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Chapter 7
ENTROPY

Entropy and the Increase of Entropy Principle

7-1C No. The §5Q represents the net heat transfer during a cycle, which could be positive.

7-2C No. A system may produce more (or less) work than it receives during a cycle. A steam power plant,
for example, produces more work than it receives during a cycle, the difference being the net work output.

7-3C The entropy change will be the same for both cases since entropy is a property and it has a fixed
value at a fixed state.

7-4C No. In general, that integral will have a different value for different processes. However, it will have
the same value for all reversible processes.

7-5C Yes.
7-6C That integral should be performed along a reversible path to determine the entropy change.

7-7C No. An isothermal process can be irreversible. Example: A system that involves paddle-wheel work
while losing an equivalent amount of heat.

7-8C The value of this integral is always larger for reversible processes.

7-9C No. Because the entropy of the surrounding air increases even more during that process, making the
total entropy change positive.

7-10C It is possible to create entropy, but it is not possible to destroy it.

7-11C If the system undergoes a reversible process, the entropy of the system cannot change without a heat
transfer. Otherwise, the entropy must increase since there are no offsetting entropy changes associated
with reservoirs exchanging heat with the system.
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7-2

7-12C The claim that work will not change the entropy of a fluid passing through an adiabatic steady-flow
system with a single inlet and outlet is true only if the process is also reversible. Since no real process is
reversible, there will be an entropy increase in the fluid during the adiabatic process in devices such as
pumps, compressors, and turbines.

7-13C Sometimes.

7-14C Never.

7-15C Always.

7-16C Increase.

7-17C Increases.

7-18C Decreases.

7-19C Sometimes.

7-20C Yes. This will happen when the system is losing heat, and the decrease in entropy as a result of this
heat loss is equal to the increase in entropy as a result of irreversibilities.

7-21C They are heat transfer, irreversibilities, and entropy transport with mass.

7-22C Greater than.

7-23 A rigid tank contains an ideal gas that is being stirred by a paddle wheel. The temperature of the gas
remains constant as a result of heat transfer out. The entropy change of the gas is to be determined.

Assumptions The gas in the tank is given to be an ideal gas.

Analysis Thfa temperature gnd thf: specific volume of IDEAL GAS

the gas remain constant during this process. o

Therefore, the initial and the final states of the gas 40°C Heat
are the same. Then s, = s; since entropy is a property. 200 kJ Ly
Therefore, -' il 30°C

AS =0
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7-24 Air is compressed steadily by a compressor. The air temperature is maintained constant by heat
rejection to the surroundings. The rate of entropy change of air is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas. 4 The process involves no internal irreversibilities
such as friction, and thus it is an isothermal, internally reversible process.

Properties Noting that h = h(T) for ideal gases, we have h; = h, since T; =T, = 25°C.

Analysis We take the compressor as the system. Noting that the enthalpy of air remains constant, the
energy balance for this steady-flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0
R
Rate of net energy transfer  Rate of change in internal, kinetic, P2
by heat, work, and mass potential, etc. energies
Ein = Eout Q &
W, =0Q,, AIR
= 3 12kW
Therefore, T = const.

Qout = Win =12kW /

Noting that the process is assumed to be an T
isothermal and internally reversible process, the rate
of entropy change of air is determined to be P1

AS. =— Qouair __12kW _ —0.0403 KW/K

o Toys 298 K

7-3

7-25 Heat is transferred directly from an energy-source reservoir to an energy-sink. The entropy change of

the two reservoirs is to be calculated and it is to be determined if the increase of entropy principle is
satisfied.

Assumptions The reservoirs operate steadily.

1200 K
Analysis The entropy change of the source and sink is given by
as =2 Qo ZI0OKT T00KT o haag /K gt
T, T, 1200K 600K
a0 K

Since the entropy of everything involved in this process has increased,
this transfer of heat is possible.
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7-26 It is assumed that heat is transferred from a cold reservoir to the hot reservoir contrary to the Clausius
statement of the second law. It is to be proven that this violates the increase in entropy principle.

Assumptions The reservoirs operate steadily.

Analysis According to the definition of the entropy, the entropy @
change of the high-temperature reservoir shown below is
Q =100 kJ
ASy = Q _100k) _ 0.08333kJ/K
Ty 1200K

and the entropy change of the low-temperature reservoir is

Q —-100kJ

AS, =—< = =-0.1667 kI/K
T, 600K

The total entropy change of everything involved with this system is then
AS 1 =ASy +AS| =0.08333-0.1667 =—0.0833 kJ/K

which violates the increase in entropy principle since the entropy is decreasing, not increasing or staying
fixed.

7-27 Heat is transferred from a hot reservoir to a cold reservoir. The entropy change of the two reservoirs is
to be calculated and it is to be determined if the second law is satisfied.

Assumptions The reservoirs operate steadily.
Analysis The rate of entropy change of everything involved in this @
transfer of heat is given by ) kW

As_Qu  Qu_ —2kW 2kW 002 Wik
T, T, 800K 300K

Since this rate is positive (i.e., the entropy increases as time passes),
this transfer of heat is possible.
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7-28E A reversible air conditioner with specified reservoir temperatures is considered. The entropy change
of two reservoirs is to be calculated and it is to be determined if this air conditioner satisfies the increase in
entropy principle.

Assumptions The air conditioner operates steadily.

Analysis According to the thermodynamic temperature scale,

. . Ty 570R '
=Q, — = (36,000 Btu/h) —— = 38,720 Btu/h Q
QH QL TL ( )530R H

The rate of entropy change of the hot reservoir is then

- Q
Qq  —38720Btwh ;

AS, ==H - 2 — _67.92Btwh-R
Ty 570R

Similarly, the rate of entropy change of the cold reservoir is

_ QL _ 36,000 Btu/h —67.92 Btw/h-R

AS
“TT, 530R

The net rate of entropy change of everything in this system is

AS o = ASy +AS, =—67.92+67.92 =0Btu/h-R

The net rate of entropy change is zero as it must be in order to satisfy the second law.
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7-29 A reversible heat pump with specified reservoir temperatures is considered. The entropy change of
two reservoirs is to be calculated and it is to be determined if this heat pump satisfies the increase in
entropy principle.

Assumptions The heat pump operates steadily.

Analysis Since the heat pump is completely reversible, the »

combination of the coefficient of performance expression, first Law,

and thermodynamic temperature scale gives 100 kW
1 1 @ W
COPyp ey = = =26.73 et
’ 1-T, /Ty 1-(283K)/(294K) o
L
The power required to drive this heat pump, according to the @
coefficient of performance, is then

Qu _100kW

Wi = =3.741kW
M COPypy.,  26.73

According to the first law, the rate at which heat is removed from the low-temperature energy reservoir is
QL =Qn ~Woein =100kW —3.741kW = 96.26 kW

The rate at which the entropy of the high temperature reservoir changes, according to the definition of the
entropy, is

AS,, = J1O0KW 6 50 kwik

and that of the low-temperature reservoir is

A, =2 _T9020KW 4 340 kwiK
T 283K

The net rate of entropy change of everything in this system is
AS a1 = ASy +AS| = 0.340—0.340 = 0 kWI/K

as it must be since the heat pump is completely reversible.
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7-30E Heat is transferred isothermally from the working fluid of a Carnot engine to a heat sink. The
entropy change of the working fluid is given. The amount of heat transfer, the entropy change of the sink,
and the total entropy change during the process are to be determined.

Analysis (a) This is a reversible isothermal process, and the Heat
entropy change during such a process is given by
N\
<—
AS = Q 95°F K
T
Noting that heat transferred from the working fluid is equal to Carnot heat engine

the heat transferred to the sink, the heat transfer become

Qnuia = TruieASuia = (555 RY~0.7 Btw/R) = -388.5 Btu — Qpiq.ou = 388.5 Btu
(b) The entropy change of the sink is determined from

Qqink,in _ 388.5 Btu
Taink 555R

S:

(c) Thus the total entropy change of the process is
Sgen = AStOtal = Asﬂuid + Assink = _07 + 07 = O

This is expected since all processes of the Carnot cycle are reversible processes, and no entropy is
generated during a reversible process.
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7-31 R-134a enters an evaporator as a saturated liquid-vapor at a specified pressure. Heat is transferred to
the refrigerant from the cooled space, and the liquid is vaporized. The entropy change of the refrigerant, the
entropy change of the cooled space, and the total entropy change for this process are to be determined.

Assumptions 1 Both the refrigerant and the cooled space involve no internal irreversibilities such as
friction. 2 Any temperature change occurs within the wall of the tube, and thus both the refrigerant and the
cooled space remain isothermal during this process. Thus it is an isothermal, internally reversible process.

Analysis Noting that both the refrigerant and the cooled space undergo reversible isothermal processes, the
entropy change for them can be determined from

as-2
T

(a) The pressure of the refrigerant is maintained constant. Therefore, the temperature of the refrigerant
also remains constant at the saturation value,

T = Tsat@160 kPa — _15.6OC = 257.4 K (Table A—12)

Then,
—_—>
Qrefrigerant, 180 kJ R-1344
AS e frigerant = e = =0.699 kJ/K
refrgerant Treﬁ'igerant 2574 K 160 kPa ﬂ

(b) Similarly, 180 kJ

S _ Qspace,out - 180 kJ =-0.672 kJ/K

space T p 268K

space

(c) The total entropy change of the process is
Sgen = Stotal = AScfiigerant T AS =0.699-0.672 = 0.027 kJ/K

g space
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Entropy Changes of Pure Substances
7-32C Yes, because an internally reversible, adiabatic process involves no irreversibilities or heat transfer.

7-33C According to the conservation of mass principle,

dm . .
dfv :;m_ozm:m

dm _ o

dt m

An entropy balance adapted to this system becomes

ds d(ms) B

surr
+

dt dt

m;, S;, 20

When this is combined with the mass balance, and the constant entropies are removed from the derivatives,
it becomes

aSqu dm dm
—M 4s—-—5, —>0
dt dt dt

Multiplying by dt and integrating the result yields
ASg +(S=S;,)Am =0

or
ASg, =(S—S;,)Am

surr —

7-34C According to the conservation of mass principle,

dmey . .
a2
dam in out
E = Mout
An entropy balance adapted to this system becomes

dSqy N d(ms) .

ot o My, S =0

When this is combined with the mass balance, it becomes

dSy,, _dm dm
— M 45— —-5—2>0
dt dt dt

Multiplying by dt and integrating the result yields
ASgr +MyS, —MS; —s(My, —m;) 20

Since all the entropies are same, this reduces to
AS .. >0

Hence, the entropy of the surroundings can only increase or remain fixed.
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7-35 R-134a is expanded in a turbine during which the entropy remains constant. The enthalpy difference
is to be determined.

Analysis The initial state is superheated vapor and thus

P, =250 psia } h, =129.95 Btu/lbm 1

(from EES)
T, =175°F s; =0.23281Btu/lbm-R

The entropy is constant during the process. The final state is also
superheated vapor and the enthalpy at this state is

T, = 20°F

h, =106.95 Btw/Ibm (from EES)
s, =5, =0.23281 Btw/lbm-R

Note that the properties at the inlet and exit states can also be determined from Table A-13E by
interpolation but the values will not be as accurate as those by EES. The change in the enthalpy across the
turbine is then

Ah=h, —h, =106.95-129.95 = —23.0 Btu/lbm

7-36E A piston-cylinder device that is filled with water is heated. The total entropy change is to be
determined.

Analysis The initial specific volume is

Vi 25f°
o, =82 oS 8 lbm
m 2lbm
which is between « and v for 300 psia. The initial quality and the HZO.
entropy are then (Table A-5E) 300 psia
2 lbm
Vi—vy  (1.25-0.01890) ft3/lbm 251t

X, = =0.8075

Vg (1.5435-0.01890) ft*/Ibm

S =St +XSgg =0.58818 Btu/lbm-R +(0.8075)(0.92289 Btu/Ibm-R) =1.3334 Btw/lbm-R

The final state is superheated vapor and P
T, =500°F
) S, =1.5706 Btu/lbm-R (Table A - 6E)
P, = P, =300 psia 1 2
Hence, the change in the total entropy is
AS =m(s, —5s;) v
=(21bm)(1.5706—1.3334) Btw/lbm-R
=0.4744 Btu/R
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7-37 Water is compressed in a compressor during which the entropy remains constant. The final
temperature and enthalpy are to be determined.

Analysis The initial state is superheated vapor and the entropy is

T, =160°C } h, = 2800.7 kl/kg T

(from EES)
P, =35kPa | s, =8.1531kJ/kg-K 2

Note that the properties can also be determined from Table A-6 by
interpolation but the values will not be as accurate as those by EES.

The final state is superheated vapor and the properties are (Table A-6) 1
P, =300kPa T, =440.5°C S
S, =5, =8.1531kJ/kg-K | h, =3361.0kJ/kg

7-38E R-134a is expanded isentropically in a closed system. The heat transfer and work production are to
be determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis As there is no area under the process line shown on
the T-s diagram and this process is reversible,

Q=0Btu R-134a
1 Ibm
100 psia
Ein - Eout = AEsystem 100°F

A .
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

_Wout =AU = m(u2 _ul) T
Wout = m(ul _u2)

The energy balance for this system can be expressed as

The initial state properties are

(Table A -13E) 2
s, =0.22900 Btw/Ibm-R s

T, =100°F u; =109.45 Btu/lbm
P, =100 psia

The final state properties for this isentropic process are (Table A-12E)

S =St 0.22900—0.00742
Stg 0.22206
Uy =Uy + XU =3.135+(0.99784)(87.453) = 90.40 Btu/Ibm

P, =10 psia } X, = =0.99784

s, =5, =0.22900 Btu/lbm- R

Substituting,
W, =m(u; —u,)=(11bm)(109.45-90.40) Btu/lbm = 19.05 Btu

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-12

7-39 An insulated rigid tank contains a saturated liquid-vapor mixture of water at a specified pressure. An
electric heater inside is turned on and kept on until all the liquid vaporized. The entropy change of the
water during this process is to be determined.

Analysis From the steam tables (Tables A-4 through A-6)

P =100 kPa }ul =V + Xy =0.001+(0.25)1.6941-0.001) = 0.4243 m’/kg

X, = 0.25 S, =S¢ + XSy =1.3028+(0.25)(6.0562) = 2.8168 ki/kg - K
Uz = Vl

s, = 6.8649 kl/kg - K
sat. vapor

Then the entropy change of the steam becomes

AS =m(s, —s,)=(2kg)(6.8649 — 2.8168) ki/kg - K = 8.10 kJ/K

7-40 [Also solved by EES on enclosed CD] A rigid tank is divided into two equal parts by a partition. One
part is filled with compressed liquid water while the other side is evacuated. The partition is removed and
water expands into the entire tank. The entropy change of the water during this process is to be determined.

Analysis The properties of the water are (Table A-4)

P, =300 kPa }ul =Vi@eocc = 0.001017m*/kg conlngr:tisgsed
T, =60°C S; =St @eoec =0.8313 kl/kg-K liquid v
acuum
Noting that 300 kPa
v, =2v; =(2)0.001017)=0.002034 m* /kg 00°¢
V2~Vr _0.002034-0.001014 0

v 10.02-0.001014

P, =15 kPa }Xz =
S, =S¢ +X,S1, =0.7549+(0.0001018)(7.2522) = 0.7556 ki/kg-K

v, =0.002034 m*/kg

Then the entropy change of the water becomes

AS =m(s, —5;) = (1.5 kg)(0.7556 — 0.8313) kl/kg - K = —0.114 kJ/K
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7-41 EES Problem 7-40 is reconsidered. The entropy generated is to be evaluated and plotted as a function
of surroundings temperature, and the values of the surroundings temperatures that are valid for this
problem are to be determined. The surrounding temperature is to vary from 0°C to 100°C.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Input Data"
P[1]=300 [kPa]
T[1]=60 [C]
m=1.5 [kg]
P[2]=15 [kPa]

Fluid$="Steam_IAPWS'

V[1]=m*spv[1]

spv[1]=volume(Fluid$,T=T[1], P=P[1]) "specific volume of steam at state 1, m"3/kg"
s[1]=entropy(Fluid$,T=T[1],P=P[1]) "entropy of steam at state 1, kJ/kgK"
V[2]=2*V[1] "Steam expands to fill entire volume at state 2"

"State 2 is identified by P[2] and spv[2]"

spv[2]=V[2]/m "specific volume of steam at state 2, m*3/kg"
s[2]=entropy(Fluid$,P=P[2],v=spv[2]) "entropy of steam at state 2, kJ/kgK"
T[2]=temperature(Fluid$,P=P[2],v=spV[2])

DELTAS_sys=m*(s[2]-s[1]) "Total entopy change of steam, kJ/K"

"What does the first law tell us about this problem?"

"Conservation of Energy for the entire, closed system"

E_in- E_out=DELTAE_sys

"neglecting changes in KE and PE for the system:"

DELTAE_sys=m*(intenergy(Fluid$, P=P[2], v=spv[2]) - intenergy(Fluid$,T=T[1],P=P[1]))
E_in=0

"How do you interpert the energy leaving the system, E_out? Recall this is a constant volume
system."

Q_out=E_out

"What is the maximum value of the Surroundings temperature?"

"The maximum possible value for the surroundings temperature occurs when we set

S_gen = 0=Delta S_sys+sum(DeltaS_surr)"

Q_net_surr=Q_out

S gen=0

S_gen = DELTAS_sys+Q_net_surr/Tsurr

"Establish a parametric table for the variables S_gen, Q_net_surr, T_surr, and DELTAS_sys. In
the Parametric Table window select T_surr and insert a range of values. Then place '{' and '}’
about the S_gen = 0 line; press F3 to solve the table. The results are shown in Plot Window 1.
What values of T_surr are valid for this problem?"
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Sgen Qnet,surr Tsurr Assys

[kJ/K] kJ] K] [kJ/K]
0.02533 37.44 270 -0.1133
0.01146 37.44 300 -0.1133
0.0001205 37.44 330 -0.1133
-0.009333 37.44 360 -0.1133
-0.01733 37.44 390 -0.1133

0.030 T T T T T T T T T T T T T

0.020|- .

T o.010f -

=

i - |

S .0.000
[=2]

%) i i
-0.010} .
-0.020 I 1 I 1 I 1 I 1 I 1 I 1 I

260 280 300 320 340 360 380 400
Tsurr [K]
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7-42E A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed
at constant pressure. The entropy change of refrigerant during this process is to be determined

Analysis From the refrigerant tables (Tables A-11E through A-13E),

P, =120 psia
s; =0.22361 Btu/lbm - R
T, =100°F
[

T, =50°F

: Sy s, o0 =0.06039 Btu/lbm - R R-134a
P, =120 psia @0F 120 psia

, 100°F Q
Then the entropy change of the refrigerant becomes //

AS =m(s, —s,)=(2 1bm)(0.06039 — 0.22361)Btu/Ibm - R =—0.3264 Btu/R
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7-43 An insulated cylinder is initially filled with saturated liquid water at a specified pressure. The water is
heated electrically at constant pressure. The entropy change of the water during this process is to be
determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The
compression or expansion process is quasi-equilibrium.

Analysis From the steam tables (Tables A-4 through A-6),

V| =Vi@isokpa =0.001053 m*/kg

P, =150 kP
L L =Ny uso e = 467.13 KI/kg H,0
sat.liquid 150 kPa
Sl = Sf@lSO kPa =1.4337 kJ/kgK Sat hquld
Also,
3
m=Y o 000m sk

v 0.001053 m®/kg

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
The energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
| —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

We,in _Wb,out =AU
We,in = m(hZ - hl)

since AU + W, = AH during a constant pressure quasi-equilibrium process. Solving for h,,

W, .
ein _ 467.13 +M =930.33 kJ/kg
475k

g

Thus,

h, —hy  930.33-467.13
heg 2226.0
S, =S¢ + X515 =1.4337+(0.2081)(5.7894) = 2.6384 ki/kg - K

=0.2081

P, =150 kPa X, =
h, =930.33 kl/kg

Then the entropy change of the water becomes

AS =m(s, —s;)=(4.75 kg)(2.6384 —1.4337 )kJ/kg - K =5.72 kI/K
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7-44 An insulated cylinder is initially filled with saturated R-134a vapor at a specified pressure. The
refrigerant expands in a reversible manner until the pressure drops to a specified value. The final
temperature in the cylinder and the work done by the refrigerant are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The
process is stated to be reversible.

