van Wylen

10.66
A 1 kg block of copper at 350°C is quenched in a 10 kg oil bath initially at ambient

temperature of 20°C. Calculate the final uniform temperature (no heat transfer
to/from ambient) and the change of availability of the system (copper and oil).
Solution:

C.V. Copper and oil. Ceo=042kl/kgK, Cyi1=1.8klkgK
mauy - muy = 1Qp - W3 =0=mcoCeo(T2 - Ti)eo + (MC)oil(T2 - Tyoil
1x0.42(Ty-350)+10x 1.8(Tp-20)=0
18.42 T, =507 => T=27.5°C=300.65K
For each mass copper and oil, we neglect work term (v =C) so Eq.10.22 is
(02 - 91) =up-uy - To(sp-s) =mC [(Ty - Ty) - Toln (T / Ty) ]
mey(92 - ey + Moi] (92 - 1oil =

300.65 300.65
= 0.42 x [(-322.5) - 293.15 In 3 13 1+ 10 x 1.8 [7.5-293.15 In 50515 ]

=-45.713+1.698 =-44.0 kJ

Cu

Oil
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10.67

Calculate the availability of the system (aluminum plus gas) at the initial and final
states of Problem 8.137, and also the process irreversibility.

State 1 T,=200°C, v,=V;/m=0.05/1.1186=0.0447 m’/kg
State 2: vy=v, x (2/1.5) x (298.15 / 473.15) = 0.03756 m’/kg

The metal does not change volume, so the combined is using Eq.10.22 as
¢ = Mgagdgas + MAPA]
= Mygys[U1-Uo-To(s) - Sp)ley T MgasPo(Vi-Vo) + maj[ug-ug -To(81-80)] Al
T P
=mgasCy (T - Tp) - MgasTy [Cp In i])' -R1n F:;] +mgagPo (Vi - Vo)

+my [C (T - Tp) - ToC In (T1/Tp) Al

473.15 2000

¢1 = 1.1186 [ 0.653(200-25) - 298.15 (0.842 In 5557 = - 0.18892 In )
473.15

+100 (0.0447 - 0.5633 ) ] +4 x 0.90 [ 200 -25 - 298.15 In 55575 ]

—128.88 + 134.3 =263.2kJ

298.15 1500

$2 = 1.1186 [ 0.653(25 - 25) - 298.15 (0.842 In 50775 - 0.18892 In—55°)

298.15
+100 (0.03756 - 0.5633 ) ] +4 x 0.9 [ 25 -25 - 298.15 In 5905 ]

=111.82+0=111.82kJ
The irreversibility is as in Eq.10.28

12 =01 - ¢ +[1-(Ty/Tp] Q2 - WRAC + Pym( Vp - V)
—2632-111.82+0 - (-14) + 100 x 1.1186 (0.03756 - 0.0447) = 164.58 kJ

[(Sgen = 0.552 ToSgen = 164.58 50 OK ]
Al
Q
co, G
Tamb
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10.68
A wooden bucket (2 kg) with 10 kg hot liquid water, both at 85°C, is lowered 400
m down into a mineshaft. What is the availability of the bucket and water with
respect to the surface ambient at 20°C?

C.V. Bucket and water. Both thermal availability b

and potential energy terms. —_—

v, = v, for both wood and water so work to atm.

is zero.
Use constant heat capacity table A.3 for wood w
and table B.1.1 (sat. liq.) for water.

From Eq.10.27

01 - &g = mygoqluy - ug - To(sy- sp)] + my,plu;- ug- To(sy- sp)] + my8(2;- Zp)

273.15+85
=2[1.26(85 - 20) - 293.15x 1.26 In 29315

-293(1.1342 - 0.2966)] + 12 x 9.807 x (-400) /1000
=15.85 +263.38 - 47.07 =232.2 kJ

]+ 10[ 355.82 - 83.94
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Device Second-Law Efficiency

10.69

Air enters a compressor at ambient conditions, 100 kPa, 300 K, and exits at 800
kPa. If the isentropic compressor efficiency is 85%, what is the second-law
efficiency of the compressor process?

Solution:

T 800 kPa Ideal (isentropic, Eq.8.32)
T, = 300(8)%%%6 = 543 8 K
-w, = 1.004(543.8 - 300) =244.6 kJ/kg

W, 244.6
W= =Tss ~ 2878 ke K
287.8
S — =202
T,= T1+CPO 300+ g0q = 586.8 K

Eq.8.25: s, -s;=1.0041n(586.8/300) - 0.287 In 8 = 0.07645
Availability, Eq.10.24

Wy -y = (hy-hy) - Ty(s, - 81) =287.8-300(0.07645) = 264.9 kl/kg
2nd law efficiency, Eq.10.29 or 10.30 (but for a compressor):

V2-V¥i1 2649
w2878

MNond Law = =0.92
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10.70
A compressor takes in saturated vapor R-134a at —20°C and delivers it at 30°C,
0.4 MPa. Assuming that the compression is adiabatic, find the isentropic
efficiency and the second law efficiency.

Solution:
Table B.5 Inlet: h;=386.08 klJ/kg, s;=1.7395kl/kgK,

Actual exit:  h,,,=423.22 kl/kg, s.,.=1.7895kJ/kg K

Ideal exit: P, s, =s; = h,=408.51 kl/kg

e,s
Isentropic compressor w, ;= h ¢ - h; =22.43 kJ/kg
=he 4 -h; =37.14 kJ/kg
Reversible between inlet and actual exit Eq.10.9

“We rev = D = Dg oo = T(8j - S¢ oc) =-37.14 - 298.15(1.7395 - 1.7895) = -22.23
Eq.9.27: Ns = (W ¢/ We o) = (22.43/37.14) = 0.604
Second law efficiency for compressor, Eq.10.32 (modified)

N = (We rev/We a0) = (22.23/37.14) = 0.599

Actual compressor w ,.
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10.71
A steam turbine has inlet at 4 MPa, 500°C and actual exit of 100 kPa, x = 1.0.
Find its first law (isentropic) and its second law efficiencies.

Solution:
C.V. Steam turbine
Energy Eq.6.13:  w =h;-h,
Entropy Eq.9.8: Se = S T Sgen
Inlet state: Table B.1.3 h;=3445.2kJ/kg;  s;=7.0900 kl/kg K
Exit (actual) state: Table B.1.2 h, =2675.5; s,=7.3593 kl/kg K
Actual turbine energy equation

w =h; - h, =769.7 kl/kg
Ideal turbine reversible process so sge, =0 giving

Ses = S = 70900 = 1.3025 + x4 X 6.0568
Xeg = 0.9555, heg =417.4+ 0.9555 x 2258.0 = 2575.0 kl/kg

The energy equation for the ideal gives

wg = h; - hgg = 870.2 kl/kg
The first law efficiency is the ratio of the two work terms

Ng = W/wg = 0.885
The reversible work for the actual turbine states is, Eq.10.9

WIS = (b - he) + To(se - 5)

=769.7 +298.2(7.3593 — 7.0900)
=769.7 + 80.3 = 850.0 kJ/kg

Second law efficiency Eq.10.29

Mo [ aw = W/ Wyey = 769.7/850.0 = 0.906
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The condenser in a refrigerator receives R-134a at 700 kPa, 50°C and it exits as
saturated liquid at 25°C. The flowrate is 0.1 kg/s and the condenser has air
flowing in at ambient 15°C and leaving at 35°C. Find the minimum flow rate of
air and the heat exchanger second-law efficiency.