Analysis (a) This is a reversible adiabatic (i.e., isentropic) process, and thus s, = s;. From the refrigerant
tables (Tables A-11 through A-13),

Vi = Vg@os mpa = 0.025621 m’/kg
S| = Sg@o.s Mpa = 091835 kJ/kg-K

P =0.8 MPa

sat. vapor

Also,

v 0.05m?
m=—

= =1952kg
v 0.025621 m’/kg

and

S;—St  0.91835-0.24761
Stg 0.67929
Uy =Ug +X,U gy =63.62+(0.9874)171.45)=232.91 kl/kg

=0.9874

P, =0.4 MPa | x, =
SZ = Sl

T, = Tsat@0.4 mpa = 8.91°C

(b) We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this adiabatic closed system can be expressed as

E,-E AE

in — “out system
I L
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
_Wb,out =AU

Wy oue = M(U; —U,)

Substituting, the work done during this isentropic process is determined to be

Wi o = M(U; —U,) = (1.952 kg)(246.79 - 232.91) kl/kg = 27.09 kJ
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7-45 EES Problem 7-44 is reconsidered. The work done by the refrigerant is to be calculated and plotted as
a function of final pressure as the pressure varies from 0.8 MPa to 0.4 MPa. The work done for this process
is to be compared to one for which the temperature is constant over the same pressure range.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Procedure
IsothermWork(P_1,x_1,m_sys,P_2:Work_out_lsotherm,Q_isotherm,DELTAE_isotherm,T_isother
m)

T_isotherm=Temperature(R134a,P=P_1,x=x_1)

T=T_isotherm

u_1 = INTENERGY(R134a,P=P_1,x=x_1)

v_1=volume(R134a,P=P_1,x=x_1)

s_1 =entropy(R134a,P=P_1,x=x_1)
u_2 = INTENERGY(R134a,P=P_2,T=T)
s_2 = entropy(R134a,P=P_2,T=T)

"The process is reversible and Isothermal thus the heat transfer is determined by:
Q_isotherm = (T+273)*m_sys*(s_2-s_1)

DELTAE_isotherm = m_sys*(u_2-u_1)

E_in = Q_isotherm

E_out = DELTAE_isotherm+E_in

Work_out_isotherm=E_out

END

"Knowns:"

P_1 =800 [kPa]

x 1=1.0

V_sys = 0.05[m"3]
"P_2 =400 [kPa]"

"Analysis: "

" Treat the rigid tank as a closed system, with no heat transfer in, neglect
changes in KE and PE of the R134a."

"The isentropic work is determined from:"

E_in- E_out=DELTAE_sys

E_out = Work_out_isen

E_ in=0

DELTAE_sys =m_sys*(u_2-u_1)
u_1=INTENERGY(R134a,P=P_1,x=x_1)
v_1=volume(R134a,P=P_1,x=x_1)
s_1 =entropy(R134a,P=P_1,x=x_1)
V_sys =m_sys*v_1

"Rigid Tank: The process is reversible and adiabatic or isentropic.
Then P_2 and s_2 specify state 2."

s 2=s_1

u_2 = INTENERGY(R134a,P=P_2,s=s_2)

T_2_isen = temperature(R134a,P=P_2,s=s_2)

Call
IsothermWork(P_1,x_1,m_sys,P_2:Work_out_lsotherm,Q_isotherm,DELTAE_isotherm,T_is
otherm)
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I:’2 Workout,isen Workout,isotherm Qisotherm
[kPa] [kJ] [kJ] [kJ]
400 27.09 60.02 47.08
500 18.55 43.33 33.29
600 11.44 28.2 21.25
700 5.347 13.93 10.3
800 0 0 0
60 — 7T T T T T T T T T T T T T T ]
50k .
= 40- ]
X’ i ]
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S 30+ .
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f \ 3
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7-46 Saturated Refrigerant-134a vapor at 160 kPa is compressed steadily by an adiabatic compressor. The
minimum power input to the compressor is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis The power input to an adiabatic compressor will be a minimum when the compression process is
reversible. For the reversible adiabatic process we have S, =S;. From the refrigerant tables (Tables A-11
through A-13),

v =v =0.12348 m’/k
P, =160 kPa 1 g@160 kPa g 2
sat. vapor
S| = Sg@i60 kpa = 0.9419 kJ/kg-K
P, =900 kPa
h, = 277.06 kl/kg
Sz = Sl
Also,
v 2 m®/mi
m=l—_ MMM 650 keg/min = 0.27 ke/s :

v 0.12348 m¥/kg

There is only one inlet and one exit, and thus m, =m, =m. We take the compressor as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

20 (steady)

Ein - Eout = AEsystem =0
— R —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

W, +iihy = mh, (since Q = Ake = Ape = 0)
Vi/in = m(hZ - hl)
Substituting, the minimum power supplied to the compressor is determined to be

W,, = (0.27 kg/s)(277.06 — 241.11) kl/kg = 9.71 kW
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7-47 An insulated cylinder is initially filled with superheated steam at a specified state. The steam is
compressed in a reversible manner until the pressure drops to a specified value. The work input during this
process is to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The
process is stated to be reversible.

Analysis This is a reversible adiabatic (i.e., isentropic) process, and thus S, =s,. From the steam tables
(Tables A-4 through A-6),

v, =0.63402 m>/kg
u, =2571.0 kl/kg

P, =300 kPa }
s, =7.0792 kl/kg-K

T, =150°C

P, =1 MPa
u, =2773.8 kl’kg
Sz = Sl
H,0
Also, 300 kPa
; 150°C
meY o 005m 0789 kg

Vi 0.63402 m’/kg

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
The energy balance for this adiabatic closed system can be expressed as

Ein - Eout - AEsystem
[
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Wpin =AU =m(u, —uy)

Substituting, the work input during this adiabatic process is determined to be

Wy i = m(u, —uy) = (0.0789 kg )(2773.8 - 2571.0) ki/kg = 16.0 kJ
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7-48 EES Problem 7-47 is reconsidered. The work done on the steam is to be determined and plotted as a
function of final pressure as the pressure varies from 300 kPa to 1 MPa.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"
P_1 =300 [kPa]
T_1=150[C]

V_sys = 0.05 [m"3]
"P_2=1000 [kPa]"

"Analysis: "
Fluid$='Steam_IAPWS'

" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect

changes in KE and PE of the Steam. The process is reversible and adiabatic thus isentropic."
"The isentropic work is determined from:"

E_in- E_out = DELTAE_sys

E_out=0 [kJ]

E_in =Work_in
DELTAE_sys = m_sys*(u
u_1=INTENERGY (Fluid
v_1 = volume(Fluid$,P=P
s_1 = entropy(Fluid$,P=P
V_sys = m_sys*v_1

_2-
P=P_
AT
1.T=T_

" The process is reversible and adiabatic or isentropic.
Then P_2 and s_2 specify state 2."

s 2=s_1

u_2 = INTENERGY (Fluid$,P=P_2,s=s_2)

T_2_isen = temperature(Fluid$,P=P_2,s=s_2)

P2 Workm 16 T | T | T | T | T | T | T
[kPa] [kJ] 14__ Work on Steam __
300 0 - P, =300kPa |
400 3.411 12| -
500 6.224 - T,=150C y
600 8.638 = 10 .
700 10.76 = ol ]
800 12.67 c L |
900 14.4 ~ sL i
1000 16 o F |

S 4r .
oL ]
0- 1 | 1 | 1 | 1 | 1 | 1 | 1 |

300 400 500 600 700 800 900 1000
P, [kPa]
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7-49 A cylinder is initially filled with saturated water vapor at a specified temperature. Heat is transferred
to the steam, and it expands in a reversible and isothermal manner until the pressure drops to a specified
value. The heat transfer and the work output for this process are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The cylinder is well-insulated
and thus heat transfer is negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The
process is stated to be reversible and isothermal.

Analysis From the steam tables (Tables A-4 through A-6),
Tl = 2000C} UI = uQ@zoooC = 2594.2 kJ/kg H

satvapor | S; =Sggaoeec =6.4302 kl/kg-K H,0
P, =800 kPa | u, =2631.1kJ/kg 200°C
sat. vapor
T, =T, s, =6.8177 kJ/kg-K T = const
The heat transfer for this reversible isothermal process can be ~Q

determined from
Q=T4S =Tm(s, —s,)= (473 K)(1.2 kg)(6.8177 — 6.4302)kJ/kg - K = 219.9 kJ

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
The energy balance for this closed system can be expressed as

Ein - Eout = AE

system
— ——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin _Wb,out =AU = m(u2 _ul)
Wy out = Qin —M(Uy —Uy)
Substituting, the work done during this process is determined to be

W ot = 219.9KkJ — (1.2 kg)(2631.1-2594.2) ki/kg = 175.6 kJ
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7-50 EES Problem 7-49 is reconsidered. The heat transferred to the steam and the work done are to be
determined and plotted as a function of final pressure as the pressure varies from the initial value to the
final value of 800 kPa.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"
T_1=200]C]
x 1=1.0

m_sys = 1.2 [kq]
{P_2 =800"[kPa]"}

"Analysis: "
Fluid$='Steam_IAPWS'

" Treat the piston-cylinder as a closed system, neglect changes in KE and PE of the Steam. The

process is reversible and isothermal ."

T 2=T_1

E_in- E_out=DELTAE_sys

E_in=Q_in

E_out = Work_out

DELTAE_sys =m_sys*(u_2-u_1) =y

P_1 = pressure(Fluid$,T=T_1,x=1.0) X

u_1=INTENERGY (Fluid$,T=T_1,x=1.0) =

v_1 = volume(Fluid$,T=T_1,x=1.0) 2
S
=

200 - T - T T .

s_1 = entropy(Fluid$,T=T_1,x=1.0)
V_sys = m_sys*v_1

" The process is reversible and isothermal.
Then P_2 and T_2 specify state 2."

u_2 = INTENERGY (Fluid$,P=P_2,T=T 2 0 ' ' ' ' ' ' '
s 2= entropy(FIuidé,P=P_2,T=T_2) ) a0 1000~ 1200 = 1400 1600
Q_in= (T_1+273)*m_sys*(s_2-s_1) Py [kPa]
P, Qin Workoy ' ' '
[kPa] [kJ] [kJ] 200
800 219.9 175.7 I
900 183.7 144.7 160 .
1000 150.6 117 o -
1100 120 91.84 | 2 120 -
1200 91.23 6885 | — |
1300 64.08 47.65 C-'yE 8oL ]
1400 38.2 27.98 I
1500 13.32 9.605 201 i
1553 219.9 175.7 |
0 1 1 1 1 1 1 1
800 1000 1200 1400 1600
P, [kPa]
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7-51 Water is compressed isentropically in a closed system. The work required is to be determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis The energy balance for this system can be expressed as

Ein - Eout = AE

system
[ ———
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Water
W, =AU =m(u, —u,) 10°C
x=0.814
The initial state properties are
Up =Ug +XUgy =42.020+(0.814)(2346.6) =1952.2 kl/kg
S =St + XS5 =0.1511+(0.814)(8.7488) = 7.2726 kJ/kg -K T
Since the entropy is constant during this process, )
u, =3132.6kJ/kg (Table A-6)
S, =8, =7.2726kJ/kg-K
1
Substituting,

Wy, =U, —U, = (3132.6-1952.2) ki/kg = 1180.4 kJ/kg
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7-52 R-134a undergoes an isothermal process in a closed system. The work and heat transfer are to be
determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions involved other than the boundary work. 3 The thermal energy stored in the
cylinder itself is negligible. 4 The compression or expansion process is quasi-equilibrium.

Analysis The energy balance for

this system can be expressed as T
Ein - Eout = AEsystem
— S
Net energy transfer Change in internal, kinetic, R-134a
by heat, work, and mass potential, etc. energies 240 kPa 1
Win - Qout =AU = m(u2 - ul) T,=T,=20°C 2
The initial state properties are S

P, =240kPa | u, =246.74kJ/kg
(Table A -13)

T, =20°C s; =1.0134kl/kg-K
For this isothermal process, the final state properties are (Table A-11)

T, =T, =20°C } Uy =Ug + XU g =78.86+(0.20)(162.16) =111.29 kI/kg

X, =0.20 S, =S; +X;8¢5 =0.30063+(0.20)(0.62172) = 0.42497 kI/kg - K
The heat transfer is determined from

Qin =To(Sy —5;) =(293K)(0.42497 -1.0134) kJ/kg - K =-172.4 kJ/kg
The negative sign shows that the heat is actually transferred from the system. That is,

Oout =172.4kJ/Kkg

The work required is determined from the energy balance to be

Wy, = (g +(Uy —Uy) =172.4kI/kg +(111.29 — 246.74) ki/kg = 36.95 kJ/kg

7-53 The total heat transfer for the process 1-3 shown in the figure is to be determined.

Analysis For a reversible process, the area under the T (°C)
process line in T-s diagram is equal to the heat transfer
during that process. Then, 360

Q3 =01, +Qy3

2 3
:.!TdS +_!'Tds ‘s

T +T, '
== (5, =8)+T2(5; - 5,) 1 2 3 S (kJ/K)

 (360+273)+(55+273) K
2

(3-DKI/K + (360 +273K)(2 - 3)kJ/kg - K
=328kJ
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7-54 The total heat transfer for the process 1-2 shown in the figure is to be determined.

Analysis For a reversible process, the area under the process line in T-s diagram is equal to the heat transfer
during that process. Then,

. T (°C)
Qi = [Tds
| 500 -
T,+T,
5 (S, =S1)
_ (500+273) +2(100+273) K (1.0-0.2)kJ/K 100
=458.4kJ

0.2 1.0 SKIK)

7-55 The heat transfer for the process 1-3 shown in the figure is to be determined.

Analysis For a reversible process, the area under the process line in T-s diagram is equal to the heat transfer
during that process. Then,

2 3 T (°C)
i3 :ITds+des 1
1 ) 120 |--5 3
100 |---\c-----
T, +T !
17 2 (5, -5,)+0 |
_ (120+273) +2(30+273)K (1.0—0.02)kT/kg . K 30 b )
= 341.0kJ/kg ' '

0.02 1.0 s(ki/kgK)

7-56E The total heat transfer for the process 1-2 shown in the figure is to be determined.

Analysis For a reversible process, the area under the
process line in T-S diagram is equal to the heat T (°F)

transfer during that process. Then,
) 500
Q. = J'Tds
1
:T1+T2 (s, —5) 100
4 100+ 460) R
_ (500+460) +2( 00+460R 1 9_0.2) Bru/bm R s (Bu/lbm-R)
=608 Btu/lbm
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7-57 The change in the entropy of R-134a as it is heated at constant pressure is to be calculated using the
relation ds = (8Q /T) iu ey, and it is to be verified by using R-134a tables.

Analysis As R-134a is converted from a saturated liquid to a saturated vapor, both the pressure and
temperature remains constant. Then, the relation ds = (8Q /T) iy ey reduces to
_dh

T

ds

When this result is integrated between the saturated liquid and
saturated vapor states, the result is (Table A-12)

hg —hy¢ B hfg@ZOOkPa

S —Sf:

g
T Tsat @200 kPa 1 2

~206.03 kJ/kg
(-10.09+273.15)K

=0.78321kJ/kg -K S

Finding the result directly from the R-134a tables
Sqg =St =Sig@ao0kpa = 0-78316 kJ/kg-K (Table A-12)

The two results are practically identical.
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7-58 Steam is expanded in an isentropic turbine. The work produced is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic
(i.e., reversible-adiabatic).
Analysis There is only one inlet and one exit, and thus m; =m, = m. We take the turbine as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

. . . 20 (stead: 2 MPa
Ein - Eout = AES (steady) =0
ystem 360°C
— L SS——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

rh, =mh, +W_, 00 kP
Wout = m(hl - h2) a

The inlet state properties are
P, =2MPa | h, =3159.9kl/kg !
(Table A - 6)
T, =360°C | s, =6.9938kJ/kg-K
100 kPa |\

For this isentropic process, the final state properties are (Table A-5) 2

S-St 6.9938-1.3028
Stg 6.0562
hy =hy +x,hyy =417.51+(0.9397)(2257.5) = 2538.9 kl/kg

=0.9397

P, =100kPa X, =
s, =5, =6.9938kl/kg-K

Substituting,
W, =h; —h, =(3159.9-2538.9) kl/kg =621.0 kJ/kg
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7-59 R-134a is compressed in an isentropic compressor. The work required is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic

(i.e., reversible-adiabatic).

Analysis There is only one inlet and one exit, and thus m; =m, =m . We take the compressor as the
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-

flow system can be expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem el =0

—_——
Rate of net energy transfer
by heat, work, and mass

E,=E

n out

%/_—/
Rate of change in internal, kinetic,
potential, etc. energies

mhl +Win = mh2
Win =m(h, —hy)
The inlet state properties are

T, = 0°F
Xl :1

h, =103.08 Btu/Ibm

(Table A-11E)
s, =0.22539 Btw/Ibm- R

For this isentropic process, the final state enthalpy is

P, =200 psia
h, =123.28 Btu/lbm (Table A -13E)
S, =5, =0.22539 Btw/lbm-R
Substituting,
w;, =h, —h; =(123.28 -103.08) Btu/lbm = 20.2 Btu/lbm

200 psia

Compressor

0°F
sat. vapor

0°F
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7-60 Steam is expanded in an isentropic turbine. The work produced is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic
(i.e., reversible-adiabatic).

Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the
rate form as

. . _ . 20 (steady) _
Ein —Eou - AEsystem =0 4 MPa
Rate of net energy transfer  Rate of change in internal, kinetic, 5 kg/S
by heat, work, and mass potential, etc. energies
) ) Steam
Ein = Eou turbine
m;hy =myhy +m3h; + W, 700 kPa
Wy =mMhy —myh, —mshy 51(())(1)(01)8

From a mass balance,
m, =0.05m; =(0.05)(5 kg/s) = 0.25kg/s
m; =0.95m; =(0.95)(5kg/s) =4.75kg/s

Noting that the expansion process is isentropic, the
enthalpies at three states are determined as follows:

(Table A - 6)

P, =50kPa | h, =2682.4kJ/kg
T, =100°C | s, =7.6953kl/kg-K

P, =4MPa

h, =3979.3kl/kg (Table A -6)
s, =S5 =7.6953kl/kg K

P, =700 kPa

h, =3309.1kJ/kg  (Table A -6)
S, =S, =7.6953kl/kg-K

Substituting,
Wout = mlhl _mzhz _maha

= (5kg/s)(3979.3 kl/kg) — (0.25 kg/s)(3309.1kI/kg) — (4.75 kg/s)(2682.4 k) /kg)
= 6328 kW
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7-61 Heat is added to a pressure cooker that is maintained at a specified pressure. The minimum entropy

change of the thermal-energy reservoir supplying this heat is to be determined.
Assumptions 1 Only water vapor escapes through the pressure relief valve.

Analysis According to the conservation of mass principle,

d . .
_n;?, =§m—2m

out
dm

—=-m
d t out
An entropy balance adapted to this system becomes

S sur + d(ms) +M,,$>0
dt dt

When this is combined with the mass balance, it becomes

dSg,; d(ms) dm
dt dt dt

20

Multiplying by dt and integrating the result yields

AS gy +MyS, —MyS; =S, (M — M) 20

surr

The properties at the initial and final states are (from Table A-5 at 200 kPa)

V) =0 +xv gy =0.001061+(0.10)(0.88578 ~0.001061) = 0.08953 m* kg
S, =8¢ +XSy =1.5302+(0.10)(5.5968) = 2.0899 kl/kg - K

vy = vy +xv gy =0.001061+(0.50)(0.88578 - 0.001061) = 0.4434 m* /kg
5, =8¢ +XS¢y =1.5302+(0.50)(5.5968) = 4.3286 kl/kg - K

The initial and final masses are

3
m-Y__ v __ 0lm —— =L117kg
v vitXvg  0.08953m/kg
3
m-Y-_ Y 0lmorsske

vy Vi+Xvg  0.4434m’/kg
The entropy of escaping water vapor is

Sout = Sg @200kPa = 7.1270 kJ/kg K

Substituting,
ASgyr +MyS; —MyS; =Sy, (My =My ) >0
AS,,. +(0.2255)(4.3286) — (1.117)(2.0899) — (7.1270)(0.2255~1.117) > 0
AS,,. +4.995>0

The entropy change of the thermal energy reservoir must then satisfy

AS ., =2—-4.995kJ/K

surr —
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7-62 Heat is added to a pressure cooker that is maintained at a specified pressure. Work is also done on
water. The minimum entropy change of the thermal-energy reservoir supplying this heat is to be
determined.

Assumptions 1 Only water vapor escapes through the pressure relief valve.
Analysis According to the conservation of mass principle,

dm , .
—dtcv :;m—Zm

out

dm

= e
dt

out

An entropy balance adapted to this system becomes

ds

—sur d@ms) +mM,,;$=>0
dt dt

When this is combined with the mass balance, it becomes

05y , A(MS) __dm
dt dt dt

0

Multiplying by dt and integrating the result yields

ASgy +MyS; —MyS; =S, (My —my) 20

The properties at the initial and final states are (from Table A-5 at 200 kPa)

Vi =v; +Xvig =0.001061+(0.10)(0.88578 ~0.001061) = 0.08953 m® /kg
5, =8¢ +XSy =1.5302+(0.10)(5.5968) = 2.0899 kl/kg - K

vy = +Xvgy =0.001061+(0.50)(0.88578 ~0.001061) = 0.4434 m* /kg
S, =8¢ +XS =1.5302+(0.50)(5.5968) = 4.3286 kl/kg - K

The initial and final masses are

3
m-Y_._v __ 0lm —=1117kg
vl vitXvg o 0.08953m kg
3
m-Y-_Y OIm™  _2255kg

v, v T XV ©0.4434 m?/kg
The entropy of escaping water vapor is

Sout = Sg @200kPa = 71270 kJ/kg 'K

Substituting,
ASgur +MyS; —MyS; =Sy, (My =My ) 20
AS,,. +(0.2255)(4.3286) — (1.117)(2.0899) — (7.1270)(0.2255~1.117) = 0
AS,  +4.995>0

surr
The entropy change of the thermal energy reservoir must then satisfy

AS . =-4.995kJ/K

surr —

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-34

7-63 A cylinder is initially filled with saturated water vapor mixture at a specified temperature. Steam
undergoes a reversible heat addition and an isentropic process. The processes are to be sketched and heat
transfer for the first process and work done during the second process are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. 2 The thermal energy stored in the
cylinder itself is negligible. 3 Both processes are reversible.

Analysis (b) From the steam tables (Tables A-4 through A-6),

T, =100°C

s =g =419.174(0.5)2256.4) = 15474 k/kg
h, =h, =2675.6 kl/k

T, =100°C) 2 9 g

. 1 Uy = Uy =2506.0 ki/kg

2 s, =7.3542 kl/kg-K

P, =15kPa Q
U, =2247.9 kl/kg

S3 =3,

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves.
The energy balance for this closed system can be expressed as

E,-E AE

in — “—out system
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qin _Wb,out =AU = m(u2 - ul)

For process 1-2, it reduces to

Qzin = M(h, —hy) = (5kg)(2675.6- 1547.4)k)/kg = 5641kJ

(c) For process 2-3, it reduces to

W3 b oue = M(U, — Uz) = (5kg)(2506.0 - 2247.9)kJ/kg = 1291kJ

Steam
700 — PAPWS
600} i

500 s

400 .

T[°C]

300 101.42 kPa E
200}

1
100+ ®

00 11 22 33 44 55 66 77 88 99 110
s [kJ/kg-K]
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7-64 Steam expands in an adiabatic turbine. Steam leaves the turbine at two different pressures. The
process is to be sketched on a T-s diagram and the work done by the steam per unit mass of the steam at the
inlet are to be determined.

Assumptions 1 The kinetic and potential energy changes are negligible. P,=6 MPa
Analysis (b) From the steam tables (Tables A-4 through A-6), T, =500°C
T,=500°C| h; =3423.1kJ/kg P, =1MPa \L
hys =2921.3 kl/kg
P =6MPa| s, =6.8826 kJkg-K s, =5, i
Turbine [——3

P, =10kPa|hy, =2179.6 kl/kg

5y =5, Xss = 0.831 /i
A mass balance on the control volume gives \L P,=1MPa

' ' ' t, = 0.1m, P; =10 kPa

m, =m, +m; where ) .

m; =0.9m,;

We take the turbine as the system, which is oo A

a control volume. The energy balance for
this steady-flow system can be expressed in

the rate form as
E =E
mh, =W,

S,out

in out

Tra

+ myh, + m;h,

mlhl :WS,Oth + 01m1h2 + O.9m1h3

or

. . . 11.0
hy =W oy +0.1h, +0.9h, s [kJ/kg-K]
Wy oue = hy = 0.1h, —0.9hy

=3423.1-(0.1)(2921.3) - (0.9)(2179.6) =1169.3 kl/kg
The actual work output per unit mass of steam at the inlet is

Wy = 771 Wy o = (0.85)(1169.3 kJ/kg) = 993.9 kd/kg
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7-65E An insulated rigid can initially contains R-134a at a specified state. A crack develops, and
refrigerant escapes slowly. The final mass in the can is to be determined when the pressure inside drops to
a specified value.

Assumptions 1 The can is well-insulated and thus heat transfer is negligible. 2 The refrigerant that
remains in the can underwent a reversible adiabatic process.

Analysis Noting that for a reversible adiabatic (i.e., isentropic)
process, s; = sy, the properties of the refrigerant in the can are
(Tables A-11E through A-13E)

P =140psia | ¢ 0.07306 Btw/lbm- R
E o = . u m-
T=700F [ CfemT
S-St 0.07306—0.02605 |
P, =20 psia Xy = s =035 “
Sy 0.19962
Sz = Sl

v, =g +Xv g =0.01182+(0.2355)2.2772-0.01182) = 0.5453 ft*/Ibm
Thus the final mass of the refrigerant in the can is

3
vy 0.5453 ft}/lbm
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Entropy Change of Incompressible Substances

7-66C No, because entropy is not a conserved property.

7-67 A hot copper block is dropped into water in an insulated tank. The final equilibrium temperature of
the tank and the total entropy change are to be determined.

Assumptions 1 Both the water and the copper block are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energies are
negligible. 3 The tank is well-insulated and thus there is no heat transfer.

Properties The density and specific heat of water at 25°C are p = 997 kg/m’ and Cp =4.18 kl/kg.°C. The
specific heat of copper at 27°C is ¢, = 0.386 kJ/kg.°C (Table A-3).

Analysis We take the entire contents of the tank, water + copper block, as the system. This is a closed
system since no mass crosses the system boundary during the process. The energy balance for this system
can be expressed as

Ein - Eout = AE

system
— —
Net energy transfer Change in internal, kinetic, WATER
by heat, work, and mass potential, etc. energies
0=AU
or,
AU¢, +AU e = 0 120 L

[mC(TZ _Tl)]Cu +[mC(T2 _Tl)]water =0
where
My = PV = (997 kg/m*)(0.120 m®) = 119.6 kg

water
Using specific heat values for copper and liquid water at room temperature and substituting,
(50 kg)(0.386 kJ/kg - °C)(T, —80)°C + (119.6 kg)(4.18 kJ/kg - °C)(T, — 25)°C=0
T,=27.0°C
The entropy generated during this process is determined from

T 300.0 K
AS sopper = MCyyg 1n(T—2j = (50 kg )0.386 kJ/kg - K)ln( K

J =-3.140 kI/K
1

T 300.0 K
AS ater = MCyyg ln(T—TJ =(119.6 kg )(4.18 ki/kg - K)ln(mJ —3.344 kI/K
Thus,
AS a1 = AScopper + ASyuer = —3.140 +3.344 = 0.204 kJ/K
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7-68 Computer chips are cooled by placing them in saturated liquid R-134a. The entropy changes of the
chips, R-134a, and the entire system are to be determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions involved. 3 There is no heat transfer between the system and the surroundings.

Analysis (a) The energy balance for this system can be expressed as

Ein - Eout = AE

system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU =[m(u; —up)] s + MUy Ul s,
[, —u, )]chips =[m(u; —u)]i 1340
The heat released by the chips is
Qunips =MC(T; —T,) = (0.010 kg)(0.3 ki/kg - K)[20 — (—40)]K = 0.18 kJ
The mass of the refrigerant vaporized during this heat exchange process is

_Qr-i34a _ Qroizaa _ 0.18K]
2= = =
82 Uy -Ur  Uggoec 207.40Kkl/kg

m =0.0008679 kg

Only a small fraction of R-134a is vaporized during the process. Therefore, the temperature of R-134a

remains constant during the process. The change in the entropy of the R-134a is (at -40°F from Table A-
11)

ASR_1380 =Mg2Sg o + My 5S¢, =My S¢

= (0.0008679)(0.96866) + (0.005 — 0.0008679)(0) — (0.005)(0)
=0.000841kJ/K

(b) The entropy change of the chips is

T 40+ 273)K
— meln2 = (0.010 kg)(0.3 k/kg - K)in 20 27K
T, (20+273)K

AS =-0.000687 kJ/K

chips

(c) The total entropy change is

AS a1 = Sgen = ASk_134a +AS ps = 0.000841+(~0.000687) = 0.000154 kJ/K

chips

The positive result for the total entropy change (i.e., entropy generation) indicates that this process is
possible.
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7-69 A hot iron block is dropped into water in an insulated tank. The total entropy change during this
process is to be determined.

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energies are
negligible. 3 The tank is well-insulated and thus there is no heat transfer. 4 The water that evaporates,
condenses back.

Properties The specific heat of water at 25°C is ¢, = 4.18 kJ/kg.°C. The specific heat of iron at room
temperature is C, = 0.45 kJ/kg.°C (Table A-3).

Analysis We take the entire contents of the tank, water + iron block, as the system. This is a closed system
since no mass crosses the system boundary during the process. The energy balance for this system can be
expressed as

Ein - Eout = AEsystem
fe
Net energy transfer Ch: in internal, kinetic,
by heat, work, and mass pi,?ffnligllféml_];eréﬁs . WATER
o
0=AU 18°C
or,
AUiron + AUwater =0

[MC(Ty, = T)Jiron +IMC(T; = T)]varer =0

Substituting,

(25 kg)(0.45 ki/kg - K)(T, —350°C) + (100 kg)(4.18 kl/kg - K)(T, —18°C) = 0
T, = 26.7°C

The entropy generated during this process is determined from

T
Aoy = MCyy h{T—zJ = (25 kg)(0.45 kJ/kg - K)ln( =-8.232 kI/K

299.7 KJ
1

623 K

AS

water avg

me,,, In| 2 = (100 kg)4.18 ki/kg - K)In 297K 15314k
T, 291K

Thus,

Sgen = DSt = ASipon + AS ey = ~8.232+12.314 = 4.08 kI/K

water

Discussion The results can be improved somewhat by using specific heats at average temperature.
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7-70 An aluminum block is brought into contact with an iron block in an insulated enclosure. The final
equilibrium temperature and the total entropy change for this process are to be determined.

Assumptions 1 Both the aluminum and the iron block are incompressible substances with constant specific
heats. 2 The system is stationary and thus the kinetic and potential energies are negligible. 3 The system is
well-insulated and thus there is no heat transfer.

Properties The specific heat of aluminum at the anticipated average temperature of 450 K is ¢, = 0.973
kl/kg.°C. The specific heat of iron at room temperature (the only value available in the tables) is ¢, = 0.45
kJ/kg.°C (Table A-3).

Analysis We take the iron+aluminum blocks as the system, which is a closed system. The energy balance
for this system can be expressed as

Ein - Eout = AE

system
Net energy transfer Change in internal, kinetic, .
by heat, work, and mass potential, etc. energies Aluminum
0=AU 20 kg
200°C
or,
AUalum + AUiron =0
[MC(T, =T Jawum +IMC(Ty = T)]iron =0
Substituting,

(20 kg)(0.45 kI/kg - K)(T, —100°C) + (20 kg)(0.973 k/kg - K)(T, — 200°C) = 0

T, =168.4°C =441.4K

The total entropy change for this process is determined from

T 4414 K
AS. =mc,,, In| -2 | = (20 kg}0.45 kl/kg - K)In| ——— | =1.515 kJ/K
mron an (Tl J ( gX g ) [ 373 K J

T 4414 K
AS =mc,,, In| == | = (20 kg)0.973 kJ/kg - K )In| ———— | = —1.346 kI/K
alum avg (Tl ] ( g)( g ) ( 473 K J

Thus,

AS, 1 = AS; =1.515-1.346 = 0.169 kJ/K

ron

+AS

alum
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7-71 EES Problem 7-70 is reconsidered. The effect of the mass of the iron block on the final equilibrium
temperature and the total entropy change for the process is to be studied. The mass of the iron is to vary
from 1 to 10 kg. The equilibrium temperature and the total entropy change are to be plotted as a function
of iron mass.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"
T_1_iron =100 [C]
{m_iron = 20 [kg]}
T_1_al =200 [C]
m_a|=20[kg] 19— 777777
C_al =0.973 [kJ/kg-K] "FromTable A-3 196
at the anticipated average temperature of
450 K."

C_iron= 0.45 [kJ/kg-K] "FromTable A-3 192

194

at room temperature, the only value 190 ]
available." - 1
o 188 4

|— i |

"Analysis: " 186 .

" Treat the iron plus aluminum as a 184l ]

closed system, with no heat transfer in, - E

no work out, neglect changes in KE and %[ 3

PE of the system. " gol o 101w 1 1

"The final temperature is found from the toz2 s e s e 89 0o

energy balance." Mion [kg]

E_in- E_out=DELTAE_sys

E_ out=0

E in=0

DELTAE_sys = m_iron*DELTAu_iron + m_al*DELTAu_al
DELTAu_iron = C_iron*(T_2_iron - T_1_iron)
DELTAu_al=C_al*(T_2_al-T_1_al)

"the iron and aluminum reach thermal equilibrium:"

T 2 iron=T_2

T2a=T2

DELTAS_iron = m_iron*C_iron*In((T_2_iron+273) / (T_1_iron+273))
DELTAS_al = m_al*C_al*In((T_2_al+273) / (T_1_al+273))
DELTAS_total = DELTAS iron + DELTAS_al

AStOtal miron T2 0.1 I T T T T T T T T T T T T T T T T 1
[kJ/kg] [kal [C] 009 ]
0.01152 1 197.7 0.08 ]
0.0226 2 195.6 oorl ]
0.03326 3 193.5 — T ]
0.04353 4 191.5 o 008 §
0.05344 | 5 189.6 S oo ]
0.06299 6 187.8 = ol ]
0.07221 7 186.1 s [ ]
0.08112 8 184.4 Ao ]
0.08973 9 182.8 < o002 .
0.09805 | 10 181.2 N

1 2 3 4 5 6 7 8 9 10

iron [kg]

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-42

7-72 An iron block and a copper block are dropped into a large lake. The total amount of entropy change
when both blocks cool to the lake temperature is to be determined.

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific
heats at room temperature. 2 Kinetic and potential energies are negligible.

Properties The specific heats of iron and copper at room temperature are Ci, = 0.45 kJ/kg.°C and Ceopper =
0.386 kJ/kg.°C (Table A-3).

Analysis The thermal-energy capacity of the lake is very large, and thus the temperatures of both the iron
and the copper blocks will drop to the lake temperature (15°C) when the thermal equilibrium is established.
Then the entropy changes of the blocks become

288 KJ =-4.579 kI/K

T
AS. =mc,,. In| == |=(50 kg)0.45 ki/kg - K )In| ——
mron an (Tl J ( gx g ) (353 K

AS copper = MCyyg 11{1—2} = (20 kg)(0.386 kl/kg - K)ln(%j =-1.571 kJ/K

1

We take both the iron and the copper blocks, as the
system. This is a closed system since no mass crosses
the system boundary during the process. The energy
balance for this system can be expressed as

Ein - Eout = AEsystem
—_— —_——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
- Qout =AU = AUiron + AUcopper
or,
Qout = [mC(TI - T2 )]iron + [mC(Tl _T2 )]copper
Substituting,
Quut = (50 kg)(0.45 k/kg - K Y353 - 288)K + (20 kg)(0.386 k¥/kg - K )(353 - 288)K
=1964 kJ
Thus,

AS. = Quicin _ 1964k _ ¢ 0 ik

Thake 288 K

Then the total entropy change for this process is

AS i1 = ASin + ASeopmer + ASie = —4.579—1.571+6.820 = 0.670 kJ/K

copper
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7-73 An adiabatic pump is used to compress saturated liquid water in a reversible manner. The work input
is to be determined by different approaches.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3
Heat transfer to or from the fluid is negligible.

Analysis The properties of water at the inlet and exit of the pump are (Tables A-4 through A-6)
h, =191.81kJ/kg

P, =10 kPa
« =0 s, =0.6492 kl/kg
b v, =0.001010 m® /kg 15 MPa T
P, =15MPa | h, =206.90kJ/kg
S, =5, v, =0.001004 m*/kg ‘
(a) Using the entropy data from the compressed liquid water table 10 kPa
— L\

wp =h, —h; =206.90 -191.81=15.10kJ/kg
(b) Using inlet specific volume and pressure values
Wp = v, (P, —P,) = (0.001010 m*/kg)(15,000 —10)kPa = 15.14 kJ/kg
Error = 0.3%
(b) Using average specific volume and pressure values
Wp = Uy (P, =) = [1/2(0.001010 + 0.001004) m3/kgk15,000— 10)kPa =15.10 kJ/kg
Error = 0%

Discussion The results show that any of the method may be used to calculate reversible pump work.
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Entropy Changes of Ideal Gases

7-74C For ideal gases, ¢, =C, + R and
PV _PY v, _T.A

T, T v TR
Thus,
S,—8 =¢C,In I + RlIn %
T 4
~ o, 2|+ Rin E]
T TR,
=C,In LE3 +Rln I -RIn L}
T T R
:Cpln T—2 —RlIn| &
T R

7-75C For an ideal gas, dh = ¢, dT and v=RT/P. From the second Tds relation,

_dh_vdP _CpdP RT OGP _  dT _dP

ds —=C,
T T T P T T P

Integrating,

T P
S, =S =Cp h{T_ZJ_ R ln[FZJ
1 1

Since ¢, is assumed to be constant.
7-76C No. The entropy of an ideal gas depends on the pressure as well as the temperature.

7-7T7C Setting As = 0 gives
R/C
T P T P T, (P
Cpln 2= [-Rln| = |=0—>In| = R 2| L2
T, P T,) ¢, P T PR

R ¢-¢ 1 k-1 T, (p )
—=2F :1——:T since  k=c,/c,. Thus, 2= Fz
1

k i

But

7-78C The P, and v; are called relative pressure and relative specific volume, respectively. They are
derived for isentropic processes of ideal gases, and thus their use is limited to isentropic processes only.

7-79C The entropy of a gas can change during an isothermal process since entropy of an ideal gas depends
on the pressure as well as the temperature.
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7-80C The entropy change relations of an ideal gas simplify to
As

Cp In(T»/T,) for a constant pressure process
and As = ¢,In(T,/T,) for a constant volume process.

Noting that ¢, > c,, the entropy change will be larger for a constant pressure process.

7-81 The entropy difference between the two states of oxygen is to be determined.
Assumptions Oxygen is an ideal gas with constant specific heats.

Properties The specific heat of oxygen at the average temperature of (39+337)/2=188°C=461 K is ¢, =
0.960 kJ/kg-K (Table A-2b).

Analysis From the entropy change relation of an ideal gas,

T P 273K
AS,ygen = Cp N2~ Rln—2 = (0.960 kl/kg - K)ln 0o+ 213K

oxygen - 0 = 06436 kJ/kg . K
T P (39+273)K

since the pressure is same at the initial and final states.

7-45

7-82 The entropy changes of helium and nitrogen is to be compared for the same initial and final states.

Assumptions Helium and nitrogen are ideal gases with constant specific heats.

Properties The properties of helium are ¢, = 5.1926 kJ/kg-K, R =2.0769 klJ/kg-K (Table A-2a). The
specific heat of nitrogen at the average temperature of (427+27)/2=227°C=500 K is ¢, = 1.056 kJ/kg-K
(Table A-2b). The gas constant of nitrogen is R = 0.2968 kJ/kg-K (Table A-2a).

Analysis From the entropy change relation of an ideal gas,

T, P
Asy, =C, In—2—-Rln—2%
1 1
27+273)K
= 1926 kg Ko LT - 20769 kg K S
+ a
=0.3826 kJ/kg -K
T, . P
Asy, =C,In—=-Rln—=
T, P,
— (1056 kVkg K)n-Z 2K 0 5968 Kk Kln 2ok
(427+273)K 2000 kPa

=-0.2113kJ/kg -K

Hence, helium undergoes the largest change in entropy.
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7-83E The entropy change of air during an expansion process is to be determined.
Assumptions Air is an ideal gas with constant specific heats.

Properties The specific heat of air at the average temperature of (500+50)/2=275°F is ¢, = 0.243 Btu/lbm-R
(Table A-2EDb). The gas constant of air is R = 0.06855 Btu/lbm-R (Table A-2Ea).

Analysis From the entropy change relation of an ideal gas,

T P
As, =€, In—>-Rln—=
1 1

(B0+460R _ ) 16855 Btwlbm - R)ln L0 PS12
(500+460)R 200 psia

=-0.1062 Btu/lbm-R

=(0.243 Btu/lbm- R)In

7-84 The final temperature of air when it is expanded isentropically is to be determined.
Assumptions Air is an ideal gas with constant specific heats.

Properties The specific heat ratio of air at an anticipated average temperature of 550 K is k = 1.381 (Table
A-2D).

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption,

(k=1)/k 0.381/1.381

P

T,=T, _2 =(477+273 K)(M] =397K
P, 1000 kPa

Discussion The average air temperature is (750+397.4)/2=573.7 K, which is sufficiently close to the
assumed average temperature of 550 K.

7-85E The final temperature of air when it is expanded isentropically is to be determined.
Assumptions Air is an ideal gas with constant specific heats.

Properties The specific heat ratio of air at an anticipated average temperature of 300°F is k = 1.394 (Table
A-2EDb).