C.V. Total heat exchanger.
Energy Eq.6.10

S A AR
<-I5/\/\/\/\/‘<-II R- 134a

rhlhl + rhah3 = l'hlhz + l’i’lah4

h -h, 436.89 - 234.59
—h4 Thy 0.1 x 1.004(35-15) ~ 1.007 kg/s

Availability from Eq.10.24
Wi - Wy =h;-hy-Ty(s; -3, =436.89 - 234.59
- 288.15(1.7919 - 1.1201) = 8.7208 klJ/kg
W4 - W3 =hy-h3-Tpy(sy-s3)

= m, =my X

— 1.004(35 - 15) - 288.15 x 1.004 x In 2ot

S88.15 = 10.666 ki/kg

Efficiency from Eq.10.30

.007(0.666
m,(Wy - Ya)/my (yy - yy) = f(é%TOS)2 0.77
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10.73
Steam enters a turbine at 25 MPa, 550°C and exits at 5 MPa, 325°C at a flow rate
of 70 kg/s. Determine the total power output of the turbine, its isentropic
efficiency and the second law efficiency.
Solution:

h; =3335.6 kJ/kg, s;=6.1765kJ/kg K,

h, =2996.5 klJ/kg, s, =6.3289 kl/kg K
Actual turbine: wr,, = h; - hy =339.1 kJ/kg
Isentropic turbine: s, ;=s; = h,=2906.6 kl/kg

wrs = h; - he ¢ =429 kl/kg

rev = Wrac T To(se - 8i) = 339.1 + 45.44 = 384.54 k) /kg
Eq.9.27: NT = W /W s = 339.1/429 = 0.79
Eq.10.29: NI = WT o/ Wrey = 339.1/384.54 = 0.88

Rev. turbine: w
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A compressor is used to bring saturated water vapor at 1 MPa up to 17.5 MPa,
where the actual exit temperature is 650°C. Find the irreversibility and the
second-law efficiency.

Solution:

Inlet state: Table B.1.2 h; =2778.1 kJ/kg, s;=6.5864 kl/kg K

Actual compressor Table B.1.3: h, . =3693.9 kl/kg, s.,.=6.7356 kl/kg K
Energy Eq. Actual compressor:  -w ,. = h 5 - h; = 915.8 kl/kg

From Eq.10.11: 1= T(s o - 8;) = 298.15 (6.7356 - 6.5864) = 44.48 kJ/kg
From Eq.10.10: Wy, =i+ w_, =-915.8 +44.48 = -871.32 kl/kg

=871.32/915.8 = 0.951

e,ac

Nn = 'Wrev/ Wc,ac
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10.75
A flow of steam at 10 MPa, 550°C goes through a two-stage turbine. The pressure
between the stages is 2 MPa and the second stage has an exit at 50 kPa. Assume
both stages have an isentropic efficiency of 85%. Find the second law efficiencies
for both stages of the turbine.

1 2 3 CV:Tl, h; =3500.9 kJ/kg, s;=6.7561 kl/kg K
Isentropic  s,o=s; = h,,=3017.9 kJ/kg
T1 WTI,S = hl - h2S =483 kJ/kg

Actual T1: W oo =M1 Wy s =410.55=h; - hy,,
hype = hy - W 50 =3090.35, s, = 6.8782
CV:T2, s3,="55,,=6.8782 = x3,=(6.8782-1.091)/6.5029 = 0.8899,

h;, =340.47 + 0.8899 x 2305.4 =2392.2 kl/kg

Wras = Npae -3 = 698.15 = Wy oo =M1y W s = 593.4 kl/kg

= hs,. =2496.9, X3,.=(2496.9 - 340.47)/2305.4 =0.9354,

S35c = 1.091 +0.9354 x 6.5029 = 7.1736 kJ/kg K

Actual T1: iy 50 = To(Sp4¢-81) = 298.15(6.8782 - 6.7561) = 36.4 kl/kg

= Wiy = Wiy 0= 447 kI/kg, My = wry pd/wy, = 0.918
Actual T2: g 1o = T(S300-S20) = 298.15(7.1736 - 6.8782) = 88.07 kl/kg

R . R
= W2 = Wr2ac + IT22c = 681.5, M = WT2,ac/WT2 =0.871
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10.76

The simple steam power plant shown in Problem 6.99 has a turbine with given
inlet and exit states. Find the availability at the turbine exit, state 6. Find the
second law efficiency for the turbine, neglecting kinetic energy at state 5.

Solution:
interpolation or software: hs=3404.3 kl/kg, ss=6.8953 kl/kg K

Table B.1.2: x4=0.92 so hy=2393.2kl/kg, sq=7.5501kJ/kgK
Flow availability (exergy) from Eq.10.24
We = hg - hy - To(sg - So)
=2393.2 - 104.89 - 298.15(6.8953 - 0.3674) = 146.79 kJ/kg
In the absence of heat transfer the work is form Eq.10.9 or 10.39
W' =5 - yg=hs - hg - Ty(ss - s¢) = 1206.3 kI/kg

Wae = h5 - h6 =1011.1 kJ/kg, T]H = WaC/WreV =(.838
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10.77

A steam turbine inlet is at 1200 kPa, 500°C. The actual exit is at 200 kPa, 300°C.
What are the isentropic efficiency and its second law efficiency?
Solution:

C.V. Turbine actual, steady state and adiabatic.
Inlet state: Table B.1.3:  h;=3476.28 kl/kg, s;=7.6758 kl/kgK

Exit state: Table B.1.3:  h,=3071.79 kl/kg, s.=7.8926 kl/kgK
Energy Eq.: W, =h; - h, =3476.28 — 3071.79 = 404.49 kJ/kg

C.V. Turbine isentropic, steady state, reversible and adiabatic.
Isentropic exit state: 200 kPa, s=s; => h, =2954.7 kl/kg
Energy eq.:  wp=h;-h, =3476.28 —2954.7 = 521.58 kl/kg

404.49
T]I = WTac/WT s 521.58 =0.776

Reversible work for actual turbine is from Eq.10.9 or 10.39

Wffev VY-V = hi - he - TO(Si - Se) = Wrac - TO(Si - Se)
=404.49 — 298.15(7.6758 — 7.8926) = 469.13 kJ/kg

Then the second law efficiency is in Eq.10.29

rev 404.49
M= Wrad W = 269 13 = 0-862
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10.78
Steam is supplied in a line at 3 MPa, 700°C. A turbine with an isentropic
efficiency of 85% is connected to the line by a valve and it exhausts to the
atmosphere at 100 kPa. If the steam is throttled down to 2 MPa before entering
the turbine find the actual turbine specific work. Find the change in availability
through the valve and the second law efficiency of the turbine.