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption,

p, |V 20 psia
T,=T,| 2 = (500 + 460 R)| — P31
P, 100 psia

0.394/1.394
J =609R

Discussion The average air temperature is (960+609)/2=785 R=325°F, which is sufficiently close to the
assumed average temperature of 300°F.

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-47

7-86 The final temperatures of helium and nitrogen when they are compressed isentropically are to be
compared.

Assumptions Helium and nitrogen are ideal gases with constant specific heats.

Properties The specific heat ratios of helium and nitrogen at room temperature are k= 1.667 and k = 1.4,
respectively (Table A-2a).

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption,

(k-1)/k 0.667/1.667
P
Ty =T| == = (298 K)(M) = 749K
: P, 100 kPa

(k=1)/k 0.4/1.4
P 1000 kPa
T, =Ty == =298 K)| —— =575K
N2 1(&} ( )( 100kPa)

Hence, the helium produces the greater temperature when it is compressed.

7-87 The final temperatures of neon and air when they are expanded isentropically are to be compared.
Assumptions Neon and air are ideal gases with constant specific heats.

Properties The specific heat ratios of neon and air at room temperature are k = 1.667 and k = 1.4,
respectively (Table A-2a).

Analysis From the isentropic relation of an ideal gas under constant specific heat assumption,

p, 100 kP
T w =T,|2 = (1T3K)|
2Ne [ P, J ( )[1000 kPa

0.667/1.667
j =308K

(k=D/k 04/14

P

Tyur =Ty = = (773 K)(mj = 400K
’ P, 1000 kPa

Hence, the neon produces the smaller temperature when it is expanded.
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7-88 An insulated cylinder initially contains air at a specified state. A resistance heater inside the cylinder
is turned on, and air is heated for 15 min at constant pressure. The entropy change of air during this process
is to be determined for the cases of constant and variable specific heats.

Assumptions At specified conditions, air can be treated as an ideal gas.
Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).

Analysis The mass of the air and the electrical work done during this process are

_RY_ (120kPa)03m’)

~RT, (0.287 kPa-m¥/kg - K 290 K)
W,y =W, At = (0.2 kI/s15x 60 s) = 180 kJ

=0.4325 kg

The energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

We,in _Wb,out =AU —>We,in = m(hZ - hl) = Cp (TZ _Tl)

since AU + W, = AH during a constant pressure quasi-equilibrium process.

(a) Using a constant C, value at the anticipated average temperature of 450 K, the final temperature
becomes

W. .
Thus, T,=T +—==290K+ 180 kJ =698 K
mc, (0.4325 kg)(1.02 ki/kg - K)
Then the entropy change becomes
&0
ASye =m(sy =) =M/ Cp e 2Rz |- MCp v In12
’ T 1 i T

= (0.4325 kg)(1.020 kJ/kg -K)In 098K 1_ 0,387 kiIK
290 K

(b) Assuming variable specific heats,

W..
W, ;, =m(h, —h ) —— h, = h + == =290.16 kJ/kg L8O 26634 kJ/kg
’ m 0.4325 kg

From the air table (Table A-17, we read s; = 2.5628 kJ/kg-K corresponding to this h, value. Then,

&0
AS,, = m{sg s+ Rln% J = ms; - 57 )= (0.4325 kg )(2.5628 — 1.66802)k)/kg - K = 0.387 kJ/K
1
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7-89 A cylinder contains N, gas at a specified pressure and temperature. A gas is compressed
polytropically until the volume is reduced by half. The entropy change of nitrogen during this process is to
be determined.

Assumptions 1 At specified conditions, N, can be treated as an ideal gas. 2 Nitrogen has constant specific
heats at room temperature.

Properties The gas constant of nitrogen is R = 0.297 kJ/kg.K (Table A-1). The constant volume specific
heat of nitrogen at room temperature is ¢, = 0.743 kJ/kg.K (Table A-2).

N,

Analysis From the polytropic relation,

n-1 n-1
Lol ot —ook)2) " =3693K
T v) v

Then the entropy change of nitrogen becomes
PV =cC

ASy, = m(cv’avg ln-_lr_—2+ Rln&J

1 1

369.3K

=(1.2 kg)[(o.743 kl/kg - K)lnm+ (0.297 kl/kg - K)ln(O.S)] =-0.0617 kJ/K
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7-90 EES Problem 7-89 is reconsidered. The effect of varying the polytropic exponent from 1 to 1.4 on the
entropy change of the nitrogen is to be investigated, and the processes are to be shown on a common P-v
diagram.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Function BoundWork(P[1],V[1],P[2],V[2],n)
"This function returns the Boundary Work for the polytropic process. This function is required
since the expression for boundary work depens on whether n=1 or n<>1"
If n<>1 then
BoundWork:=(P[2]*V[2]-P[1]*V[1])/(1-n)"Use Equation 3-22 when n=1"
else
BoundWork:= P[1]*V[1]*In(V[2]/V[1]) "Use Equation 3-20 when n=1"
endif
end

n=1
P[1] = 120 [kPa]
T[1]1=27[C]
m = 1.2 [kg]
V[2]=V[1]/2
Gas$='N2'
MM=molarmass(Gas$)
R=R_u/MM
R_u=8.314 [kJ/kmol-K]
"System: The gas enclosed in the piston-cylinder device."
"Process: Polytropic expansion or compression, P*V*n = C"
PI*V[1]=m*R*(T[1]+273)
P2I*VI2]*n=P[1]*V[1]"n
W_b = BoundWork(P[1],V[1],P[2],V[2],n)
"Find the temperature at state 2 from the pressure and specific volume."
T[2]=temperature(gas$,P=P[2],v=V[2]/m)
"The entropy at states 1 and 2 is:"
s[1]=entropy(gas$,P=P[1],v=V[1]/m)
s[2]=entropy(gas$,P=P[2],v=V[2])/m)
DELTAS=m*(s[2] - s[1])
"Remove the {} to generate the P-v plot data"
{Nsteps = 10
VP[1]=V[1]
PP[1]=P[1]
Duplicate i=2,Nsteps
VPI[il=V[1]-i*(V[1]-V[2])/Nsteps
PP[i=P[1]*(V[1)/VP[i])"n

END }

AS [kJ/kg] n W, [kJ]
-0.2469 1 -74.06
-0.2159 1.05 -75.36
-0.1849 1.1 -76.69
-0.1539 1.15 -78.05
-0.1229 1.2 -79.44
-0.09191 1.25 -80.86
-0.06095 1.3 -82.32
-0.02999 1.35 -83.82

0.0009849 1.4 -85.34
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350

300}

250

PP[i]

200

150

100 . I . I . I . I . I .
0.4 0.5 0.6 0.7 0.8 0.9 1

O AS =0kJ/k

-0.051 .

-0.1+ -

-0.151 .

AS [KJI/K]

-0.21- .

-0.25 . TR 1 . 1 . 1 . TR 1 . 1 .
1 1.05 11 1.15 1.2 1.25 1.3 1.35 1.4

725

-75.5

-78.5

-81.5

Wy [kJ]

-84.5

-87.5 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
1 1.05 11 1.15 1.2 1.25 1.3 1.35 1.4

n
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7-91E A fixed mass of helium undergoes a process from one specified state to another specified state. The

entropy change of helium is to be determined for the cases of reversible and irreversible processes.

Assumptions 1 At specified conditions, helium can be treated as an ideal gas. 2 Helium has constant

specific heats at room temperature.

Properties The gas constant of helium is R = 0.4961 Btw/Ibm.R
(Table A-1E). The constant volume specific heat of helium is

l

C,=0.753 Btu/Ibm.R (Table A-2E).

He

Analysis From the ideal-gas entropy change relation, T,=540R
T,=660 R
ASy. = ml ¢, ... 12+ RIn“2
’ T Y|
R 10 ft*/1
= (15 Ibm)| (0.753 Btw/lbm - R) In 660 +(0.4961 Btu/Ibm - R ) In 0+/bm
540 R 50 ft*/lbm

=-9.71Btu/R

The entropy change will be the same for both cases.

7-92 One side of a partitioned insulated rigid tank contains an ideal gas at a specified temperature and

pressure while the other side is evacuated. The partition is removed, and the gas fills the entire tank. The

total entropy change during this process is to be determined.

Assumptions The gas in the tank is given to be an ideal gas, and thus ideal gas relations apply.

Analysis Taking the entire rigid tank as the system, the energy balance can be expressed as

Ein - Eout = AEsystem
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
0=AU =m(u, —-u,)
UZ = Ul
T, =T,

since U = U(T) for an ideal gas. Then the entropy change of the gas becomes

Jo
AS=N|C, .. In2  +R, 1nﬁj _NR,In2
T 7

v,avg
1 1 1

= (5 kmol )(8.314 kJ/kmol - K ) In(2)

=28.81kJIIK

This also represents the total entropy change since the tank does not contain anything else, and there are

no interactions with the surroundings.
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7-93 Air is compressed in a piston-cylinder device in a reversible and adiabatic manner. The final
temperature and the work are to be determined for the cases of constant and variable specific heats.

Assumptions 1 At specified conditions, air can be treated as an ideal gas. 2 The process is given to be
reversible and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply.

Properties The gas constant of air is R = 0.287 kJ/kg. K (Table A-1). The specific heat ratio of air at low
to moderately high temperatures is k = 1.4 (Table A-2).

Analysis (a) Assuming constant specific heats, the ideal gas isentropic relations give

P (k=1)/k 200 kP 0.4/1.4
T,=T| =+ = (290 K| 28 =525.3 K
P, 100 kPa

Then,

Tove = (290+525.3)2 = 407.7K ——> ¢, ,,, = 0.727kI/kg K

v,avg

We take the air in the cylinder as the system. The energy balance for

this stationary closed system can be expressed as Reversible
Ein - Eout = AEsystcm
[ [ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

W, = AU =m(u, —u;) =mc, (T, -T))
Thus,
Wi, = Cy e (T, = Ty) = (0.727 ki/kg - K )(525.3 - 290) K = 171.1 kd/kg

mn

(b) Assuming variable specific heats, the final temperature can be determined using the relative pressure
data (Table A-17),

P, =12311
1

T, =290K ——>
u, =206.91 kl/kg

and

P 800 kP T, =522.4K
P =—2P == 2(12311)=9849 — > >
7R " 100 kPa U, =376.16 ki/kg

Then the work input becomes

W, = U, —U, = (376.16 —206.91) kl/kg = 169.25 kJ/kg
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7-94 EES Problem 7-93 is reconsidered. The work done and final temperature during the compression
process are to be calculated and plotted as functions of the final pressure for the two cases as the final
pressure varies from 100 kPa to 800 kPa.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Procedure ConstPropSol(P_1,T_1,P_2,Gas$:Work_in_ConstProp,T2_ConstProp)
C_P=SPECHEAT(Gas$,T=27)
MM=MOLARMASS(Gas$)
R_u=8.314 [kJ/kmol-K]

R=R_u/MM

CV=CP-R

k=C_P/IC_V

T2= (T_1+273)*(P_2/P_1)"((k-1)/k)
T2_ConstProp=T2-273 "[C]"
DELTAu = C_v*(T2-(T_1+273))
Work_in_ConstProp = DELTAu

End

"Knowns:"
P_1=100 [kPa]
T 1=17][C]
P_2 =800 [kPa]
"Analysis: "

" Treat the piston-cylinder as a closed system, with no heat transfer in, neglect

changes in KE and PE of the air. The process is reversible and adiabatic thus isentropic."
"The isentropic work is determined from:"

e_in-e_out=DELTAe_sys

e_out = 0 [kJ/kg] 180_ L L B B B
e_in =Work_in 1601 ./
DELTAE_sys = (u_2-u_1) 140k ./ ]
u_1=INTENERGY (air,T=T_1) S 3 _—
v_1 = volume(air,P=P_1,T=T_1) < 120- /' ]
s_1 = entropy(air,P=P_1,T=T_1) g 100} u .
" The process is reversible and c 8ol / ]
adiabatic or isentropic. = I " ]
Then P_2 and s_2 specify state 2." S 60 / 7
s 2=s_1 = 40l . .
u_2 = INTENERGY (air,P=P_2,s=s_2) o0k ]
T_2_isen=temperature(air,P=P_2,s=s_2) L
GaS$ - 'airl 1 1 1 1 1 1 1 1 1 1 1 1 1
Call ConstPropSol(P_1,T_1,P_2,Gas$: 100 200 300 400 500 600 700 800
Work_in_ConstProp,T2_ConstProp) P, [kPa]
P2 Workin Workin,ConstProp

[kPa] | [kJ/kg] [kJ/kg]

100 0 0

200 45.63 45.6

300 76.84 76.77

400 101.3 101.2

500 121.7 121.5

600 139.4 1391

700 155.2 154.8

800 169.3 168.9
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7-95 An insulated rigid tank contains argon gas at a specified pressure and temperature. A valve is
opened, and argon escapes until the pressure drops to a specified value. The final mass in the tank is to

be determined.

Assumptions 1 At specified conditions, argon can be treated as an ideal gas. 2 The process is given to be
reversible and adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply.

Properties The specific heat ratio of argon is k = 1.667 (Table A-2).
Analysis From the ideal gas isentropic relations,

(k=1)/k 0.667/1.667
T, =T, _ (303 K| 220 KkPa =219.0K
P, 450 kPa

The final mass in the tank is determined from the ideal gas relation,

PV mRT, _PT,  (200kPa)303K)
P, m,RT, > PpT, | (450kPa)219K)

(4kg)=2.46 kg

4 kg
450 kPa
30°C
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7-96 EES Problem 7-95 is reconsidered. The effect of the final pressure on the final mass in the tank is to
be investigated as the pressure varies from 450 kPa to 150 kPa, and the results are to be plotted.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"

C_P =0.5203"kJ/kg-K 1"
C_V =0.3122 "[kJ/kg-K 1"
R=0.2081 "[kPa-m"3/kg-K]"
P_1=450"kPa]"

T 1=30"[C]"

m_1 = 4"[kg]"
P_2=150"[kPa]"

"Analysis:

We assume the mass that stays in the tank undergoes an isentropic expansion
process. This allows us to determine the final temperature of that gas at the final
pressure in the tank by using the isentropic relation:"

k=C_PIC_V
(T_1+273)*(P_2/P_1)"((k-1)/k)-273)"[C]"

V_1=m_1*R*(T_1+273)
2%V _2=m_2*R¥(T_2+273)

mo P,
[kq] [kPa]
2.069 150
2.459 200
2.811 250
3.136 300
3.44 350
3.727 400
4 450
4 T T T T T T T T T T T
3.6 -
3.2 -
e L _
4
- 2.81 i
N
e L 4
2.4 —
2 . 1 . 1 . 1 . 1 . 1 .
150 200 250 300 350 400 450

P, [kPa]
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7-97E Air is accelerated in an adiabatic nozzle. Disregarding irreversibilities, the exit velocity of air is to
be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is given to be reversible and
adiabatic, and thus isentropic. Therefore, isentropic relations of ideal gases apply. 2 The nozzle operates
steadily.

Analysis Assuming variable specific heats, the inlet and exit properties are determined to be

P, =12.30
T, =1000 R —> i \
h, = 240.98 Btu/lbm

and 1 AIR, 2

i T,=6359R
P, = &Pr ~ L2 psia (1230)=2.46 —> /
* B ' 60psia h, =152.11 Btu/lbm

We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow
system can be expressed in the rate form as

- : _ - J0 (steady) _
Ein - Eout - AEsystem =0
D
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
m(h, +V,2/2) = m(h, + V}/2)
2 2
V2 _Vl

Therefore,

2.2
V, =42(h, =h,)+V;? = [2(240.98-152.11)Btu/lbm 25057 /57 +(200 ft/s)*
1 Btu/Ibm

=2119 ft/s
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7-98E Air is expanded in an isentropic turbine. The exit temperature of the air and the power produced are
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic
(i.e., reversible-adiabatic). 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at an anticipated average temperature of 600°F are ¢, = 0.250 Btu/lbm'R
and k = 1.377 (Table A-2Eb). The gas constant of air is R = 0.3704 psia-ft’/lbm-R (Table A-1E).
Analysis There is only one inlet and one exit, and thus m; = m, =m. We take the turbine as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

Ein - E'out = AE.System7|0 (steady) = O 150 pSia
Rate of net t £ 900°F
ate ol net ener ransier ini 1 1
by heat, work, a%l}:i mass Rate (;foigﬁgff gzclfﬁgrlg}’el;menc’ 500 ft/s
Ein = E.out
vy vy}
m{h1 +—1] =m| h, +—2]+W0th
15 psia
) V.2 _y2 100 ft/s
Wy =l h, —h, +¥J
T
. V72 -V}
=m ¢, (T, —T2)+—2 150 psia |
The exit temperature of the air for this isentropic process is
15 psia
p \(kD/k 15 psia |37 2
T, =T,| = — (900 + 460 R)| —2 P12 _724R s
P, 150 psia

The specific volume of air at the inlet and the mass flow rate are

RT,  (0.3704 psia - ft>/Ibm-R)(900 + 460 R)
P, 150 psia

=3.358 ft°/lbm

U1:

AV (05 £t2)(500 ft/s)

3 =74.451bm/s
vy 3.358ft°/Ibm

Substituting into the energy balance equation gives

Wout :m(cp(Tl _T2)+ITZJ

2 2
— (74.45 lbm/s){(O.ZSO Btw/lbm - R)(1360—724)R + OO0 fs)” ~(1001Us) [ I Bawlbm ﬂ

2 25,037 ft/s?

—12194Btws —P ) 17,250 hp
0.7068 Btu/s
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7-99 Nitrogen is compressed in an adiabatic compressor. The minimum work input is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic,
and thus there is no heat transfer. 3 Nitrogen is an ideal gas with constant specific heats.

Properties The properties of nitrogen at an anticipated average temperature of 400 K are ¢, = 1.044
kJ/kg'K and k = 1.397 (Table A-2Db).
Analysis There is only one inlet and one exit, and thus m; =m, =m. We take the compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

Em _ E'Om N 70 (steady)  _ 600 kPa

system

Nitrogen
compressor

— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

E, =E

m

out

mh, +W, =rh, 120 kPa
) 30°C

Wy, =m(h, —h))

mn

For the minimum work input to the compressor, the process
must be reversible as well as adiabatic (i.e., isentropic). This 600 kPa

being the case, the exit temperature will be 2
(k=1)/k 0.397/1.397
P
T, =T)| = - (303 K)(—600 kPaj — 479K 120 kPa &,
P, 120 kPa S

Substituting into the energy balance equation gives

Wy, =h, —h; =c, (T, ~T;) = (1.044 ki/kg - K)(479-303)K = 184 kd/kg
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7-100 Oxygen is expanded in an adiabatic nozzle. The maximum velocity at the exit is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is adiabatic,
and thus there is no heat transfer. 3 Oxygen is an ideal gas with constant specific heats.

Properties The properties of oxygen at room temperature are ¢, = 0.918 kJ/kg'K and k = 1.395 (Table A-
2a).

Analysis For the maximum velocity at the exit, the process must be reversible as well as adiabatic (i.e.,
isentropic). This being the case, the exit temperature will be

(k-1)/k 0.395/1.395
P
T, =T, 22 ~ (363 K)(mj ~280.0K
P 300 kPa

There is only one inlet and one exit, and thus m; = M, = M. We take nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

- - _ - 20 (steady) _
Ein - Eout - AEsystem =0 \
Rate of net energy transfer R, f ch ini 1. kineti 300 kPa
ate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies 90°C O, S 120 kPa

- - 3 m/s
Ein = Eout /

o +£:h +£ 300 kPa ¢
1t 27
Solving for the exit velocity, 120 kPa
2
0.5
Vv, = [\/12 +2(hy —h, )] S

= [\/12 +2¢,(T, -T, )]0'5

2,2 :
| (3m/s)? +2(0.918 kl/kg- K)(363—280)K| 1000 m/s™
1kJ/kg

=390 m/s
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7-101 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the
exit are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
or shaft work associated with the process. 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg'K and k = 1.4 (Table A-2a).

Analysis For the polytropic process of an ideal gas, Pv" = Constant , and the exit temperature is given by

(n-1)/n 0.3/1.3
P
T, =T, = - (373 K)(—ZOO kp a) - 279K

P, 700 kPa

There is only one inlet and one exit, and thus m, =m, = M. We take nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

Ein _ E'om _ AE 20 (steady) =0

system

— —_—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout 700 kPa \

100°Cc  _Air_ 200 kPa

2 2 30 m/
m[hl +%J i m(hz +V72]) e /

Solving for the exit velocity,
0.5
Vv, = [\/12 +2(h, - hz)]
[\/ 5 ]0.5
=V +2¢,(T, -Ty)

0.5
2.2
=| (30 m/s)* +2(1.005 kl/kg - K)(373~ 279)1([%}}

1kJ/kg
=436 m/s
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7-102 Air is expanded in an adiabatic nozzle by a polytropic process. The temperature and velocity at the
exit are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
or shaft work associated with the process. 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg'K and k = 1.4 (Table A-2a).