Take C.V. as valve and a C.V. as the turbine.
Valve: h,=h;=3911.7kJ/kg, s,>s;=7.7571klkgK,

h,,P, = s,=7.9425kl/kg K

Wy - Wy =h;—h, —T((sy-s,) = 0 -298.15(7.7571-7.9425) = 55.3 kJ/kg

So some potential work is lost in the throttling process.

Ideal turbine: s; =s, = h3=2929.13  wy=982.57 kl/kg

W a¢ = D - h3, = MWy o = 835.2 kd/kg
h;, . =3911.7-835.2=3076.5 = s3,,=8.219kJ/kgK
W =h, - hy, - T(s, - 83,.) = 835.2-298.15(7.9425 - 8.219)
=917.63klkg =  mn=8352/917.63=0.91
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10.79
Air flows into a heat engine at ambient conditions 100 kPa, 300 K, as shown in
Fig. P10.79. Energy is supplied as 1200 kJ per kg air from a 1500 K source and in
some part of the process a heat transfer loss of 300 kJ/kg air happens at 750 K.

The air leaves the engine at 100 kPa, 800 K. Find the first and the second law
efficiencies.

C.V. Engine out to reservoirs
h; + qy500 = Q750 T he + W
W, = 300.47 + 1200 - 300 - 822.20 = 378.27 kl/kg
NtH = W/q1500 = 0.3152
For second law efficiency also a q to/from ambient
8; + (d1500/ Tr) + (40/To) = (A750/Tm) + se
Qo = To(se - 81) T (To/Tin)d750 - (To/Tr)d1500

100) 300
= 300(7.88514 - 6.86925 - 0.287 1n100) 750 300

-(300/1500) 1200 = 184.764 kJ/kg

Wiey = i - he + 500 - 750 T do = Wae + o = 563.03 kl/kg
N = Wao/ Wyey = 378.27/563.03 = 0.672
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10.80
Air enters a steady-flow turbine at 1600 K and exhausts to the atmosphere at 1000
K. The second law efficiency is 85%. What is the turbine inlet pressure?

C.V.: Turbine, exits to atmosphere so assume P, = 100 kPa

Inlet: T; = 1600 K, Table A.7: h;=1757.3 kl/kg, s, = 8.1349 kl/kg K

Exit: T, = 1000 K, h, = 1046.2 kJ/kg, Sz =8.6905 kl/kg K
1St Law: q+h,=h,+w;q=0 => w=(h;-h,)=711.1kJ/kg
204 Law: ;- o = WinondLaw = 711.1/0.85 = 836.6 kl/kg
Wi - Yo = (h - hy) - Tyy(s; - s,) = 836.6 kl/kg
h; - h,=w=711.1 kl/kg, assume T, =25°C > s; - s, = 0.4209 kJ/kg-K
S;- 8. =S - 5, - RIn(Py/P,) = 0.4209 kI/kg K => P/P;=30.03;
P. = 3003 kPa
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10.81
Calculate the second law efficiency of the counter flowing heat exchanger in

Problem 9.61 with an ambient at 20°C.

Solution:

C.V. Heat exchanger, steady flow 1 inlet 4 2

and 1 exit for air and water each. The - |

two flows exchange energy with no heat | air

transfer to/from the outside. 3 water
—+—_

Heat exchanger Prob 9.61 with T, = 20°C solve first for state 4.
Energy Eq.6.10: murAhpR = MppoAhmo
From A.7: h; - hy =1046.22 —401.3 = 644.92 kl/kg
From B.1.2 hy = 83.94 kJ/kg; s3 =0.2966 kl/kg K
hy - hy = (maR/Mmo)(hy - hy) = (2/0.5)644.92 = 2579.68 kl/kg
hy =h3 +2579.68 =2663.62 < h, at 200 kPa
T4 = Tgat = 120.23°C,
X4 = (2663.62 — 504.68)/2201.96 = 0.9805,
s4=1.53+x45.597= 7.01786 kl/kg K
We need the change in availability for each flow from Eq.10.24
(W1 -w2) = (hy - hy) +To(s - 51)
=(1046.2 - 401.3) +293.2(7.1593 — 8.1349 — 0.287 In(100/125)
=644.9 +293.2(-0.91156) = 377.6 kl/kg
(W4 - v3) = (hy - h3) + To(s4 - 53)
=(2663.6 —83.9) —293.2(7.0179 — 0.2966)

=2579.9 -1970.7 = 609.0
Efficiency from Eq.10.30

MM gy = [My(W4 - W3)/IMAGW] - y)]
= (0.5 x 609.0)/(2 x 377.6) = 0.403
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10.82
Calculate the second law efficiency of the coflowing heat exchanger in Problem
9.62 with an ambient at 17°C.

Solution: 4 L

2 - 1
C.V. Heat exchanger, steady  <a=—t— S -
2 flows in and two flows out. T ap—

First solve for the exit temperature in Problem 9.62

C.V. Heat exchanger, steady 2 flows in and two flows out.

Energy Eq6 10: 1’;’102h1 + I’i’lNzh?, = 1’;’102h2 + I’i’lNzh4

Same exit tempearture so T4 = T, with values from Table A.5
moyCp 02Ty + mnaCp N2 T3 = (MEaCp 02 T MN2Cp N2) T2

T, = 0.25 x 0.922x 290 + 0.6 x 1.042 x 500  379.45
2 0.25 x0.922 + 0.6 x 1.042 ~0.8557

=443.4 K

The second law efficiency for a heat exchanger is the ratio of the availability
gain by one fluid divided by the availability drop in the other fluid. We thus
have to find the change of availability in both flows.

For each flow availability is Eq.10.24 include mass flow rate as in Eq.10.36
For the oxygen flow:
mo(Y2 - W) =meoy [hy-hy - T (s3-51)]
=moy [ Cp(Ty - T1) - To [ Cp In(Ty / T)) =R In(Py / P) ]
=myCp [Ty - Ty - Toln(T,/ Tp) ]
=10.25x0.922 [ 443.4 - 290 - 290 In(443.4/290) ]
=6.977 kW
For the nitrogen flow
mno(W3 - Wa ) = myCp [ T3 - Ty - Toln(T / Ty) |
=0.6 x 1.042 [ 500 - 443.4 - 290 In(500/443.4) |

=13.6 kW
From Eq.10.30

Moo(V1-¥2)  6.977

nzndL =" =
Womng(ys -y 136

=0.513
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A heat exchanger brings 10 kg/s water from 100°C to 500°C at 2000 kPa using
air coming in at 1400 K and leaving at 460 K. What is the second law efficiency?

Solution:
C.V. Heat exchanger, steady flow 1 inlet and 4
1 exit for air and water each. The two flows )
exchange energy with no heat transfer - |
to/from the outside. We need to find the air 3 air
mass flow rate. 1 water
=
Energy Eq.:  mpgq(hy - hy) = myi(hs - hy)
. . hy-Iy 3467.55 - 420.45
Mair = M0 . ", ~ 10151527 - 462.34 ~ 23939 kefs

Availability increase of the water flow
Mio(W2 - 1) = Mppolhy - hy - To(s; - 57)]
=10[ 3467.55—-420.45—298.15(7.4316 — 1.3053)]
=10[3047.1 —1826.56 1 =12 205 kW
Availability decrease of the air flow
1’;’1ai1r(\|/3 - yy) = 1'i'lair[h3 -hy = To(s3 - 84)]
=28.939 [1515.27 — 462.34 — 298.15(8.52891 — 7.30142)]
=19 880 kW

Mppo(Y2 - V1) _ 12 205
Myir(y3 - ) 19880

1‘|2nd Law — =0.614
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Exergy Balance Equation

10.84
Find the specific flow exergy in and out of the steam turbine in Example 9.1
assuming an ambient at 293 K. Use the exergy balance equation to find the
reversible specific work. Does this calculation of specific work depend on T,?

Solution:

The specific flow exergy is from Eq. 10.37
1.2
Vi =h;+ 2 Vi —Tos; — (hg = Tys,)
Reference state: h, = 83.94 kl/kg, s, = 0.2966 kl/kg K,
hy, — Tys, =-2.9638 kl/kg

The properties are listed in Example 9.1 so the specific flow exergies are
y; =3051.2 + 1.25—-293 x 7.1228 — (-2.9638) = 968.43 kJ/kg

Yo =2655.0 +20 — 293 x 7.1228 — (-2.9638) = 590.98 kJ/kg
The reversible work is from Eq.10.39, with =0 and sy, = 0, s0
W =\;— Y = 968.43 — 590.98 = 377.45 kJ/kg

The offset T, terms drop out as we take the difference and also (s; = s,)

Wi—We=h; —he —Ty(s;—se) =hj—hg

Notice since the turbine is reversible we get the same as in Example 9.1
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A counterflowing heat exchanger cools air at 600 K, 400 kPa to 320 K using a
supply of water at 20°C, 200 kPa. The water flow rate is 0.1 kg/s and the air flow
rate is 1 kg/s. Assume this can be done in a reversible process by the use of heat
engines and neglect kinetic energy changes. Find the water exit temperature and
the power out of the heat engine(s).

— - air ———

o 8o, §q, o, 2
3 @ Q. @ Q @ Q 4
——] water H——
C.V. Total
Energy €q.: ﬁlahl + IhH20h3 = Ihahz + ﬁlH20h4 + W
Entropy Eq,: Mys) + Mygy083 = MySy + Mpg,08s  (Sgen = 0)

Table A.7: h; =607.316 klJ/kg, s7;=7.57638 kl/kg K

Table A.7: h, =320.576 kl/kg, s1,=6.93413 kl/kg K,
Table B.1.1: h; =83.96 kl/kg, s;=0.2966 kJ/kg K
From the entropy equation we first find state 4
Sy = (rha/thzo)(sl - 55) +53=(1/0.1)(7.57638 - 6.93413) + 0.2966 = 6.7191
4:P,=Py,s4, = Table B.1.2:  x,=(6.7191-1.530)/5.597 = 0.9271,
h, =504.68 + 0.9271 x 2201.96 = 2546.1 kl/kg, T,=120.20°C
From the energy equation

W = y(h; - hy) + g, o(hs - hy)

=1(607.32 - 320.58) + 0.1(83.96 - 2546.1) = 40.53 kW
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10.86
Evaluate the steady state exergy fluxes due to a heat transfer of 250 W through a
wall with 600 K on one side and 400 K on the other side. What is the exergy

destruction in the wall.

Solution:

Exergy flux due to a Q term Eq.10.36:

. To . 1 | 600 K 2
Og=(1- T) Q o)

. T, . 298 250 W 400K
CD1=(1—T—l)Q=(1—m)250=125.8W >

) T, . 298
b, =(1- T—Z)Qz(l—m)250=63.8w

Steady state state so no storage and Eq.10.36 is
0==>D; - D) - Dy,

Dgegty. = Py - D, =125.8-63.8=62 W
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A heat engine operating with an evironment at 298 K produces 5 kW of power
output with a first law efficiency of 50%. It has a second law efficiency of 80%
and Ty =310 K. Find all the energy and exergy transfers in and out.

Solution:
From the definition of the first law efficiency

. . 5
QHZW/n=E=10kW

Energy Eq.: QLZQH-WZIO—SZSkW
Dy =W =5kW

From the definition of the second law efficiency n = W/d)H, this requires that we

assume the availability delivered at 310 K is lost and not counted otherwise the
efficiency should be 1 = W/(dy - dp).

i _q_ Lo 5 _

. To . 298
O =(1- T_L) Q=01 —m) 5=10.194 kW

Notice from the &y form we could find the single characteristic Ty as

T .
(1- T—;) =6.25kW/Qy=0.625 => Ty=795K
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Consider the condenser in Problem 9.42. Find the specific energy and exergy that

are given out, assuming an ambient at 20°C. Find also the specific exergy
destruction in the process.

Solution:

Condenser from state 2 to state 3

P2 = P3 =20 kPa

T3 =40°C

State 1: (P, T) Table B.1.3

h; =3809.1 kl/kg, sy =6.7993 kl/kg K

C.V. Turbine.
Entropy Eq.9.8: s, =151 =6.7993 kl/kg K

Table B.1.2 s, =0.8319 + x5 x 7.0766 => x,=0.8433
h, =251.4 + 0.8433x 2358.33 =2240.1 kl/kg
State 3: (P, T) Compressed liquid, take sat. liq. Table B.1.1
hy; =167.54 kl/kg, s;=0.5724kl/kg K

C.V. Condenser
Energy Eq.: qp =h, —h;=2240.1 — 167.54 = 2072.56 kJ/kg

Exergy Eq.: Ay =y —y3=hy —h3 —T(s; —s3)
=2072.56 —293.15(6.7993 — 0.5724)
=247.1 kJ/kg going out

Since all the exergy that goes out ends up at the ambient where it has zero

exergy, the destruction equals the outgoing exergy.