Analysis For the polytropic process of an ideal gas, Pv" = Constant , and the exit temperature is given by

(n-1)/n 02/1.2
P
T, =T 2 673 K)( 200 kpaj _ 203K

P 700 kPa

There is only one inlet and one exit, and thus m, =m, = M. We take nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

- . _ . 20 (steady) _

Ein - Eout - AEsystem g =0

— -
Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies \
. . 700 kPa

Ein = Eou 100°Cc A 200 kPa
5 5 30 m/s /
ml h +V; =mlh +V—2)
) D)
V2 V2
h, +—1=h2 +-2
2 2

Solving for the exit velocity,
0.5
Vv, = [\/12 +2(h, - hz)]
[\/ 2 ]0.5
=V +2¢,(T, -Ty)

0.5
2,2
=| (30 m/s)” +2(1.005 kl/kg - K)(373~ 303)1((%]}

1kJ/kg
=376 m/s
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7-103 Air is charged to an initially evacuated container from a supply line. The minimum temperature of
the air in the container after it is filled is to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas with constant specific heats. 3 Kinetic and potential energies are negligible. 4
There are no work interactions involved. 5 The tank is well-insulated, and thus there is no heat transfer.

Properties The specific heat of air at room temperature is C, = 0.240 Btu/lbm'R (Table A-2Ea).

Analysis We take the tank as the system, which is a control volume since mass crosses the
boundary. Noting that the microscopic energies of flowing and nonflowing fluids are represented by
enthalpy h and internal energy u, respectively, the mass and entropy balances for this uniform-flow system
can be expressed as

Mass balance:

My, =My = Amsystem

m; =m, —m; Air  — 200 psia, 100°F
mi = m2

Entropy balance:

— —m.S. >
m,S, —M;S; +MSe —M;s; 20 Evacuated

m,s, —m;s; =0

Combining the two balances,

m,s, —m,s; =0
S, —5; =20
The minimum temperature will result when the equal sign applies. Noting that P, = P;, we have
T P T
s,-8;=C,In=-RIn—2=0——>c,In2=0
T P i
Then,
T, =T; =100°F
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7-104 A container is filled with liquid water is placed in a room and heat transfer takes place between the
container and the air in the room until the thermal equilibrium is established. The final temperature, the
amount of heat transfer between the water and the air, and the entropy generation are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Air is an ideal gas with constant
specific heats. 3 The room is well-sealed and there is no heat transfer from the room to the surroundings. 4
Sea level atmospheric pressure is assumed. P = 101.3 kPa.

Properties The properties of air at room temperature are R = 0.287 kPa.m’/kg.K, cp = 1.005 kl/kg K, ¢, =
0.718 kJ/kg.K. The specific heat of water at room temperature is ¢,, = 4.18 kJ/kg.K (Tables A-2, A-3).

Analysis (a) The mass of the air in the room is

3
= PV _ (101.33kPa)(90m ) _111.5kg Roon31
RT,  (0.287 kPa-m”/kg-K)(12+273 K) 90 m
12°C
An energy balance on the system that consists of the water in the Water
container and the air in the room gives the final equilibrium 45 kg
temperature 95°C

0=m,Cy (T, =Ty)+myc, (T, —Ty)
0 =(45kg)(4.18kJ/kg.K)(T, —95)+ (111.5kg)(0.718 kI/kg K)(T, —12) —— T, =70.2°C
(b) The heat transfer to the air is

Q=m,c, (T, Ty )= (111.5kg)(0.718 kI/kg.K)(70.2—12) = 4660 kJ

(c) The entropy generation associated with this heat transfer process may be obtained by calculating total
entropy change, which is the sum of the entropy changes of water and the air.

AS,, = M,Cy 12 = (45kg)(4.18 kJ/kg.K)lnM =-13.11kJI/K
Tt (95+273)K
3
p, M,RT, _ (111.5kg)(0.287 kPa-m ékg K)(702+273K) _ 0
v 90m”)
T P
AS, = ma[cp In—2-R 1n—2J
Tal I:’1
2+273)K
=(111.5kg)| (1.005 kJ/kg.K)lnu— (0.287 kJ/kg.K)ln% =14.88 kIJ/K
(12+273)K 101.3kPa

Syen = ASyqq = AS,, +AS, =—13.11+14.88 =1.77 kJ/K
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7-105 Air is accelerated in an isentropic nozzle. The maximum velocity at the exit is to be determined.
Assumptions 1 Air is an ideal gas with constant specific heats. 2 The nozzle operates steadily.
Properties The properties of air at room temperature are C, = 1.005 kJ/kg.K, k = 1.4 (Table A-2a).
Analysis The exit temperature is determined from ideal gas isentropic relation to be,

(k-1)/k 0.4/1.4
P 100 kP
T,=T,| =% _ (400+273 K )| 20 kPa =3715K

P, 800 kPa

We take the nozzle as the system, which is a control volume. The energy balance for this steady-flow
system can be expressed in the rate form as

0 (steady)

E'in - E'out = AEsysteln =0
— (R ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies \
Ein = Eout 1 %AIR 2
m(h, +V,2/2) = m(h, +V2/2) _—
2 —
0=h,—h + V2 =0
V 2
0= Cp(TZ _T1)+72
Therefore,
1000 m?/s’
V, =,/2¢C -T,) = _[2(1.005 kJ/kg.K)(673-371.5) K| ——— | =778.5m/s
2 p(T2 1) \/ ( g.K)( ) ( Iki/kg ]
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7-106 An ideal gas is compressed in an isentropic compressor. 10% of gas is compressed to 400 kPa and
90% is compressed to 600 kPa. The compression process is to be sketched, and the exit temperatures at the
two exits, and the mass flow rate into the compressor are to be determined.

Assumptions 1 The compressor operates steadily. 2 The process is reversible-adiabatic (isentropic)
Properties The properties of ideal gas are given to be ¢, = 1.1 kJ/kg.K and ¢, = 0.8 kJ/kg.K.
Analysis (b) The specific heat ratio of the gas is

C
k=t oLl 375

c, 08 P,= 600 kPa

The exit temperatures are determined from ideal gas isentropic
relations to be,

p. \ (kDK 400 kpa \**7"7 COMPRESSOR
T, =T, 2 =(27+273K) ——— =437.8K 3
P, 100 kPa

32 kW
(k=1)/k 0.375/1.375
T, :Tl( 3} =(27+273 K)(m—aJ =489.0K

_1 100 kPa T Pz =400 kPa
) P, =100 kPa
(c) A mass balance on the control volume gives T,=300K
where
P3
m, = 0.1m, T
hy =0.9m, P2

We take the compressor as the system, which is a control
volume. The energy balance for this steady-flow system can P,
be expressed in the rate form as

: - _ - J0 (steady) _
Ein - Eout - AEsystcm =0
[N —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
. . S
Ein = Eout

myhy, + W, = m,h, + msh,
mc,T, + W, = 0.1m,c,T, +0.9mm,c, T,
Solving for the inlet mass flow rate, we obtain
— Win
C,[0.1(T, = T)) +0.9(T; = Tp)]
32kW

" (1.1kl/kg - K)[0.1(437.8-300) + 0.9(489.0- 300)]
=0.158kg/s

my
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7-107 Air contained in a constant-volume tank s cooled to ambient temperature. The entropy changes of
the air and the universe due to this process are to be determined and the process is to be sketched on a T-s
diagram.

Assumptions 1 Air is an ideal gas with constant specific heats.

Properties The specific heat of air at room temperature is Aj
¢, = 0.718 kJ/kg.K (Table A-2a). ; 1;
Analysis (a) The entropy change of air is determined from 327°C
T 100 kPa
AS,;, =mc,In—=
T
=(5kg)(0.718 kJ/kg.K)lnw
(327+273)K
=-2.488kJ/K T 1
. 327°C T
(b) An energy balance on the system gives air
Qout = mCu(TZ _Tl) 2
= (5kg)(0.718kJ/kg.K)(327 —27) oc -+ °
=1077kJ 1 surr 2
The entropy change of the surroundings is
S
ASgyy = Qo _ 1077K 3.59 kJI/K
T, 300 K

surr
The entropy change of universe due to this process is

Seen = ASiral = AS,;, +AS, = -2.488+3.59 =1.10kJ/K

surr
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Reversible Steady-Flow Work

7-108C The work associated with steady-flow devices is proportional to the specific volume of the gas.
Cooling a gas during compression will reduce its specific volume, and thus the power consumed by the
COMpressor.

7-109C Cooling the steam as it expands in a turbine will reduce its specific volume, and thus the work
output of the turbine. Therefore, this is not a good proposal.

7-110C We would not support this proposal since the steady-flow work input to the pump is proportional
to the specific volume of the liquid, and cooling will not affect the specific volume of a liquid significantly.

7-111 Air is compressed isothermally in a reversible steady-flow device. The work required is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
associated with the process. 3 Kinetic and potential energy changes are negligible. 4 Air is an ideal gas
with constant specific heats.

Properties The gas constant of air is R = 0.06855 Btu/lbm'R (Table A-1E).

120 psia
Analysis Substituting the ideal gas equation of state into the reversible 75°F
steady-flow work expression gives
2 2 4P Compressor
- j P j— —RT ln—
P
1 1
120 psia 16 psi
= (0.06855 Btu/lbm- R)(75 + 460 K)In| ———— psia
16 psia 75°F
=73.9Btu/lbm

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-69

7-112 Saturated water vapor is compressed in a reversible steady-flow device. The work required is to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
associated with the process. 3 Kinetic and potential energy changes are negligible.

Analysis The properties of water at the inlet state are

T, =150°C | P, =476.16kP
! } ! : (Table A -4) 1 MPa

X, =1 v, =0.39248 m* /kg

Noting that the specific volume remains constant, the reversible steady- Compressor
flow work expression gives

2
Wiy =IvdP=vl(P2—P1) 150°C
1 sat. vap.
3 1kJ
=(0.39248 m”/kg)(1000-476.16)kPa| ———
1kPa-m?
=205.6 kJ/kg
7-113 The work produced for the process 1-3 shown in the figure is to be determined.
Assumptions Kinetic and potential energy
changes are negligible. P (kPa)
Analysis The work integral represents the 1
area to the left of the reversible process 500 4-- ! 3
line. Then, 400 |-~ TN
2 3 E
Win,l—3 :I(/dp_"J‘UdP 100 -__.i. ________ 2
1 2 ! |
=2 (B R+ vy (P Py) 05 L0 v(m'ke)

_(0.5+1.0)m’/kg
2
=0kJ/kg

(100 —500)kPa + (1.0 m*/kg)(400 - 100)kPa
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7-114 The work produced for the process 1-2 shown in the figure is to be determined.
Assumptions Kinetic and potential energy changes are negligible.

Analysis The work integral represents the area to the

left of the reversible process line. Then, P (psia)
2 500 -
Win12 = IvdP
1
+
42% p,-p) 100
2
3
_ (0.1+1.7)ft" /Ibm (500—100)psia 1 Btu 3 0.1 1.7 v (ft/1bm)
2 5.404 psia - ft
=66.6 Btu/lbm

7-115 Liquid water is to be pumped by a 25-kW pump at a specified rate. The highest pressure the water
can be pumped to is to be determined.

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are
negligible. 3 The process is assumed to be reversible since we will determine the limiting case.

Properties The specific volume of liquid water is given to be v; = 0.001 m’/kg.

Analysis The highest pressure the liquid can have at the pump exit can be determined from the reversible
steady-flow work relation for a liquid,

. 2
W, = mU udP + Ake®” +Ape°p0j =y (P, -P) P
1
Thus,
3 1kJ 25 kW
25 k/s = (5 kg/s)(0.001 m*/kg)(P, —100)k Pa| ———— pUMP 3
1 kPa-m
It yields
P, =5100 kPa 100 kPa
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7-116 A steam power plant operates between the pressure limits of 10 MPa and 20 kPa. The ratio of the
turbine work to the pump work is to be determined.

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic and potential energy changes are
negligible. 3 The process is reversible. 4 The pump and the turbine are adiabatic.

Properties The specific volume of saturated liquid water at 20 kPa is v; = 4 g 0 kpa = 0.001017 m’/kg
(Table A-5).

Analysis Both the compression and expansion processes are reversible and adiabatic, and thus isentropic,

S| =$ and S; =S4. Then the properties of the steam are

P4 =20 kPa } h4 = hg @20 kPa =2608.9 kJ/kg 2

sat.vapor S4 =Sg@20kpa = 7-9073 kJ/kg - K
P, =10 MPa
B h; =4707.2 kl/kg
53 =54 HO |3

Also, Vi = 4 g 20kpa = 0.001017 m’/kg.

The work output to this isentropic turbine is determined
from the steady-flow energy balance to be

: . _ - J0 (steady) _ 1
Ein - Eout - AEsystcm =0
—_— [N A —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

mhy = rmh, + W,
Wiy, = mn(hs —hy)
Substituting,
Wi our = Ny —hy = 4707.2 - 2608.9 = 2098.3 kl/kg

The pump work input is determined from the steady-flow work relation to be

W

pump,in

2
= LudP + Ak + Ape®? = ¢, (P, - R)

= (0.001017 m’/kg)(10,000 — 20)kPa[1li3j

kPa-m
=10.15 kl/kg
Thus,
Weurb,our _ 20983 _ 206.7
Woump,in 1015
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7-117 EES Problem 7-116 is reconsidered. The effect of the quality of the steam at the turbine exit on the
net work output is to be investigated as the quality is varied from 0.5 to 1.0, and the net work output us to
be plotted as a function of this quality.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"System: control volume for the pump and turbine"

"Property relation: Steam functions"

"Process: For Pump and Turbine: Steady state, steady flow, adiabatic, reversible or
isentropic"

"Since we don't know the mass, we write the conservation of energy per unit mass."
"Conservation of mass: m_dot[1]= m_dot[2]"

"Knowns:"
WorkFluid$ = 'Steam_IAPWS'
P[1] =20 [kPa]

x[1]=0
P[2] = 10000 [kPa]
x[4]=1.0

"Pump Analysis:"
T[1]=temperature(WorkFluid$,P=P[1],x=0)
v[1]=volume(workFluid$,P=P[1],x=0)
h[1]=enthalpy(WorkFluid$,P=P[1],x=0)
s[1]=entropy(WorkFluid$,P=P[1],x=0)

s[2] = s[1]
h[2]=enthalpy(WorkFluid$,P=P[2],s=s[2])
T[2]=temperature(WorkFluid$,P=P[2],s=s[2])

"The Volume function has the same form for an ideal gas as for a real fluid."
v[2]=volume(WorkFIuid$,T=T[2],p=P[2])

"Conservation of Energy - SSSF energy balance for pump"

" -- neglect the change in potential energy, no heat transfer:"

h[1]1+W_pump = h[2]

"Also the work of pump can be obtained from the incompressible fluid, steady-flow result:"
W_pump_incomp = v[1]*(P[2] - P[1])

"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential
energy, no heat transfer:"

P[4] = P[1]

P[3] = P[2]
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4])
s[4]=entropy(WorkFluid$,P=P[4],x=x[4])
T[4]=temperature(WorkFluid$,P=P[4],x=x[4])
s[3] = s[4]
h[3]=enthalpy(WorkFluid$,P=P[3],s=s[3])
T[3]=temperature(WorkFluid$,P=P[3],s=s[3])
h[3] = h[4] + W_turb

W_net_out =W _turb - W_pump
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Wnet,out Wpump Wpump,incomp Wturb X4
[kJ/kg] [kJ/kg] [kJ/kg] [kJ/kg]
557.1 10.13 10.15 567.3 0.5
734.7 10.13 10.15 744.8 0.6
913.6 10.13 10.15 923.7 0.7
1146 10.13 10.15 1156 0.8
1516 10.13 10.15 1527 0.9
2088 10.13 10.15 2098 1
Steam
1100_ — T LI I B B B S p—— ]
1000+ _
900} N
goof ]
7001 4 =10 ]
O 600[ =0.5 ]
: =00 B 10000 kPa ]
400} _
300[ ]
200} ]
100F 4 ]
ol L S S Lo
0.0 11 22 33 44 55 6.6 7.7 88 99 11.0
s [kJ/kg-K]
2250 T T T T T T T T T
1900+ _
> 1550+ - -
< i
=) /
=, 1200} . i
] I l/
+« 8501 _
GC) ./
; /
500 1 | 1 | 1 | 1 | 1
0.5 0.6 0.7 0.8 0.9
x[4]
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7-118 Liquid water is pumped by a 70-kW pump to a specified pressure at a specified level. The highest
possible mass flow rate of water is to be determined.

Assumptions 1 Liquid water is an incompressible substance. 2 Kinetic
energy changes are negligible, but potential energy changes may be
significant. 3 The process is assumed to be reversible since we will
determine the limiting case.

P2 =5 MPa

!
=
N

Properties The specific volume of liquid water is given to be
v =0.001 m’/kg.

Analysis The highest mass flow rate will be realized when the entire
process is reversible. Thus it is determined from the reversible steady-
flow work relation for a liquid,

W, = mUlzu dP + Ake®? +Apej =m{u(P, -R)+9(z, - 7))}
Thus,

7 K/s = 1 (0.001 m’/kg)(5000 — 120)kPa| — < | +9.8 m/s?)(10 m) _1kJkg i
1kPa-m m

It yields
m =1.41kg/s
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7-119E Helium gas is compressed from a specified state to a specified pressure at a specified rate. The
power input to the compressor is to be determined for the cases of isentropic, polytropic, isothermal, and
two-stage compression.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The process is reversible. 3 Kinetic
and potential energy changes are negligible.

Properties The gas constant of helium is R = 2.6805 psia.ft’/Ibm.R
=0.4961 Btu/Ibm.R. The specific heat ratio of helium is k = 1.667 2

(Table A-2E). %

Analysis The mass flow rate of helium is W
Ry (14 psia)(5 £°/s) 00493 Ihre He L3
RT,  (2.6805 psia-ft*/Ibm-R 530 R) /
(a) Isentropic compression with k= 1.667: TS /s
k-1)/k
. T [(p 1
Wcomp,in =m k—1 Fl -1

= (0.0493 Ibm/s)

. \0.667/1.667
(1.667)0.4961 Btu/Ibm - R Y530 R) |( 120 psia »
1.667 -1 14 psia
=44.11 Btu/s

=62.4hp since 1 hp = 0.7068 Btu/s

(b) Polytropic compression with n=1.2:

oRT, [\
Wcomp in = m—1 -2 -1
' n-1{ R
(1.2)0.4961 Btw/Ibm - R)530 R) |( 120 psia "~
= (0.0493 1bmy/s) ' §
1.2-1 14 psia
=33.47 Btu/s

=47.3hp  since 1 hp = 0.7068 Btu/s

(c) Isothermal compression:

W 120 psia

comp,in

= mMRT 1n% = (0.0493 1bm/s)(0.4961 Btu/Ibm - R }(530 R )In =27.83 Btu/s = 39.4 hp

) 14 psia

(d) Ideal two-stage compression with intercooling (n = 1.2): In this case, the pressure ratio across each
stage is the same, and its value is determined from

P, = \/P]PQ = \/(14 psia)(lZO psia) =41.0 psia

The compressor work across each stage is also the same, thus total compressor work is twice the
compression work for a single stage:

oRT [P
2m 1[-*] -1

Wcomp,in = 2chomp,I = n-1 R
1
(1.2)(0.4961 Bewlbm-R)530 R) |( 41 psia )~
= 2(0.0493 Ibmy/s) i .
12-1 14 psia

=30.52 Btu/s
=43.2hp  since 1 hp = 0.7068 Btu/s
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7-120E EES Problem 7-119E is reconsidered. The work of compression and entropy change of the helium
is to be evaluated and plotted as functions of the polytropic exponent as it varies from 1 to 1.667.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

Procedure FuncPoly(m_dot,k, R,
T1,P2,P1,n:W_dot_comp_polytropic,W_dot_comp_2stagePoly,Q_dot_Out_polytropic,Q_dot_Out
_2stagePoly)

If n=1then

T2=T1

W_dot_comp_polytropic= m_dot*R*(T1+460)*In(P2/P1)*convert(Btu/s,hp) "[hp]"
W_dot_comp_2stagePoly = W_dot_comp_polytropic "[hp]"
Q_dot_Out_polytropic=W_dot_comp_polytropic*convert(hp,Btu/s) "[Btu/s]"
Q_dot_Out_2stagePoly = Q_dot_Out_polytropic*convert(hp,Btu/s) "[Btu/s]"

Else

C_P = k*R/(k-1) "[Btu/lbm-R]"

T2=(T1+460)*((P2/P1)*((n+1)/n)-460)"[F]"

W_dot_comp_polytropic = m_dot*n*R*(T1+460)/(n-1)*((P2/P1)*((n-1)/n) -
1)*convert(Btu/s,hp)"[hp]"
Q_dot_Out_polytropic=W_dot_comp_polytropic*convert(hp,Btu/s)+m_dot*C_P*(T1-T2)"[Btu/s]"

Px=(P1*P2)*0.5

T2x=(T1+460)*((Px/P1)*((n+1)/n)-460)"[F]"

W_dot_comp_2stagePoly = 2*m_dot*n*R*(T1+460)/(n-1)*((Px/P1)*((n-1)/n) -
1)*convert(Btu/s,hp)"[hp]"
Q_dot_Out_2stagePoly=W_dot_comp_2stagePoly*convert(hp,Btu/s)+2*m_dot*C_P*(T1-
T2x)"[Btu/s]"

endif
END

R=0.4961[Btu/lbm-R]

k=1.667

n=1.2

P1=14 [psia]

T1=70 [F]

P2=120 [psia]

V_dot = 5 [ft"3/s]
P1*V_dot=m_dot*R*(T1+460)*convert(Btu,psia-ft"3)

W_dot_comp_isentropic = m_dot*k*R*(T1+460)/(k-1)*((P2/P1)*((k-1)/k) -
1)*convert(Btu/s,hp)"[hp]"

Q_dot_Out_isentropic = 0"[Btu/s]"

Call FuncPoly(m_dot,k, R,

T1,P2,P1,n:W_dot_comp_polytropic, W_dot_comp_2stagePoly,Q_dot_Out_polytropic,Q_dot_Out
_2stagePoly)

W_dot_comp_isothermal= m_dot*R*(T1+460)*In(P2/P1)*convert(Btu/s,hp)"[hp]"
Q_dot_Out_isothermal = W_dot_comp_isothermal*convert(hp,Btu/s)"[Btu/s]"
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n WcompZStagePoly Wcompisentropic Wcompisothermal Wcomppolytropic
[hp] [hp] [hp] [hp]
1 39.37 62.4 39.37 39.37
1.1 41.36 62.4 39.37 43.48
1.2 43.12 62.4 39.37 47.35
1.3 44.68 62.4 39.37 50.97
14 46.09 62.4 39.37 54.36
1.5 47.35 62.4 39.37 57.54
1.667 49.19 62.4 39.37 62.4
65 T T T T T T T T T T
[ J [ [ { J { J @
60 Polytropic _o .
rlIsothermal —{1— 1
< °°rlsentropic —e— .
<. [ 2StagePoly m— 1
o 501 -
5. - ./ 4
= 451 ./ _
> ./
2 — 1
- 40 -
o {1 T T T T |
S L ]
(@]
o 35 1 | | 1 | | 1 | | 1
= 11 12 13 14 15 16 1.7
n
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7-121 Water mist is to be sprayed into the air stream in the compressor to cool the air as the water
evaporates and to reduce the compression power. The reduction in the exit temperature of the compressed
air and the compressor power saved are to be determined.