Wiestr = Ay = 247.1 kJ/kg
Notice the condenser gives out a large amount of energy byt little exergy.
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The condenser in a power plant cools 10 kg/s water at 10 kPa, quality 90% so it
comes out as saturated liquid at 10 kPa. The cooling is done by ocean-water

coming in at ambient 15°C and returned to the ocean at 20°C. Find the transfer
out of the water and the transfer into the ocean-water of both energy and exergy
(4 terms).

Solution:
C.V. Water line. No work but heat transfer out.
Energy Eq.: Qout m (h; —hy) =10(2345.35 - 191.81) =21 535 kW

C.V. Ocean water line. No work but heat transfer in equals water heattransfer out
Energy Eq.: q= hy - hy =83.94 - 62.98 = 20.96 kJ/kg

Myeean = Qout /a4 =21 535 /20.96 = 1027.4 kg/s

Exergy out of the water follows Eq.10.37
Doy =m(yy -myy)=m [hy-hy-To (s1-5)]
=10[2345.35-191.81 — 288.15(7.4001 — 0.6492)]
=2082.3 kW

Exergy into the ocean water
(i)ocean = Mocean(W4 - W3) = Mocean [ hg - hy = To(s4 - 83)]
=1027.4[20.96 —288.15(0.2966 — 0.2245)]
=189.4 kW

Notice there is a large amount of energy exchanged but very little exergy.
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Use the exergy equation to analyze the compressor in Example 6.10 to find its
second law efficiency assuming an ambient at 20°C.

C.V. The R-134a compressor. Steady flow. We need to find the reversible work
and compare that to the actual work.

v

Exergy eq.: 10.36: 0 =m(y; - my, )+ ('Wcomp) +0
s Iev °
-Wcomp:m[hz-hl -To(S2'Sl)]
+.ac N
= 'Wcomp -mTq (sy-57)

k
=5kW—0.1kg/s x293.15 K x (1.7768 — 1.7665) k—J

g K
=47 kW

T]H _ _WI'CV / _W _

comp comp ?

For a real device this is a little high.
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10.91
Consider the car engine in Example 7.1 and assume the fuel energy is delivered at
a constant 1500 K. The 70% of the energy that is lost is 40% exhaust flow at 900
K and the remainder 30% heat transfer to the walls at 450 K goes on to the

coolant fluid at 370 K, finally ending up in atmospheric air at ambient 20°C. Find
all the energy and exergy flows for this heat engine. Find also the exergy
destruction and where that is done.

From the example in the text we get: Qp = 0.7 Qg =233 kW
This is separated into two fluxes:
QL1 =04Qy=133kW @900 K
Qr,=0.3Q=100kW @450 K
=Q3=100kW @370K
=Quu=100kW @293 K

Gases  Steel  Glycol Air flow
I5S500K 450K 370K 293 K

Radiator

Assume all the fuel energy is delivered at 1500 K then that has an exergy of

: To . o 293
(DQH =(1- Ty )Qy=(1- 1500) 333=267.9 kW
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10.92
Estimate some reasonable temperatures to use and find all the fluxes of exergy in
the refrigerator given in Example 7.2

We will assume the following temperatures:
Ambient: T =20°C usually it is the kitchen air.
Low T: T =5°C (refrigerator) T=-10°C (freezer)

Dy =W =150 W

s To . Tamb .
bdy=(1-=2Qy=01- =0
H ( TH) QH ( Tamb) QH

) T, . 293
b =(1- T—L) QL=(1-579)250=-13.5W

L.e. the flux goes into the cold space! Why? AsyoucoolitT <T,and
you increase its availability (exergy), it is further away from the ambient.
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10.93
Use the exergy equation to evaluate the exergy destruction for Problem 10.44.
A 2-kg piece of iron is heated from room temperature 25°C to 400°C by a heat
source at 600°C. What is the irreversibility in the process?
Solution:

C.V. Iron out to 600°C source, which is a control mass.

Exergy Eq.10.42: @, - @) =(1 - E_;)le - 1W2+ Po(Va = V1) - 1D gestr

To evaluate it we need the heat transfer and the change in exergy Eq.10.43
D) - @y = mpe(uy - uy) + Po(Vy = V) - mpeT(s; - 51)

Energy Eq.5.11: mg.(u, -u;) =1Q, - W,

Process: Constant pressure  => W, =Pmg,(v; - v{)

= IQZ = mFe(h2 - hl) = mFeC(Tz - Tl) =2x042 x (400 - 25) =315 kJ

TO
12 desir. = (1= 7 N1Q2 = 1Wo = mMpe(Uy - up) + mpeTofs; - 51)

TO
=(1- ﬁth = 1Qy t mp.Ty(s; - 81)

298 673
=(1- 873) 315-315+2%0.42 x 298 In 208 = 96.4 kJ

Notice the destruction is equal to I, =T, Sy,
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Use the exergy balance equation to solve for the work in Problem 10.33.

A piston/cylinder has forces on the piston so it keeps constant pressure. It
contains 2 kg of ammonia at 1 MPa, 40°C and is now heated to 100°C by a
reversible heat engine that receives heat from a 200°C source. Find the work out of
the heat engine.

Solution:
To evaluate it we need the change in exergy Eq.10.43
D) - Dy =myp(uy - ug) + Po(Vy = Vi) - my, To(s, - 51)
The work in Eq.10.44 (W = Wy g + W, ;) 1s from the exergy Eq.10.42

TO
W=Py(V,-V)+(1- ﬁ)le — (0, - P)) -0

TO
= (1 - ﬂ)lQZ o mam(u2 o ul) + mamTo(SQ - Sl)
Now we must evaluate the three terms on the RHS and the work ;W ;.
State 1:  u; =1369.8 kl/kg, v; =0.13868 m’/kg, s; =5.1778 kl/kg K

State 2:  u, = 1490.5 kJ/kg, v, =0.17389 m’/kg, s, =5.6342 klJ/kg K
1 W2 pist = My P(v4 - v) =2 x 1000 (0.17389 - 0.13868) = 70.42 kJ

C.V. Heat engine and ammnia (otherwise we involve
another Q)

Entropy: My(s; - 81) = 1Qy/Tyy +0
= 1Qy = Ty My(s7 - 81)
=473.15x2(5.6342 - 5.1778)
=431.89kJ

Substitute this heat transfer into the work term

298.1
w=(1- 42§—1§) 431.89 — 2(1490.5-1369.8) + 2x298.15(5.6342-5.1778)

= 159.74 —241.4+272.15=190.49 kJ
Whe =W - Wy =190.49 — 70.42 = 120.0 kJ
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A small air gun has 1 cm’ air at 250 kPa, 27°C. The piston is a bullet of mass 20
g. What is the potential highest velocity with which the bullet can leave?