Assumptions 1 Air is an ideal gas with variable specific heats. 2 The process is reversible. 3 Kinetic and
potential energy changes are negligible. 3 Air is compressed isentropically. 4 Water vaporizes completely
before leaving the compressor. 4 Air properties can be used for the air-vapor mixture.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). The specific heat ratio of air is k = 1.4.
The inlet enthalpies of water and air are (Tables A-4 and A-17)

hwl = hf@20°C =83.29 kJ/kg , hfg@20°C =2453.9 kJ/kg and hal = h@300K =300.19 kJ/kg

Analysis In the case of isentropic operation (thus no cooling or water spray), the exit temperature and the
power input to the compressor are

(k=1)/k (1.4-1)/1.4
T, (P
(2 - T, =(300 K)(wj —6102K
T, P 100 kPa

=

. kRT, _
= iy /R e

(1.4)0.287 kl/kg - K )(300 K
1.4-1

comp,in

= (2.1kg/s) ) {(1200 kPa/100 kPa ¥ — 1}: 654.3kW

When water is sprayed, we first need to check the accuracy of
the assumption that the water vaporizes completely in the 2
compressor. In the limiting case, the compression will be 1200 kPa

isothermal at the compressor inlet temperature, and the water
will be a saturated vapor. To avoid the complexity of dealing
with two fluid streams and a gas mixture, we disregard water

in the air stream (other than the mass flow rate), and assume
air is cooled by an amount equal to the enthalpy change of

water.
T 100 kPa
The rate of heat absorption of water as it evaporates 300 K
at the inlet temperature completely is 1
Qeoolingmax = MuNg@200c = (0.2 kg/s)(2453.9 kl/kg) = 490.8 kW
The minimum power input to the compressor is
Wcomp,in,min = mRT ln% =(2.1kg/s)(0.287 kl/kg - K)(300 K) ln(%j =449.3kW
1 a

This corresponds to maximum cooling from the air since, at constant temperature, Ah = 0 and thus
Quut =W,, = 449.3kW , which is close to 490.8 kW. Therefore, the assumption that all the water vaporizes
is approximately valid. Then the reduction in required power input due to water spray becomes

AW W, W, =654.3-449.3 = 205 kW

comp,in — VVcomp,isentropic ~ VVcomp,isothermal —

Discussion (can be ignored): At constant temperature, Ah = 0 and thus Q,, =W;, =449.3kW corresponds

to maximum cooling from the air, which is less than 490.8 kW. Therefore, the assumption that all the water
vaporizes is only roughly valid. As an alternative, we can assume the compression process to be polytropic
and the water to be a saturated vapor at the compressor exit temperature, and disregard the remaining
liquid. But in this case there is not a unique solution, and we will have to select either the amount of water
or the exit temperature or the polytropic exponent to obtain a solution. Of course we can also tabulate the
results for different cases, and then make a selection.
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Sample Analysis: We take the compressor exit temperature to be T, = 200°C = 473 K. Then,
hw2 = hg@200°C =2792.0 kJ/kg and ha2 = h@473 K= 4753 kJ/kg

Then,
7, (P 413K (1200kPa )"0
L_(R N _ > n=1224
T, (P 300K | 100 kPa
. . NRT -1)/ . NR
Wcomp,in = mn_—ll {(PZ/PI )(n /n _1}: mm(Tz -Ty)
1.224Y0.287 kl/kg - K
~ (2.1kg/s) (1.224) g-k) (473 -300)K = 570 kW

1.224 -1

Energy balance:

Wcomp,in - Qout = m(hZ - hl) - Qout = Wcomp,in - m(hZ - hl)
= 569.7 kW — (2.1kg/s)(475.3 — 300.19) = 202.0 kW

Noting that this heat is absorbed by water, the rate at which water evaporates in the compressor becomes

Qin,water _ 202.0kJ/s
ho =Ny (2792.0—83.29) kl/kg

Qout,air = Qin,water = mw(hwz - hwl) rhW = =0.0746 kg/s

Then the reductions in the exit temperature and compressor power input become
AT, = =6102-473=137.2°C
6543-570=84.3 kW

TZ,isemropic - T2,water cooled

AW,

comp,in :Wcomp,isentropic _Wcomp,water cooled —

Note that selecting a different compressor exit temperature T, will result in different values.

7-122 A water-injected compressor is used in a gas turbine power plant. It is claimed that the power output
of a gas turbine will increase when water is injected into the compressor because of the increase in the
mass flow rate of the gas (air + water vapor) through the turbine. This, however, is not necessarily right
since the compressed air in this case enters the combustor at a low temperature, and thus it absorbs much
more heat. In fact, the cooling effect will most likely dominate and cause the cyclic efficiency to drop.
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Isentropic Efficiencies of Steady-Flow Devices

7-123C The ideal process for all three devices is the reversible adiabatic (i.e., isentropic) process. The
adiabatic efficiencies of these devices are defined as

actual work output _ insentropic work input d _ actual exit kineticenergy

T c ’ N

- insentropic work output actual work input insentropic exit kinetic energy

7-124C No, because the isentropic process is not the model or ideal process for compressors that are
cooled intentionally.

7-125C Yes. Because the entropy of the fluid must increase during an actual adiabatic process as a result
of irreversibilities. Therefore, the actual exit state has to be on the right-hand side of the isentropic exit
state

7-126 Saturated steam is compressed in an adiabatic process with an isentropic efficiency of 0.90. The
work required is to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat
transfer is negligible.

Analysis We take the steam as the system. This is a closed system since no mass enters or leaves. The
energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

W;, =AU =m(u, —u,)
From the steam tables (Tables A-5 and A-6),
Pl =100 kPa}Ul = ug@ 100 kPa — 2505.6 kJ/kg

sat. vapor Sl = Sg@ 100 kPa — 7.3589 kJ/kg -K
P, =1 MPa

Ung = 2903.0 kJ/kg
S2s =51

The work input during the isentropic process is

Wy, =M(Uys — U, ) =(100 kg)(2903.0— 2505.6)k]/kg = 39,740 kJ

s,in
The actual work input is then

w. . = Nsin _ 39,740kJ

e =44,160kJ
e 0.90
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7-127E R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.95. The final volume
is to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat
transfer is negligible.

Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The
energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
[ —
Net energy transfer Change in internal, kinetic, T
by heat, work, and mass potential, etc. energies

_Wout =AU = m(u2 _ul)
From the R-134a tables (Tables A-11E through A-13E),

P, =120 psia | u; =108.48 Btu/lbm
T, =100°F | s; =0.22362 Btu/lbm-R

Sps =St 0.22362-0.02605
Stg 0.19962
Usg = U +Xp5U gy = 11.401+(0.9897)(82.898) = 93.445 Btu/Ibm

=0.9897

P, =20 psia }Xzs =
Sys =5y

The actual work input is

Waout =711 Ws oue = 777 (U —Up) = (0.95)(108.48 —93.448)Btu/Ibm = 14.28 Btu/Ibm
The actual internal energy at the end of the expansion process is

Wy oue = (Uy —Upg ) —>Usg =U; =W, oy =108.48—14.28 = 94.20 Btw/Ibm

a,out
The specific volume at the final state is (Table A-12E)
Usg =Us  9420-11.401

U 82.898
Uy =v¢ +X,v g =0.01182+(0.9988)(2.2772—0.01182) = 2.2745 ft>/lbm
2 f 2V fg

=0.9988

P, =20psia Xy =
U,, =94.20 Btu/lbm

The final volume is then

V, =mv, = (10 1bm)(2.2745 ft*/Ibm) = 22.75 ft>
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7-128 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.92. The power output of
the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.
Analysis There is only one inlet and one exit, and thus m; = m, =m. We take the actual turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

- : _ : &0 (steady) _
Ein - Eout - AEsystem =0
%/—J —
Rate of net energy transfer  Rate of change in internal, kinetic, P, =3 MPa

by heat, work, and mass potential, etc. energies T 1= 400°C

Ein = E.out

mhy =W, o +Mh,  (since Q = Ake = Ape = 0)

Wa,out = m(hl - h2)

Steam
turbine

From the steam tables (Tables A-4 through A-6),

P, =3 MPa } h, =3231.7 kl/kg P. = 30 kPa
, =

T, =400°C | s, =6.9235kJ/kg-K

S =St 6.9235-0.9441
Stg 6.8234
hys =hy +Xyshgy =289.27+(0.8763)(2335.3) = 2335.7 kl/kg

Py, =30 kPa } Xpg = =0.8763

S2s =5

The actual power output may be determined by multiplying the isentropic power output with the isentropic
efficiency. Then,

W = 77TV\./S,0ut

=nrm(h; —hy)

= (0.92)(2 kg/s)(3231.7 - 2335.7)kJ/ke
=1649 kW

a,out
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7-129 Steam is expanded in an adiabatic turbine with an isentropic efficiency of 0.90. The power output of
the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.
Analysis There is only one inlet and one exit, and thus m; = m, = m. We take the actual turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

Ein - Eout = AEsystem 0 (eady) =0
%?igeftn\?oiie;%}étr;a;:sfer Rate of change in internal, lfinetic, P, =3 MPa
> d potential, etc. energies '|'1 — 4000C
E,=E

n out

mhy =W, o +Mh,  (since Q = Ake = Ape = 0)
! = m(hl - hz)

Steam
turbine

W \

a,out

From the steam tables (Tables A-4 through A-6),

P, =3MPa | h, =3231.7kJ/kg b, — 30 kPa
T, =400°C | s, =6.9235kl/kg K
S,. —S _
Py =30 kPa | Xy = 2s f_ 6.9235-0.9441 08763
St 6.8234
S2s =5

hys =hy +Xyshgy =289.27+(0.8763)(2335.3) = 2335.7 ki/kg

The actual power output may be determined by multiplying the isentropic power output with the isentropic
efficiency. Then,

W = UTWs,out
=nr m(hl - hZS)
=(0.90)(2 kg/s)(3231.7-2335.7)kl/kg
=1613 kW

a,out
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7-130 Argon gas is compressed by an adiabatic compressor. The isentropic efficiency of the compressor is
to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an
ideal gas with constant specific heats.

Properties The specific heat ratio of argon is k = 1.667 (Table A-2). P, =2 MPa
Analysis The isentropic exit temperature is T,=550°C
(k=1)/k 0.667/1.667
P 2000 kPa
Ty =T)| =2 =(300K) ———— =753.8K
2 ‘( P J ( )( 200 kPa ] Argon
compressor
From the isentropic efficiency relation,
n _Ws hye —h; Cp(Tas —T) T =Ty
¢ Wy, hya=h cp(Ma =Ty T =Ty P, =200 kPa
_753.8-300 T, =27°C

=——=0.867=86.7%
823-300

7-131 R-134a is compressed by an adiabatic compressor. The isentropic efficiency of the compressor is to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis From the R-134a tables (Tables A-11 through A-13),

T, =0°C h, =250.45kJ/kg

X =1(sat. vap.) } s; =0.93139kJ/kg-K 600 kPa
P =600 kPa } h,, =290.28 kJ/kg e
T, =50°C a R-134a

compressor
P, =600 kPa

h, = 265.25kl/kg
s, =s, =0.93139kl/kg-K

0°C
From the isentropic efficiency relation, sat. vapor
WS _ h25 _hl _ 265.25_250.45

= =0.372=37.2%
hya —h,  290.28—250.45
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7-132 Steam enters an adiabatic turbine at a specified state, and leaves at a specified state. The mass flow
rate of the steam and the isentropic efficiency are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis (a) From the steam tables (Tables A-4 and A-6),

P, =7MPa | h, =3650.6 kl/kg
T, =600°C | s, =7.0910 kl/kg - K

P, =50 kPa

hya =2780.2 kI/k
T, =150°C } 2 s

There is only one inlet and one exit, and thus M, = m, = m. We take the actual turbine as the system, which

is a control volume since mass crosses the boundary. The energy balance for this steady-flow system can
be expressed in the rate form as

. : _ - J0 (steady) _
Ein - Eout = AEsystem =0 1
%/—J
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

m(hy +V,* /2) =W, o +mM(hy +V,%/2) (since Q = Ape = 0)

2 2
Wa,out = _m{hZ - h1 + V2 2\/1 \J

Substituting, the mass flow rate of the steam is determined to be

(140 m/s)? — (80 m/s)> ( 1kJ/kg ]J

6000 kJ/s =—m| 2780.2 —3650.6 + >
2 1000 m~/s

m=6.95 kg/s
(b) The isentropic exit enthalpy of the steam and the power output of the isentropic turbine are

Sps =St 7.0910-1.0912
Stg 6.5019
hys =hy +Xpshgy =340.54 +(0.9228)(2304.7)=2467.3 ki/kg

=0.9228

PZS = 50 kPa } XZS =
Sys =35

and
W, o = —ls — by + 2 -2 ) 2])

W, oo = —(6.95 kg/s)[2467.3 ~3650.6+

s,out

(140 m/s)* — (80 m/s)? ( 1kJ/kg j
2 1000 m?/s>

=8174kW
Then the isentropic efficiency of the turbine becomes

W, _ 6000 kW

n =— =0.734=73.4%
TUW, 8174kW
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7-133 Argon enters an adiabatic turbine at a specified state with a specified mass flow rate, and leaves at a
specified pressure. The isentropic efficiency of the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an
ideal gas with constant specific heats.

Properties The specific heat ratio of argon is k = 1.667. The constant pressure specific heat of argon is ¢, =
0.5203 kJ/kg.K (Table A-2).

Analysis There is only one inlet and one exit, and thus m, = m, =m. We take the isentropic turbine as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

E'in = E.out 1
mhy =V\./S’0ut +mhy,  (since Q = Ake = Ape = 0)
= m(hl - h25)

W,

s,out
From the isentropic relations,

P (k=1)/k 200 kP 0.667/1.667
T, =T, = (1073 K) ——= —479K
R 1500 kPa

Then the power output of the isentropic turbine becomes

W, o = M, (T; — Ty ) = (80/60 kg/min )0.5203 ki/kg - K 1073 —479) = 412.1 kW
Then the isentropic efficiency of the turbine is determined from

p =Wa _ STOKW 005 89.89%
TTW,  412.1kW

S
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7-134E Combustion gases enter an adiabatic gas turbine with an isentropic efficiency of 82% at a specified
state, and leave at a specified pressure. 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. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Combustion
gases can be treated as air that is an ideal gas with variable specific heats.

Analysis From the air table and isentropic relations, 1

hy =504.71 Btu /Ibm
T,=2000R —>

P =174.0
P .
p=| 2 lp [ 00PS Y194 0)=87.0 — > hy, = 417.3 Buwlbm
: )" 120 psia
There is only one inlet and one exit, and thus m, = m, =m. We take the 2

actual turbine as the system, which is a control volume since mass crosses the
boundary. The energy balance for this steady-flow system can be expressed

as
I:;in = I:;out
mhy :V\./a,out +mh, (since Q = Ake = Ape = 0)
Wa,out = m(hl - h2)

Noting that w, = 771Ws, the work output of the turbine per unit mass is determined from

w, =(0.82)(504.71—417.3)Btu/lbm = 71.7 Btu/lbm
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7-135 [Also solved by EES on enclosed CD] Refrigerant-134a enters an adiabatic compressor with an
isentropic efficiency of 0.80 at a specified state with a specified volume flow rate, and leaves at a specified
pressure. The compressor exit temperature and power input to the compressor are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis (a) From the refrigerant tables (Tables A-11E through A-13E),

R =120 kPa } S| = Sq@iz0 kpa = 0.94779 kl/kg - K
t.
YO = 0y a0 ke = 016212 m/kg
P, =1 MPa
hys = 281.21 kl/kg
Ss =5
0.3 m*/min

From the isentropic efficiency relation, 1

n, = %——) hya =y +(hys =y )/ =236.97 +(281.21-236.97)/0.80 = 292.26 kl/kg

2a '

Thus,

P,, =1 MPa

T,, = 58.9°C
h,, = 292.26 kl/kg

(b) The mass flow rate of the refrigerant is determined from

v . 3
i 0300 6 308 ks
v, 0.16212m’/kg

There is only one inlet and one exit, and thus M, = m, = m. We take the actual compressor as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed as

- ' _ - 0 (steady) _
Ein - Eout - AEsys.tem =0
- \ S
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E.=E

n out

W, i, +mhy =mh,  (since Q = Ake = Ape = 0)

W, i, = m(h, —hy)

a,in
Substituting, the power input to the compressor becomes,

W, ;, = (0.0308 kg/s)(292.26 - 236.97 )kI/kg = 1.70 kW
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7-136 EES Problem 7-135 is reconsidered. The problem is to be solved by considering the kinetic energy
and by assuming an inlet-to-exit area ratio of 1.5 for the compressor when the compressor exit pipe inside
diameter is 2 cm.

Analysis The problem is solved using EES, and the solution is given below.

"Input Data from diagram window"

{P[1] = 120 "kPa"

P[2] = 1000 "kPa"

Vol_dot_1=0.3 "m*3/min"

Eta_c = 0.80 "Compressor adiabatic efficiency"
A _ratio=1.5

d_2=2/100"m"

"System: Control volume containing the compressor, see the diagram window.
Property Relation: Use the real fluid properties for R134a.

Process: Steady-state, steady-flow, adiabatic process."

Fluid$="R134a'

"Property Data for state 1"

T[1]=temperature(Fluid$,P=P[1],x=1)"Real fluid equ. at the sat. vapor state"
h[1]=enthalpy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state"
s[1]=entropy(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state"
v[1]=volume(Fluid$, P=P[1], x=1)"Real fluid equ. at the sat. vapor state"

"Property Data for state 2"

s_s[1]=s[1]; T_s[1]=T[1] "needed for plot"

s_s[2]=s[1] "for the ideal, isentropic process across the compressor"
h_s[2]=ENTHALPY (Fluid$, P=P[2], s=s_s[2])"Enthalpy 2 at the isentropic state 2s and
pressure P[2]"

T_s[2]=Temperature(Fluid$, P=P[2], s=s_s[2])"Temperature of ideal state - needed only for
plot."