Solution:
The availability of the air can give the bullet kinetic energy expressed in the
exergy balance Eq.10.42 (no heat transfer and reversible),

D, - O =m(uy -uy) + Po(V, = V) -mTy(s; -81) =- W, +Po(V, - V)

B 250 x1x106 6
Ideal gas so: m=PV/RT = 0287 x300 2.9 x 107 kg

The second state with the lowest exergy to give maximum velocity is the dead

state and we take T, = 20°C. Now solve for the work term

Wy =-m(u; - u;) + mTy(s, - sy)
T, P,
=mCy(T; - Ty +mT, [ C, 1H(T_l) -R 111(1)_1) ]

293 100
_ -6 =72 AL
=29 % 100 [0.717(27 - 20) + 293.15 (1.004 In355 — 0.287 Iny )]

2
ex

1
= 0.0002180 kJ = 0.218 J = 5 myy1eV

V2 =1/2% 0.218/0.020 = 4.67 m/s

Comment: Notice that an isentropic expansion from 250 kPa to 100 kPa will give
the final air temperature as 230.9 K but less work out. The above process is not
adiabatic but Q is transferred from ambient at T,,.
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10.96
Calculate the reversible work and irreversibility for the process described in
Problem 5.134, assuming that the heat transfer is with the surroundings at 20°C.

C.V.: A + B. This is a control mass.
Continuity equation: mp - (mp; +mp;)=0;
Energy:  mpuy - mpjupp - mpjugy = 1Q2 - W)
System: if Vg =0 piston floats = Pg=Pg; = const.
if V=0 then P, <Pgjand v=V,/miy seeP-V diagram
State Al: Table B.1.1, x=1 P
var = 1.694 m3/kg, us; =2506.1 kl/kg

PBl
maq = VA/VAI =0.5903 kg
State B1: Table B.1.2 sup. vapor V.

vy = 1.0315 m3/kg, ugy = 2965.5 kl/kg -

mp; = Vg1/vg] =0.9695 kg => my=mpor=1.56kg
At (T2 R PBI) \ 0.7163 > Va = VA/mtOt =0.641 so VB2 >0
so now state 2: P, =Pg =300 kPa, T, =200 °C

=> uy =2650.7kl/kg and V,=m,v,= 1.56x0.7163 =1.117 m>
(we could also have checked T, at: 300 kPa, 0.641 m3/kg => T =155 °C)

ac
1Wy = [PpdVp =Pp (V2 - Vi), =Pp1(V2- V), , =-264.82 kJ

1Q2 =mpuy - mpjupg - mpjugy + Wy =-484.7 kJ
From the results above we have :
sa1 =7.3593 kl/kg K, sg;=8.0329 kl/kg K, s,=7.3115kJ/kgK
e
W5 =TSy -S) - (Uy - Up) + 1Qy(1 - Ty/Tyy)
ac
=To(mysy - mpi8Say - mpsgy) + 1 W, - 1QT/Ty
=293.15 (1.5598 x 7.3115 - 0.5903 x 7.3593 - 0.9695 x 8.0329)
+(-264.82) - (-484.7) x 293.15 / 293.15
=-2133-264.82+484.7 =6.6kJ

v

=Wy - Wy =6.6-(-264.82) = 271.4 kJ
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A piston/cylinder arrangement has a load on the piston so it maintains constant
pressure. It contains 1 kg of steam at 500 kPa, 50% quality. Heat from a reservoir
at 700°C brings the steam to 600°C. Find the second-law efficiency for this
process. Note that no formula is given for this particular case so determine a
reasonable expression for it.

Solution:

1: Table B.12 P, x; = v;=0.001093 + 0.5x0.3738 = 0.188 m>/kg,
h; =640.21 + 0.5x2108.47 = 1694.5 kl/kg,
s; = 1.8606 + 0.5x4.9606 = 4.341 kJ/kg K
2:P,=P.,T, = v,=0.8041, h,=3701.7kJ/kg, s,=28.3521kl/kgK
Energy Eq.: m(u - up) =1Qy - Wy =1Qy - P(V,- Vy)
1Q, =m(u, - uy) + Pm(v, - v{) =m(h, - hy) =2007.2 kJ
1 W, =Pm(v, - vq) =308.05 kJ
W1 0 atm = Pom(v, - v;) =61.61 kJ
Useful work out = W, - (W, atm = 246.44 k]

298.1
A¢reservoir = (1 - TO/Tres)1Q2 = (1 - 93212) 2007.2=1392.2 kJ

=W

/AG = 0.177

net
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10.98

Consider the high-pressure closed feedwater heater in the nuclear power plant
described in Problem 6.102. Determine its second-law efficiency.

For this case with no work the second law efficiency is from Eq. 10.25:
N1 = My6(Wis - Wi6)/My7(Wi7 - Wys)
Properties (taken from computer software):

h18:688
s[kikeK] s;s=1.728  s;6=1.6603 s7=6.1918

S18 = 1.954
The change in specific flow availability becomes

Vig - Wie = hyg - hyg - To(s15 - 516) = 35.433 kl/kg
V17 - Wis =hy7-hys- To(sy7 - s15) = 677.12 kl/kg
M = (75.6 x 35.433)/(4.662 x 677.12) = 0.85
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Consider a gasoline engine for a car as a steady device where air and fuel enters at
the surrounding conditions 25°C, 100 kPa and leaves the engine exhaust manifold
at 1000 K, 100 kPa as products assumed to be air. The engine cooling system
removes 750 kJ/kg air through the engine to the ambient. For the analysis take the
fuel as air where the extra energy of 2200 kJ/kg of air released in the combustion
process, is added as heat transfer from a 1800 K reservoir. Find the work out of
the engine, the irreversibility per kilogram of air, and the first- and second-law
efficiencies.

C.V. Total out to reservoirs
Energy Eq.: m,h; + QH =m,h, + W+ Qout

Entropy Eq-: 1’hasl + QH/TH + égen - ri'1ass + Qout/TO

1 Air intake filterFuel line

W _,_—@ ' Radiator Burning of the fuel releases
Shaft % Qpy at Ty,

power @ ()0 From the air Table A.7

Exhaust flow  Coolant flow 4&

kJ/kg ki/kg K
h;=298.61 s, =6.8631

h, =1046.22 s7,=28.1349

< To

2

Woe = W/, =hy - hy + qy - qoy = 298.6 - 1046.22 + 2200 - 750 = 702.4 kl/kg

gen

Ny = W/qy = 702.4/2200 = 0.319

q 750 2200
=s2-s1+TL“‘ T—H—81349 6.8631 + 39513 ~ 1300

Lot = (To)Sgen = 764.8 kJ/kg

=2.565 kl/kg K

For reversible case have sy, =0 and q8 from Ty, 10 qyy
ain = To(s2 - 51) - (T Tyay = 14.78 kl/kg

=hy - hy + Qi + i = Wae + iyor = 14672 kI/kg
N = W/ W' =0.479
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10.100
Consider the nozzle in Problem 9.112. What is the second law efficiency for the
nozzle?
A nozzle in a high pressure liquid water sprayer has an area of 0.5 cm?. It receives
water at 250 kPa, 20°C and the exit pressure is 100 kPa. Neglect the inlet kinetic
energy and assume a nozzle isentropic efficiency of 85%. Find the ideal nozzle
exit velocity and the actual nozzle mass flow rate.
Solution:

C.V. Nozzle. Liquid water is incompressible v =~ constant, no work, no heat
transfer => Bernoulli Eq.9.17

1,2
Vo —0=V(P; - Po) =0.001002 ( 250 — 100) = 0.1503 kl/kg

V., =42 x0.1503 x 1000 J/kg =17.34 ms

This was the ideal nozzle now we can do the actual nozzle, Eq. 9.30

2
ex ac

1 1,2
Vi ac = N3V = 0.85 x 0.1503 = 0.12776 kl/kg

Vo, 2e =2 x0.12776 x 1000 J/kg =15.99 m s ™

The second law efficiency is the actual nozzle compare to a reversible process
between the inlet and actual exit states. However here there is no work so the
actual exit state then must have the reversible possible kinetic energy.

1y,2
Energy actual nozzle:  h;+0=h, + EVeX ac Same Z,no qandno w.

The reversible process has zero change in exergies from Eq.10.36 as
0=0-0+0+vy;-y.—0

2
Wi:\Ve:hi+0_Tosi:he+lv Tose

2V%exrev
14,2 _ _ 1,2
2VeX rey = hj-he + Ty (Sg - 8)) = 2VCX ac T T, Seen

We can not get properties for these states accurately enough by interpolation
to carry out the calculations. With the computer program we can get:
Inlet: h; = 84.173 kJ/kg, s; = 0.29652 kl/kg K

Exit,s: e =84.023 ki/kg, T, =19.998°C, %vﬁx =0.15 kl/kg

, 1
Exitac: 5Voy o = 0.1275 ki/kg, hy = 84.173 — 0.1275 = 84.0455 kl/kg
(P,h) => 5,=0.29659 kl/kg K, T =20.003°C
2 12 B
Vo rev = 3Vox s + To Sgen = 0.1275 +293.15(0.29659 — 0.29652)
= 0.148 kl/kg

ny = 0.1275/0.148 = 0.86
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10.101
Air in a piston/cylinder arrangement is at 110 kPa, 25°C, with a volume of 50 L.
It goes through a reversible polytropic process to a final state of 700 kPa, 500 K,
and exchanges heat with the ambient at 25°C through a reversible device. Find the
total work (including the external device) and the heat transfer from the ambient.

C.V. Total out to ambient
m,(uy -up) = 1Qa - 1 Wo o, my(sy-81) = 1Qy/T
m, = 110 x 0.05/0.287 x 298.15 = 0.0643 kg

1Q, = Tymy(s, - 5) = 298.15 x 0.0643[7.3869 - 6.8631
-0.287 In (700/110)] =-0.14 kJ

1Wo ot = 1Q2 - my(uy - uy)
=-0.14 - 0.0643 x (359.844 - 213.037) = -9.58 kJ
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10.102
Consider the irreversible process in Problem 8.128. Assume that the process
could be done reversibly by adding heat engines/pumps between tanks A and B
and the cylinder. The total system is insulated, so there is no heat transfer to or
from the ambient. Find the final state, the work given out to the piston and the
total work to or from the heat engines/pumps.

C.V. Water m,, + mg + heat engines. No Qexternal, only {W, . ; + Wyg
m, =my; + mg; = 6Kkg, myuy-my Uy - mpug; = '1W2,cy1 - Whg
mys; - Mp1Spp - Mpisgy =0+ 0
Vap =0.06283 uy, =3448.5 s, =7.3476 V, =0.2513 m*
vg; = 0.09053 ug, =2843.7 sp, =6.7428 Vg =0.1811 m’

m,s, = 4x7.3476 + 2x6.7428 = 42.876 = s, = 7.146 kJ/kg K
If P, <P,z = 1.4 MPa then

Vy =V, +Vp=04324m°, v, =0.07207 m’/kg

Py » $9) = v, =020135= V,=1208m>>V, OK
= P, =P = 1.4 MPa u, = 2874.2 kl/kg

(W ey = Pin(Vy - Vi - Vi) = 1400x(1.208 - 0.4324) = 1085.84 kJ
WhE =mpuag + mpiugy - mpuy - (Wy o

=4 x3447.8 +2 x2843.7 -6 x 2874.2 - 1085.84 = 1147.6 kJ
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10.103
Consider the heat engine in Problem 10.79. The exit temperature was given as
800 K, but what are the theoretical limits for this temperature? Find the lowest
and the highest, assuming the heat transfers are as given. For each case give the
first and second law efficiency.

The lowest exhaust temperature will occur when the maximum amount of
work is delivered which is a reversible process. Assume no other heat
transfers then

2nd law: S;tqy/Ty +0=s.+q,/Tp
Se =S8 = qH/TH - qm/Tm = nge - SSFi -R ln(Pe/Pi)
SOTe = SOTi R ln(Pe/Pi) + qH/TH - qm/Tm
=6.86926 + 0.287 In(100/100) + 1200/1500 - 300/750
=7.26926 kl/kg K

Table A.7.1 = T =446 K, h,=4479kl/kg

e,min

hi +qy500 = 750 T he W

Wiey = hi + Q1500 - Qrso - hy = 300.47 + 1200 - 300 - 447.9
— 752.57 kl/kg

W ey _ 752.57
91500 1200

T]I: T]TH = = 0.627

The second law efficiency measures the work relative to the source of
availability and not q;5o. So

L Wy 752.57 752.57
M= (1T Tyarsee (1 - 300/1500)1200 960

=0.784

The maximum exhaust temperature occurs with no work out
h; + qy =g, + h, = h,=300.473 + 1200 - 300 = 1200.5 kJ/kg

Table A.7.1 = T =1134 K

e,max

Now: w,,=0 so ny=np=0
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10.104
Air in a piston/cylinder arrangement, shown in Fig. P10.104, is at 200 kPa, 300 K
with a volume of 0.5 m°>. If the piston is at the stops, the volume is 1 m? and a
pressure of 400 kPa is required. The air is then heated from the initial state to
1500 K by a 1900 K reservoir. Find the total irreversibility in the process
assuming surroundings are at 20°C.