"Steady-state, steady-flow conservation of mass"

m_dot_1=m_dot_2

m_dot_1 = Vol_dot_1/(v[1]*60)

Vol_dot_1/v[1]=Vol_dot_2/v[2]

Vel[2]=Vol_dot_2/(A[2]*60)

A[2] = pi*(d_2)"2/4

A_ratio*Vel[1]/v[1] = Vel[2]/v[2] "Mass flow rate: = A*Vellv, A_ratio = A[1)/A[2]"
A_ratio=A[1]/A[2]

"Steady-state, steady-flow conservation of energy, adiabatic compressor, see diagram
window"
m_dot_1*(h[1]+(Vel[1])*2/(2*1000)) + W_dot_c= m_dot_2*(h[2]+(Vel[2])*2/(2*1000))

"Definition of the compressor adiabatic efficiency, Eta_c=W_isen/W_act"
Eta_c = (h_s[2]-h[1])/(h[2]-h[1])

"Knowing h[2], the other properties at state 2 can be found."

v[2]=volume(Fluid$, P=P[2], h=h[2])"v[2] is found at the actual state 2, knowing P and h."
T[2]=temperature(Fluid$, P=P[2],h=h[2])"Real fluid equ. for T at the known outlet h and P."
s[2]=entropy(Fluid$, P=P[2], h=h[2]) "Real fluid equ. at the known outlet h and P."
T_exit=T[2]

"Neglecting the kinetic energies, the work is:"

m_dot_1*h[1] + W_dot_c_noke= m_dot_2*h[2]
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SOLUTION

A[1]=0.0004712 [m"2]
A[2]=0.0003142 [m"2]
A_ratio=1.5

d_2=0.02 [m]
Eta_c=0.8
Fluid$='R134a'
h[1]=237 [kJ/kg]
h[2]=292.3 [kJ/kg]
h_s[2]=281.2 [kJ/kg]

m_dot_1=0.03084 [kg/s]
m_dot_2=0.03084 [kg/s]

P[1]=120.0 [kPa]
P[2]=1000.0 [kPa]
s[1]=0.9478 [kJ/kg-K]
s[2]=0.9816 [kJ/kg-K]

7-90

s_s[1]=0.9478 [kJ/kg-K]
s_s[2]=0.9478 [kJ/kg-K]
T[1]=-22.32 [C]

T[2]=58.94 [C]
T_exit=58.94 [C]
T_s[1]=-22.32 [C]
T_s[2]=48.58 [C]
Vol_dot_1=0.3 [m"3 /min]
Vol_dot_2=0.04244 [m"3 /min]
v[1]=0.1621 [m"3/kg]
v[2]=0.02294 [m"3/kg]
Vel[1]=10.61 [m/s]
Vel[2]=2.252 [m/s]
W_dot_c=1.704 [kW]
W_dot_c_noke=1.706 [kW]

125

R134a

100}
751

501

Temperature [C]

T T T T T T T T T
T-s diagram for real and ideal compressor

—o—ldeal Compressor

—o- Real Compressor

1000 kPa

-25;_/I

120 kPa

-50
0.0

0.2 0.4 0.6 0.8 1.0
Entropy [kJ/kg-K]

1.2
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7-137 Air enters an adiabatic compressor with an isentropic efficiency of 84% at a specified state, and
leaves at a specified temperature. The exit pressure of air and the power input to the compressor are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an
ideal gas with variable specific heats.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1) 2
Analysis (@) From the air table (Table A-17),
T, =290 K ——> h, =290.16 kl/kg, P, =1.2311
T, =530 K —— h,, =533.98 kJ/kg
hzs B hl
h2a - h1
hys =hy +77, (hZa_hl) !
=290.16+(0.84)(533.98 - 290.16) = 495.0 k/kg ——> P, =7.951

>

From the isentropic efficiency relation n.=

Then from the isentropic relation ,

P P
B W P, = [P_“z]a = (—17'29351 llj(l 00 kPa) = 646 kPa

h

(b) There is only one inlet and one exit, and thus m; =m, =m. We take the actual compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed as

- : _ - 0 (steady) _
Ein - Eout - AEsystem =0
—_ \ S
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

V\./a’in +rmh, =mh, (since Q = Ake = Ape = 0)

Wa,in = m(hZ - hl)
where

y 3
SRV (100 kPa)3(2.4 m?/s) 2884 kgls
RT, (0.287 kPa-m’/kg-K)(290 K)

Then the power input to the compressor is determined to be

W,y = (2.884 kg/s)(533.98 - 290.16) kl/kg = 703KW
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7-138 Air is compressed by an adiabatic compressor from a specified state to another specified state. The
isentropic efficiency of the compressor and the exit temperature of air for the isentropic case are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an
ideal gas with variable specific heats.

Analysis (a) From the air table (Table A-17),
T,=300K —— & =300.19kJ/kg, P, =1386
T,=550K —— hy, =55474k]/kg

From the isentropic relation,

po—|Plp _[800KPa; Se6) 8754 — 5 h,, = 508.72 ki/ke
2 R 95 kPa
Then the isentropic efficiency becomes 1

hys—h, _508.72-300.19

- ~0.819=81.9%
hya—h, 5547430019

n.=

(b) If the process were isentropic, the exit temperature would be

hy, =508.72kl/kg ——> T, =5055K
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7-139E Argon enters an adiabatic compressor with an isentropic efficiency of 80% at a specified state, and
leaves at a specified pressure. The exit temperature of argon and the work input to the compressor are to be
determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Argon is an ideal gas with
constant specific heats.

Properties The specific heat ratio of argon is 2
k =1.667. The constant pressure specific heat of
argon is C, = 0.1253 Btu/Ibm.R (Table A-2E).

Analysis (a) The isentropic exit temperature T, is determined from

P (k=1)/k 200 bsi 0.667/1.667
T, =T, -2 = (ssor) =P = 13819 R
R 20 psia

The actual kinetic energy change during this process is 1

VZ V2 (240 fis)? — (60 fi/s)? ( 1 Btw/Ibm
Ake, = 5"

5 25,037 e J =1.08 Btu/lbm

The effect of kinetic energy on isentropic efficiency is very small. Therefore, we can take the kinetic
energy changes for the actual and isentropic cases to be same in efficiency calculations. From the
isentropic efficiency relation, including the effect of kinetic energy,

p =W _ (hys —hy)+Ake _ Cp(Tas =Ty )+ Ake, S 0.1253(1381.9-550)+1.08
© w, (hy—h)+ake c,(T,, —T))+Ake, 0.1253(T,, —550)+1.08
It yields
Toa = 1592 R

(b) There is only one inlet and one exit, and thus m, = m, = m. We take the actual compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed as

. ' _ - J0 (steady) _
Ein - Eout - AEsystem =0
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

W, +m(hy +V,7/2) = m(h, +V;/2) (since Q = Ape = 0)
2 \s2
W, - m[hz o %J s =ty ke

Substituting, the work input to the compressor is determined to be

w, ;, = (0.1253 Btu/Ibm- R }1592 — 550)R +1.08 Btw/Ibm = 131.6 Btu/lbm

,in
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7-140E Air is accelerated in a 90% efficient adiabatic nozzle from low velocity to a specified velocity. The
exit temperature and pressure of the air are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 The device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with
variable specific heats.

Analysis From the air table (Table A-17E),

T,=1480R —— h; =363.89 Btu/lbm, B, =53.04

There is only one inlet and one exit, and thus M, = m, =m. We take the nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed as

- : _ . J0 (steady) _
Ein - Eout - AEsystem =0
S | S —
Rate of net energy transfer  Rate of change in internal, kinetic, \
by heat, work, and mass potential, etc. energies
. . AIR
Ein = Eout 1 > 2
— 0()°,
N = 90%
m(h, +V,2/2) = m(h, +V5/2) (since W = Q = Ape = 0) /
hy=h -2V
2 —
2

Substituting, the exit temperature of air is determined to be

h, =363.89 kl/kg —

(800 ft/s) —0( 1 Btu/lbm
2 25,037 ft*/s*

J: 351.11 Btw/Ibm

From the air table we read

T, = 1431.3R
From the isentropic efficiency relation
n, = h2a — h1
h25 - hl

hys =y +(hyy =1y )/ =363.89+(351.11-363.89)/(0.90) = 349.69 Btu/Ibm ——> P, = 46.04

Then the exit pressure is determined from the isentropic relation to be

P P
L WL N P=| 2R = [ﬂj(éo psia)=52.1 psia
PR P P 53.04

h fi
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7-141E EES Problem 7-140E is reconsidered. The effect of varying the nozzle isentropic efficiency from
0.8 to 1.0 on the exit temperature and pressure of the air is to be investigated, and the results are to be
plotted.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"
WorkFluid$ = "Air'
P[1] = 60 [psia]
T[1] = 1020 [F]
Vel[2] = 800 [ft/s]
Vel[1] = 0 [ft/s]
eta_nozzle = 0.9

"Conservation of Energy - SSSF energy balance for turbine -- neglecting the change in potential
energy, no heat transfer:"

h[1]=enthalpy(WorkFluid$,T=T[1])

s[1]=entropy(WorkFluid$,P=P[1],T=T[1])

T_s[1]=T[1]

s[2] =s[1]

s_s[2] = s[1]

h_s[2]=enthalpy(WorkFluid$,T=T_s[2])
T_s[2]=temperature(WorkFluid$,P=P[2],s=s_s[2])

eta_nozzle = ke[2]/ke_s[2]

ke[1] = Vel[1]*2/2

ke[2]=Vel[2]"2/2

h[1]+ke[1]*convert(ft"2/s"2,Btu/lbm) = h[2] + ke[2]*convert(ft"2/s"2,Btu/lbm)

h[1] +ke[1]*convert(ft"2/s"2,Btu/lbm) = h_s[2] + ke_s[2]*convert(ft"2/s"2,Btu/Ibm)
T[2]=temperature(WorkFluid$,h=h[2])

P_2_answer = P[2]

T_2_answer = T[2]

MNnozzle P2 T2 Ts,2
[psia [F [F]
0.8 51.09 971.4 959.2
0.85 51.58 9714 962.8 980 : T . T . T . ;

0.9 52.03 9714 966
0.95 52.42 9714 968.8
1 52.79 9714 9714
N
)
F 960l T, —o— i
Tsg —o—
5oL . 4y
0.8 0.84 0.88 0.92 0.96 1

Thozzle
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7-142 Air is expanded in an adiabatic nozzle with an isentropic efficiency of 0.96. The air velocity at the
exit is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
or shaft work associated with the process. 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg'K and k = 1.4 (Table A-2a).

Analysis For the isentropic process of an ideal gas, the exit temperature is determined from

(k=1)/k 0.4/1.4
P kP
Ty =T, = = (180+273 K)(loo—a] =331.0K
P 300 kPa

There is only one inlet and one exit, and thus m; = m, = M. We take nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

- - _ - 70 (steady) _

Ein - Eout - AEsystem e =0

— (R ——
Rate of net energy transfer  Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies \
. . 300 kPa .

Ein = Eou 180°C Alr, 100 kPa
V2 V2 Om/s /
. 1 . 2
m h, +—|=m h, +—
2 2
V2 V2
h1+;:h2 +_2
2 2
V72-V?
h, —h, -2 1

Vi -V?
c, (T, —Tz):%:Ake

The kinetic energy change for the isentropic case is
Akeg =cC,(T) —T,) = (1.005 kJ/kg - K)(453 -331)K =122.6 kl/kg

The kinetic energy change for the actual process is

Ake, =nyAke = (0.96)(122.6 ki/kg) = 117.7 kl/kg

Substituting into the energy balance and solving for the exit velocity gives

0.5
2,2
V, = (24ke,) =| 201177 k/kg)| L2007 485 mis
1k/kg
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7-143E Air is decelerated in an adiabatic diffuser with an isentropic efficiency of 0.82. The air velocity at
the exit is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 There is no heat transfer
or shaft work associated with the process. 3 Air is an ideal gas with constant specific heats.

Properties The properties of air at room temperature are C, = 0.240 Btu/lbm'R and k = 1.4 (Table A-2Ea).
Analysis For the isentropic process of an ideal gas, the exit temperature is determined from

) (k=1)/k 20 . 04/1.4
T, =T,| = = (30+ 460 R)| P12 =5542R
P, 13 psia

There is only one inlet and one exit, and thus m; = M, = M. We take nozzle as the system, which is a

control volume since mass crosses the boundary. The energy balance for this steady-flow system can be
expressed in the rate form as

E- _ E _ AE 20 (steady) -0
n out system
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies /
E, =E 13 psia .
in out 30°F Air 20 psia
V2 NE umOWs"-.__.
mi h, +—— |=m| h, + =
2 2
V2 vy
h+——=h, +—=
2 2
V) -V
h,—h, = 22 1
V) -V?
cp(Tl—Tz)z-JLE—l—::Ake
The kinetic energy change for the isentropic case is
Akeg =cC,(Tys —T;) =(0.240 Btw/lbm - R)(554.2 - 490)R =15.41 Btu/Ibm
The kinetic energy change for the actual process is
Ake, =nyAke, =(0.82)(15.41 Btu/lbm) =12.63 Btu/lbm
Substituting into the energy balance and solving for the exit velocity gives
4262 0.5
V, = (V2 —2Ake, )"’ = U%OW@Z—MH63Ewmm)£EEli£L- =606 ft/s
1 Btu/lbm
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Entropy Balance

7-144 Heat is lost from Refrigerant-134a as it is throttled. The exit temperature of the refrigerant and the
entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis The properties of the refrigerant at the inlet of the device are (Table A-13)

T, =35°C |s; =0.37135kl/kg (

P, =900 kPa } h, =100.86 kJ/kg

R-134a \
The enthalpy of the refrigerant at the exit 900 kPa ® 200 kPa
of the device is 35°C

h, =h, —q,, =100.86 — 0.8 =100.06 kl/kg

Now, the properties at the exit state may be obtained from the R-134a tables

P,=200kPa |T, =-10.09°C
h, =100.06 ki/kg| s, = 0.38884 ki/kg.K

The entropy generation associated with this process may be obtained by adding the entropy change of R-
134a as it flows in the device and the entropy change of the surroundings.

ASp 1343 =S5 —S; =0.38884 - 0.37135=0.01749 kJ/kg.K

Qow _ 0.8kI/kg

ASsurr -
T (25+273)K

=0.002685 kJ/kg. K

surr

Sgen = Astotal = ASR*1343 + ASSL[IT = 0.01749 + 0002685 = 0.0202 k\]/kg .K
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7-145 Liquid water is withdrawn from a rigid tank that initially contains saturated water mixture until no
liquid is left in the tank. The quality of steam in the tank at the initial state, the amount of mass that has
escaped, and the entropy generation during this process are to be determined.

Assumptions 1 Kinetic and potential energy changes are zero. 2 There are no work interactions.

Analysis (a) The properties of the steam in the tank at the final state and the properties of exiting steam are
(Tables A-4 through A-6)

u, = 2553.1kl/kg
v, = 0.46242 m’/kg N
S, = 6.8955kJ/kg K Water mixture
7.5 kg
P,. =400kPa |h, = 604.66 kJ/k
e .a . = 604.66 kl/kg 400 kPa
X = 0 (sat. liq.)| s, =1.7765kJ/kg.K

P, =400 kPa
X, =1(sat. vap.)

[
Il

The relations for the volume of the tank and the final mass in the tank are
vV =myv, =(7.5kg)v,
v (7.5kg)v,

m, :—:—3216.219(/1
vy, 046242 m°/kg

The mass, energy, and entropy balances may be written as
m, =m; —m,
Qin — Mehe =myuy —myu,

Qin
T

source

—M,S, +Sgen =m,s, —m;s,

Substituting,
m, =7.5-16.219y, €))

5—(7.5-16.219v,)(604.66) = 16.219v, (2553.1) - 7.5U, 2)

S
500+273

Eq. (2) may be solved by a trial-error approach by trying different qualities at the inlet state. Or, we can use
EES to solve the equations to find

x; = 0.8666
Other properties at the initial state are
u; =2293.2kl/kg
v, =0.40089 m> /kg
S, =6.2129kl/kg K
Substituting into Eqs (1) and (3),
(b) m, =7.5-16.219(0.40089) = 0.998 kg

(©

~(7.5-16.219v,)(1.7765) + S 50, =16.219v, (6.8955)~7.5s, 3)

P, =400 kPa
X, = 0.8666

5

— —17.5-16.219(0.40089)(1.7765)+S_.. =16.219(0.40089)(6.8955) —7.5(6.2129
001373 [ ( )J1.7765) + S e ( X )—7.5( )

Sgen = 0.00553 kJ/K
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7-146 Each member of a family of four take a 5-min shower every day. The amount of entropy generated
by this family per year is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and potential energies are negligible. 3
Heat losses from the pipes and the mixing section are negligible and thus Q = 0. 4 Showers operate at

maximum flow conditions during the entire shower. 5 Each member of the household takes a 5-min shower
every day. 6 Water is an incompressible substance with constant properties at room temperature. 7 The
efficiency of the electric water heater is 100%.

Properties The density and specific heat of water at room temperature are p = 1 kg/L = 1000 kg/° and ¢ =
4.18 kJ/kg.°C (Table A-3).

Analysis The mass flow rate of water at the shower head is

Mixture
m= pV = (1kg/L)(12 L/min) =12 kg/min T 3
The mass balance for the mixing chamber can be Cold Hot
expressed in the rate form as Walter wazter
min _mout _ Amsystemﬂo (steady) _ 0 [— _] -
el

out
where the subscript 1 denotes the cold water stream, 2 the hot water stream, and 3 the mixture.

The rate of entropy generation during this process can be determined by applying the rate form of
the entropy balance on a system that includes the electric water heater and the mixing chamber (the T-
elbow). Noting that there is no entropy transfer associated with work transfer (electricity) and there is no
heat transfer, the entropy balance for this steady-flow system can be expressed as

: 2 3 _Ad 0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

m;s, + mM,S, —mM;S; + Sgen =0 (since Q =0and work is entropy free)
Sgen = M85 —MyS; —M, S,

Noting from mass balance that 7, + 71, = m; and S, =S, since hot water enters the system at the same
temperature as the cold water, the rate of entropy generation is determined to be
: . L . . T,
Sgen = M3 — (M +M,)s; = My(S; —5;) =M€, lnT—
1
. 42+2 .
= (12 kg/min)(4.18 kJ/kg.K)ln—73 =4.495kJ/min.K
15+273

Noting that 4 people take a 5-min shower every day, the amount of entropy generated per year is

Seen = (Sgen)At(No.of people)(No. of days)
= (4.495 kJ/min.K)(5 min/person - day)(4 persons)(365 days/year)
=32,814kJ/IK (per year)

Discussion The value above represents the entropy generated within the water heater and the T-elbow in
the absence of any heat losses. It does not include the entropy generated as the shower water at 42°C is
discarded or cooled to the outdoor temperature. Also, an entropy balance on the mixing chamber alone
(hot water entering at 55°C instead of 15°C) will exclude the entropy generated within the water heater.
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7-147 Steam is condensed by cooling water in the condenser of a power plant. The rate of condensation of
steam and the rate of entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The enthalpy and entropy of vaporization of water at 60°C are hyy =2357.7 kJ/kg and Stg=
7.0769 kJ/kg.K (Table A-4). The specific heat of water at room temperature is ¢, = 4.18 kJ/kg.°C (Table
A-3).

Analysis (a) We take the cold water tubes as the system,

which is a control volume. The energy balance for this
steady-flow system can be expressed in the rate form as Steam
60°C
- - _ - 20 (steady) _ o
Ein - Eout - AEsystem =0 27°C
Rate of net energy transfer Rate of change in internal, kinetic, Q
by heat, work, and mass potential, etc. energies D)

. . C
Ein = Eout CL

Qin +mhy = rmh, (since Ake = Ape = 0) C%
Qi =mcy (T, - T)) 18°C

C

~

(\\
*

Then the heat transfer rate to the cooling water in the
Water
condenser becomes

Q=[mc p (Tout - Tin )]cooling water 60°C *
— (75 ke/s)(4.18 kJ/kg.°C)(27°C — 18°C) = 2822 kJ/s

The rate of condensation of steam is determined to be

Q  2822kl/s

. _LOLLKIS 90 kgl
hy  2357.7kikg

Q= (mhfg )steam ? msteam =

(b) The rate of entropy generation within the condenser during this process can be determined by applying
the rate form of the entropy balance on the entire condenser. Noting that the condenser is well-insulated
and thus heat transfer is negligible, the entropy balance for this steady-flow system can be expressed as

: q 3 _AG 0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer  Rate of entropy Rate of change
by heat and mass generation of entropy

My, + MyS; — MM,S, —M,S, + Sy, =0 (since Q = 0)

m

waterS1 T msteams3 - mwaterSZ - msteams4 + Sgen =0

Sgen = mwater(SZ - Sl) + rhsteam(s4 - 53)

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated
liquid, the rate of entropy generation is determined to be

c 1nT—2—rh

water™~ p steam
1 Tl

gen water - p St

: . T, .
Spep =M clnT—2+msteam(sf—sg)=m .