Solution:
Energy Eq.: m(u - up) =1Qy - W,
Entropy Eq.: m(s, - s1) = f dQ/T +1S; gen
Process: P=Py+a(V-Vy) if V< Vop
Information: Pgop = Pot a(Viop-Vo)

Eq.of state = Tgop = T1Pgiop Vitop/P1 V1 = 1200 < T,

So the piston will hit the stops => V, =V

stop

stop

P, = (Ty/Tyop) Pytop = (1500/1200) 400 = 500 kPa = 2.5 P,

State 1: P
PV, 2
_ A § | C
m, =m; =
2 1 RTI |

~200x0.5 1 a

~0.287 x 300

= \'

1.161 kg - e _|Q .
V, \% res

1 stop

[Wy =3P + Py (Vo V1) = 5(200 + 400)(1 - 0.5) = 150 kJ
1Qy=M(u, - u)) + W, = 1.161(1205.25 - 214.36) + 150 = 1301 kJ
Sy - S| = S7, - Sp; -RIn(P,/P}) = 8.6121 - 6.8693 - 0.287 In 2.5 = 1.48 k/kg K
Take control volume as total out to reservoir at Trgg
1S gen tor = M(S3 - 8) - 1Qo/ Tres = 1.034 kI/K
1= To(1S5 gen) =293.15 x 1.034 =303 kJ
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10.105

A jet of air at 200 m/s flows at 25°C, 100 kPa towards a wall where the jet flow
stagnates and leaves at very low velocity. Consider the process to be adiabatic and
reversible. Use the exergy equation and the second law to find the stagnation
temperature and pressure.

Solution:

C.V. From free flow to stagnation point. Reversible adiabatic steady flow.

Exergy Eq.10.36: 0= my; - my, - Pyegir.

Entropy Eq.: 0= rhsi - rilse + I mdq/T + rilsgen = rhsi - rilse +0+0
Process: Reversible ®gegyy = 0, Sgen = 0, adiabatic q=0

From exergy Eq.:  ye-y;=0=h,—Tgse—h;+Tgs;— %Vlz

From entropy Eq.: s, =s;, so entropy terms drop out

Exergy eq. now leads to: he =h; + %Vlz = T,=T;+ %Vlz /Cp

1.20020kg ..
21004 Jkg K~ 4492°C

k-1 273 +44.92\1.4/04
Eq.8.32: P, = P; ( TJ/T, X! = 100 (W

Te=25+

=125.4 kPa

State i is the free ; & \j
stream state. ° :(> |:>
olc

State e is the
stagnation state. % %

cb
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10.106
Consider the light bulb in Problem 8.123. What are the fluxes of exergy at the
various locations mentioned? What are the exergy destruction in the filament, the
entire bulb including the glass and the entire room including the bulb? The light
does not affect the gas or the glass in the bulb but it gets absorbed on the room
walls.
A small halogen light bulb receives an electrical power of 50 W. The small
filament is at 1000 K and gives out 20% of the power as light and the rest as heat
transfer to the gas, which is at 500 K; the glass is at 400 K. All the power is

absorbed by the room walls at 25°C. Find the rate of generation of entropy in the
filament, in the total bulb including glass and the total room including bulb.

Solution:

We =50 W

QRAD = 10 W
Qconp =40 W

We will assume steady state and no storage in the bulb, air or room walls.

C.V. Filament steady-state

Energy Eq.5.31: dE /dt =0=W¢ - Qrap — Qconp

QRAD QCOND .

Entropy Eq.8.43: dS.,/dt=0=— — +S
Py Eq c.v. TELA T A gen

. . . . 50
Sgen = (QRAD + QcoND)/ TrILA = Wel/ TFILA = (00 = 0-05 W/K

C.V. Bulb including glass
QR AD leaves at 1000 K QCOND leaves at 400 K

égen =] dQ/T =-(-10/1000) — (-40/400) = 0.11 W/K

C.V. Total room. All energy leaves at 25°C

Eq.5.31: dE¢ .y /dt=0=W¢ — Qrap — Qconn
Qror -
Eq.8.43: dS.y/dt=0= — er Sgen
§ o OT _ s rmny — 0,168 WIK
gen_TWALL_ ( )_ .
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Problems Solved Using Pr and vr Functions

10.31

An air compressor receives atmospheric air at T = 17°C, 100 kPa, and
compresses it up to 1400 kPa. The compressor has an isentropic efficiency of
88% and it loses energy by heat transfer to the atmosphere as 10% of the
isentropic work. Find the actual exit temperature and the reversible work.

C.V. Compressor

Isentropic: w s S;

h..-h es =
Table A.7: P, =P,;x (P/P;)=0.9917 x 14 = 13.884
= he =617.51 kl/kg
Weins = 617.51 -290.58 =326.93 kJ/kg
Actual: Wi a0 = Weing/Me = 37151 5 e = 32.693 kl/kg
Wc,in,ac + hi = he,ac + ioss
=> he,ac =290.58 +371.51 - 32.693 = 629.4 kJ/kg
=> Ty =621 K

cin,s ~ te,s T H o

Reversible: W' =h; - h .. + T(s, 5 - 5;)
=290.58 - 629.4 +290.15 x (7.6121 - 6.8357)
=-338.82 +225.42 =-113.4 kJ/kg

Since qy, 1 also to the atmosphere it is not included as it will not be
reversible.
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An air compressor is used to charge an initially empty 200-L tank with air up to 5
MPa. The air inlet to the compressor is at 100 kPa, 17°C and the compressor
isentropic efficiency is 80%. Find the total compressor work and the change in
availability of the air.

Solution:

C.V. Tank + compressor Transient process with constant inlet conditions, no
heat transfer.

Continuity: m,-m;=m;, (m;=0) Energy: myu,=myh;, - W,
Entropy:  mjsy = m;;s;, + 157 gen
Reversible compressor: (S, gGen =0 = sy =s5;,
State 1: v, =RT,/P; =0.8323 m?/kg,
. o
State inlet, Table A.7.1: h;, =290.43 kl/kg, s, =6.8352kl/kg K
Table A.7.2  P,;,=0.9899 used for constant s process
Table A.7.2 = P, =P;,(Py/P;,) =0.9899 x (5000/100) = 49.495
= T, =855K, u,=637.2 kl/kg
= Wy = hj - uy ¢ =290.43 - 637.2 = -346.77 kl/kg
Actual compressor: Wy ac = W, ¢/M, = -433.46 kl/kg
uz’AC = hin - IWZ,AC =290.43 - (-43346) =723.89 kJ/kg
Backinterpolate in Table A.7.1 = T, 5c =958 K, s?szC =8.0867 kl/kg K
= v, =RT,/P,=0.055m’/kg
State 2 m, = Vz/Vz =3.636 kg = 1W2 = m2(1W2,Ac) =-1576 kJ
my(¢; - ¢1) = my[uy - uy + Po(vy - vy) - To(s; - 51)]
=3.636[723.89 - 207.19 + 100(0.055 - 0.8323) - 290[8.0867 -
6.8352 - 0.287 In(5000/100)] = 1460.3 kJ

Here we used Eq.8.28 for the change in entropy.
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