+
= (75kg/s)(4.18 kJ/kg.K)ln% — (1.20 kg/s)(7.0769 kI/kg.K)

=1.06 kW/K
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7-148 Cold water is heated by hot water in a heat exchanger. The rate of heat transfer and the rate of
entropy generation within the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of cold and hot water are given to be 4.18 and 4.19 kJ/kg.°C, respectively.

Analysis We take the cold water tubes as the system, which is a

control volume. The energy balance for this steady-flow system Cold water
can be expressed in the rate form as 15°C
: : _ : 70 (steady) _ 0.25 kg/s
Ein - Eout - AEsystem =0 &
N H
Rate of net energy transfer  Rate of change in internal, kinetic, ot water

by heat, work, and mass potential, etc. energies = ¢
. . °
Ein = Eout 100°C

3 kg/s

Q,, +mh, =mh, (since Ake = Ape = 0)
Q =1C,(T, - T)) ‘45 ¢
Then the rate of heat transfer to the cold water in this heat exchanger becomes

Qi =My (Toue ~ Tin) leold water = (025 kg/s)(4.18 kJ/kg.°C)(45°C —15°C) = 31.35 KW

Noting that heat gain by the cold water is equal to the heat loss by the hot water, the outlet temperature of
the hot water is determined to be

. ' 31.35kW
Q = [mcp in _Tout)]hot water —)Tout = Tin _i =100°C - 97.5°C

me, (3kg/s)(d.19K)/kg.°C)

(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the
entropy balance on the entire heat exchanger:

: 2 3 _Ad &0 (steady)
Sir1 - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

My, + MyS; —MyS, —Mys, + S, =0 (since Q = 0)
n"]colds‘l + rhhots3 - mcolds2 - rhhots4 + S'gen =0
Sgen = Mo (S = ;) + My (S4 — S3)
Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is

determined to be

< . T2 . T4
Sgen = mcoldcp IHT— + mhotcp h'lT—
1 3

454273 97.5+273
= (025 kg/s)(4. 18 KI/kg K)In > = 1 (3 kg/s)(4.19 k) kg K)ln —=— >
(0-25kelsX RIS s TN e 05273

=0.0190 kW/K
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7-149 Air is preheated by hot exhaust gases in a cross-flow heat exchanger. The rate of heat transfer, the
outlet temperature of the air, and the rate of entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of air and combustion gases are given to be 1.005 and 1.10 kJ/kg.°C,
respectively. The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).

Analysis We take the exhaust pipes as the system, which

is a control volume. The energy balance for this steady-
flow system can be expressed in the rate form as
Air
- - _ - 20 (steady) _ i
Ein - Eout - AEsystem =0 95 kPa % %
%\/—/ O
Rate of net energy transfer  Rate of change in internal, kinetic, 20°C Q}
by heat, work, and mass potential, etc. energies 1.6 m’/s % %
Ein = Eout mE Q)
i, = O, +Mh, (since Ake = Ape = 0) ol QQ\ E9\
Y

N

Qout = n.']Cp(-l—l _TZ)

Then the rate of heat transfer from the exhaust gases becomes

Exhaust gases
2.2 kg/s, 95°C

Q= [rth(Tin —Tom)]gas' = (2.2 kg/s)(1.1kJ/kg.°C)(180°C —95°C) = 205.7 kW
The mass flow rate of air is

o PV (95 kPa)(1.6 m*/s)
RT  (0.287 kPa.m?/kg.K)x (293 K)

=1.808 kg/s

Noting that heat loss by the exhaust gases is equal to the heat gain by the air, the outlet temperature of the
air becomes
Q 205.7 kW

) = |rme T —> T =T, +——=20°C+ =133.2°C
Q [ p(Tou )L ' me, (1.808 kg/s)(1.005 kJ/kg.°C)

The rate of entropy generation within the heat exchanger is determined by applying the rate form of the
entropy balance on the entire heat exchanger:

2 3 3 Al 0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

M;S; + MyS3 —MyS, —Mys, +S,,, =0 (since Q = 0)
MexnaustSt + MairS3 = MexhaustS2 — MyirSs + Sgen =0
Sgen = Mexhaust (S2 = 1) + Myir (S4 = S3)

Then the rate of entropy generation is determined to be

S gen — mexhaus

T Ty
Cp lnT_1+ M, Cp lni

95 +273 133.2+273
= (22kg/s)(11KI/kg K)In———=" 1 (1.808 kg/s)(1.005 kl/kg K)ln = =>
(22 kg1 T ke Rln e 75+ (808 kX T N YR

=0.091 kW/K
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7-150 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of
entropy generation within the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid
properties are constant.

Properties The specific heats of water and oil are

given to be 4.18 and 2.3 kJ/kg.°C, respectively. ‘ 0il
Analysis (a) We take the cold water tubes as the 170°C
system, which is a control volume. The energy °"‘ 10 ke/s
l?alance for this steady-flow system can be expressed 70°C 8
in the rate form as )>
. . . ( |}
70 (stead
Ein - Eout = AEsystem (sreac) =0 Water ( ~N
— -, o D
Rate of net energy transfer  Rate of change in internal, kinetic, 20°C —=¢ J
by heat, work, and mass potential, etc. energies 4.5 kg /s
Ein = E'out ~‘°|
Q,, +mh; =mh, (since Ake = Ape = 0) ‘

Qi =mc, (T, =T))

Then the rate of heat transfer to the cold water in this heat exchanger becomes

Q = [MC, (Tou — Tin ) yarer = (4.5 ke/s)(4.18 kJ/kg.°C)(70°C — 20°C) = 940.5 kW

Noting that heat gain by the water is equal to the heat loss by the oil, the outlet temperature of the hot oil is
determined from

G = [1e, (T~ Tou ot = Tout =T ——2 = 170°C—— 203KV _ 159 0¢
e, (10 kg/s)(2.3 kI/kg.°C)

(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the
entropy balance on the entire heat exchanger:

X R 3 _Ad &0 (steady)
Sin - Sout + Sgen - ASsystem
—
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

;S + MyS; —MyS, —Mys, + S, =0 (since Q = 0)

MyaterS) T MoitS3 = MyaterSz — MoiSq + Sgen =0

Sgen = mwater(sz - Sl) + n:]cvil(s4 - 53)

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is
determined to be

S . T2 . T4
Sgen = mwatercp ll'l_l_— + moﬂcp lnT—
1 3

70+273 129.1+273
= (4.5kg/s)(4.18 kl/kg K)In————+ (10 kg/s)(2.3 kJ/kg K)In—————
( g8 eK) 20+273 (10kg/sX gK) 170+ 273

=0.736 KW/K
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7-151E Refrigerant-134a is expanded adiabatically from a specified state to another. The entropy
generation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis The rate of entropy generation within the expansion device during this process can be determined
by applying the rate form of the entropy balance on the system. Noting that the system is adiabatic and thus
there is no heat transfer, the entropy balance for this steady-flow system can be expressed as

: 2 S _Ac 0 (steady)
S in S out + S gen =AS system
_— e )
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy
M;S; —M,S; + Sy, =0 R-134a 10 psia

. 100 psia —p ¢
Sgen = m(SZ - Sl) 100°F sat. vapor
S gen — $2 =%

The properties of the refrigerant at the inlet and exit states are (Tables A-11E through A-13E)

P, =100 psia
s; =0.22900 Btw/Ibm-R

T, =100°F

P, =10 psia

“ - s, =0.22948 Btu/lbm-R

, =
Substituting,
Sgen =S —S; =0.22948 -0.22900 = 0.00048 Btu/lbm -R
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7-152 In an ice-making plant, water is frozen by evaporating saturated R-134a liquid. The rate of entropy

generation is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis We take the control volume formed by the R-134a evaporator with a single inlet and single exit as
the system. The rate of entropy generation within this evaporator during this process can be determined by
applying the rate form of the entropy balance on the system. The entropy balance for this steady-flow

system can be expressed as

S' _S' 4 S _ AS’ &0 (steady)

in out gen system
-
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

Qin

w

+S,., =0

m;s; —Mm,s,; + gen

in

Spen =Mg (S, —3))—
gen R( 2 1) TW
Qin

T

Sgen = mRng -
w

The properties of the refrigerant are (Table A-11)

hig@-ioc =205.96 kl/kg
Stg@-torc =0.78263kl/kg-K

R-134a
—-10°C

Q
{ —-10°C
sat. vapor

|

The rate of that must be removed from the water in order to freeze it at a rate of 4000 kg/h is

Q,, =, hy =(4000/3600 kg/s)(333.7 kl/kg) =370.8 kW

where the heat of fusion of water at 1 atm is 333.7 kJ/kg. The mass flow rate of R-134a is

o _Qu __3708Kss
" hy  205.96kl/kg

=1.800 kg/s

Substituting,

Sgen =MpS g - ? = (1.800 kg/s)(0.78263 kl/kg - K) —

w

370.8 kW
273K

=0.0505 kW/K

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-107

7-153 Air is heated by steam in a heat exchanger. The rate of entropy generation associated with this
process is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The .
heat exchanger is well-insulated so that heat loss to the * Air
surroundings is negligible and thus heat transfer from the 20°C

hot fluid is equal to the heat transfer to the cold fluid. 3
Changes in the kinetic and potential energies of fluid 300C ———= N
streams are negligible. 4 Air is an ideal gas with constant —/
specific heats. 1 | }

Steam N
Properties The specific heat of air at room temperature is 35°C—==¢ >
cp = 1.005 kJ/kg-°C (Table A-2). sat. vap. J

10,000 kg/h

Analysis The rate of entropy generation within the heat ‘
exchanger is determined by applying the rate form of the 30°C
entropy balance on the entire heat exchanger:

: 3 3 _AG &0 (steady)
S in S out + S gen =AS system
s
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy
Myater ST+ MairS3 = Mygater S2 = My Sy +Sgen =0

Sgen = rhwater (52 -5 ) + r.hair (S4 —33 )

The properties of the steam at the inlet and exit states are

T, =35°C | h, =2564.6kJ/kg
(Table A-4)
X, =1 s, =8.3517kl/kg-K
T, =32°C | h, =134.10kJ/kg
(Table A-4)
Xy =0 S, =0.4641kJ/kg-K

From an energy balance, the heat given up by steam is equal to the heat picked up by the air. Then,
Q =, (N, —h,) = (10,000 / 3600 kg/s)(2564.6 —134.10) kl/kg = 6751 kW

o) 6751 kW

My = = O — =671.7kg/s
c,(T,—T3) (1.005kl/kg-°C)(30—20)°C

Substituting into the entropy balance relation,
Sgen = mwater (52 -$ ) + mair (54 — 33 )

. . T,

= Myater (SZ -3 ) +My;, C p lnT_
3

303K

= (10,000/ 3600 kg/s)(0.4641-8.3517) kl/kg K+ (671.7 ke/s)(1.005 kl/kg - K)ln - -

=0.745 kW/K

Note that the pressure of air remains unchanged as it flows in the heat exchanger. This is why the
pressure term is not included in the entropy change expression of air.
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7-154 Oxygen is cooled as it flows in an insulated pipe. The rate of entropy generation in the pipe is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The pipe is well-insulated so that heat loss to the
surroundings is negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an
ideal gas with constant specific heats.

Properties The properties of oxygen at room temperature are R = 0.2598 kJ/kg-K, ¢, =0.918 kl/kg-K
(Table A-2a).

Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy
balance on the pipe:

3 3 3 _AG J0 (steady)
Sin - Sout + 'igg =AS system Oxygen
ey hatand s Npenion” Rigof change 240 kPa — 200 kPa
. . 2 . 2OOC ISOC
M;S; —M,S; +S,, =0 (sinceQ =0) 70 m/s
Syen =M(S; —5))
The specific volume of oxygen at the inlet and the mass flow rate are
RT ) -m>/kg-
v, =0 _ (0.2598 kPa-m~ /kg - K)(293 K) 03172 m% kg
P, 240 kPa
AV, DV 12m)?
M= L #(012m) (730 m/S) _ 5 496 ke/s
vy 4v| 4(0.3172 m" /kg)
Substituting into the entropy balance relation,
Sgen =M(S; —5))
T P
=m ¢, In-=-Rln—=
T Py
=(2.496 kg/s)| (0.918 kJ/kg-K)In DIK (0.2598 kl/kg - K)In 200kPa
293K 240 kPa

=0.1025 kW/K
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7-155 Nitrogen is compressed by an adiabatic compressor. The entropy generation for this process is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 The compressor is well-insulated so that heat loss to
the surroundings is negligible. 3 Changes in the kinetic and potential energies are negligible. 4 Nitrogen is
an ideal gas with constant specific heats.

Properties The specific heat of nitrogen at the average temperature of (17+227)/2=122°C =395 K is ¢, =
1.044 kJ/kg-K (Table A-2b).

Analysis The rate of entropy generation in the pipe is determined by applying the rate form of the entropy
balance on the compressor:

2 3 3 &0 (steady)
S. -S + S =AS
in ~ 2out gen system 600 kPa
Rate of net entropy transfer ~ Rate of entropy Rate of change 227°C
by heat and mass generation of entropy

MyS; —MyS, + S, =0 (since Q = 0)

L Compressor
Sgen - m(52 _Sl) P

Substituting per unit mass of the oxygen,

Air
100 kPa
17°C

Seen =S5 =S

gen
T P
=¢,In->-Rln—=>

1 1

2274279 K _ 2968 ki/kg - K)in S0 kP2
(17+273)K 100 kPa

=0.0369 kJ/kg -K

= (1.044 kJ/kg - K)In
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7-156E Steam is condensed by cooling water in a condenser. The rate of heat transfer and the rate of
entropy generation within the heat exchanger are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well-insulated so that heat loss
to the surroundings is negligible and thus heat transfer from the hot fluid is equal to the heat transfer to the
cold fluid. 3 Changes in the kinetic and potential energies of fluid streams are negligible. 4 Fluid properties
are constant.

Properties The specific heat of water is 1.0 Btu/lbm.°F (Table
A-3E). The enthalpy and entropy of vaporization of water at
120°F are 1025.2 Btu/Ibm and g, = 1.7686 Btu/lbm.R (Table

'

A-4E). i 120°F
(
@

73°F

Analysis We take the tube-side of the heat exchanger where

cold water is flowing as the system, which is a control volume. —
The energy balance for this steady-flow system can be

expressed in the rate form as

- > = 20 (stead:
En—Eo = ABggen &% =0 G;i;i 60°F

-
Rate of net energy transfer  Rate of change in internal, kinetic,

3 ———
by heat, work, and mass potential, etc. energies
. . Lc Water
Ein = Eout
Q,, +mh, =mh, (since Ake = Ape = 0) 120° *
Qi =mMc, (T, -T))

Then the rate of heat transfer to the cold water in this heat exchanger becomes

Q = [MCy (Touy ~ T arer = (92 1bm/s)(1.0 Btw/Ibm.°F)(73°F — 60°F) = 1196 Btu/s

Noting that heat gain by the water is equal to the heat loss by the condensing steam, the rate of
condensation of the steam in the heat exchanger is determined from

Q = (mhfg )steam = —_)msteam = & = m =1.167 lbm/s
hy  1025.2 Btw/lbm

(b) The rate of entropy generation within the heat exchanger is determined by applying the rate form of the
entropy balance on the entire heat exchanger:

: : 3 _Ad &0 (steady)
Sin - Sout + Sgen - ASsystem
—
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

My + MySy —MyS, —MyS, + Sy, =0 (since Q = 0)

m

waterS1 T MsteamS3 ~ MyaterS2 — MteamSa + Sgen =0

Sgen = mwater(SZ - sl) + rhsteam(s4 - 53)

Noting that water is an incompressible substance and steam changes from saturated vapor to saturated
liquid, the rate of entropy generation is determined to be

c 1nT—2+m St —Sg) = MyuerC lr11_|—_—2

water™' p T steam( water ™~ p
1 1

+
= (92 Ibm/s)(1.0 Btw/Ibm.R) ln% —(1.167 Ibm/s)(17686 Btw/Ibm.R)

Sgen =m - msteamsf

9

=0.209Btu/s.R
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7-157 A regenerator is considered to save heat during the cooling of milk in a dairy plant. The amounts of
fuel and money such a generator will save per year and the annual reduction in the rate of entropy
generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2

The progerties of the milk are constant. Hot milk

Properties The average density and specific heat of 720C

milk can be taken to be Pk = Pyaer = 1 kg/L and

Cp, mi= 3.79 kI/kg.°C (Table A-3). — 71 S
Analysis The mass flow rate of the milk is

Mot = 2Vt Q
=(1kg/L)(12L/s) =12 kg/s = 43,200 kg/h
Taking the pasteurizing section as the system, the 4°C

energy balance for this steady-flow system can be -
expressed in the rate form as u Cold milk

Eo—Eo = AB O -0 5 E

n out system

out
—_
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Q,, +mh, =mh, (since Ake = Ape = 0)
Qm = MyiCp (T, = Ty)
Therefore, to heat the milk from 4 to 72°C as being done currently, heat must be transferred to the milk at a
rate of

chrrent = [me (Tpasturization _Trefrigeraﬁon )]milk =(12 kg/S)(379 kJ/kgOC)(72 —4)°C =3093 kl/s

The proposed regenerator has an effectiveness of € = 0.82, and thus it will save 82 percent of this energy.
Therefore,

Ouved = & Qeurrent = (0.82)(3093 kI /s) = 2536 kI /s

Noting that the boiler has an efficiency of Npoier = 0.82, the energy savings above correspond to fuel
savings of

Ouved (2536 kJ/s) (Itherm)
Mvoiler (082) (105,500 kJ)

Noting that 1 year = 365x24=8760 h and unit cost of natural gas is $0.52/therm, the annual fuel and money
savings will be

Fuel Saved = (0.02931 therms/s)(8760x3600 s) = 924,450 therms/yr

Money saved = (Fuel saved)(Unit cost of fuel) = (924,450 therm/yr)($1.04/therm) = $961,400/yr

The rate of entropy generation during this process is determined by applying the rate form of the entropy
balance on an extended system that includes the regenerator and the immediate surroundings so that the
boundary temperature is the surroundings temperature, which we take to be the cold water temperature of
18°C.:

Fuel Saved = =0.02931therm/s

3 3 3 _ AC J0 (steady) 3 _ ¢ 3
Sin - Sout + Sgen - ASsystem - Sgen - Sout - Sin
——
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

Disregarding entropy transfer associated with fuel flow, the only significant difference between the two
cases is the reduction is the entropy transfer to water due to the reduction in heat transfer to water, and is
determined to be

S' _— Qout,reduction — Qsaved — 2536 kl/s
out, reduction T T 18+ 273

surr surr

At = (8.715kJ/s.K)(8760 x 3600 s/year) = 2.75 x 10® kJ/K (per year)

S =8.715kW/K

gen, reduction —

S =S

gen, reduction gen, reduction

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-112

7-158 Stainless steel ball bearings leaving the oven at a uniform temperature of 900°C at a rate of 1400
/min are exposed to air and are cooled to 850°C before they are dropped into the water for quenching. The
rate of heat transfer from the ball to the air and the rate of entropy generation due to this heat transfer are to
be determined.

Assumptions 1 The thermal properties of the bearing balls are constant. 2 The kinetic and potential energy
changes of the balls are negligible. 3 The balls are at a uniform temperature at the end of the process

Properties The density and specific heat of the ball bearings are given to be p = 8085 kg/m® and Cp =0.480
kJ/kg.°C.

Analysis (a) We take a single bearing ball as the system. The energy balance for this closed system can be
expressed as

Ein - Eout - AEsystem
— Furnace
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

—Quu = AUy = m(u, —Uy) Steel balls, 900°C
Qout = mC(TI _T2)

The total amount of heat transfer from a ball is

D? 7(0.012 m)’
6

m = p¥ = p=— = (8085 kg/m®) =0.007315kg

Quue = Mc(T, —T,) = (0.007315 kg)(0.480 kJ/kg.°C)(900 — 850)°C = 0.1756 kl/ball
Then the rate of heat transfer from the balls to the air becomes
Qtotal = NpanQout (per ball) = (1400 balls/min) x (0.1756 kJ/ball) = 245.8 kJ/min = 4.10 kW

Therefore, heat is lost to the air at a rate of 4.10 kW.

(b) We again take a single bearing ball as the system. The entropy generated during this process can be
determined by applying an entropy balance on an extended system that includes the ball and its immediate
surroundings so that the boundary temperature of the extended system is at 30°C at all times:

Sin - Sout + Sgen = ASsystem
Net entropy transfer Entropy Change
by heat and mass generation in entropy
- QTL:t + Sgen = ASsystem - Sgen = Qo:t + ASsystem
where
T, 850 +273
S g = (53 =51) = Mg In = (0007315 kg) (0480 klkg K)in gm0 = ~0.0001530 kUK
Substituting,
0.1756 kJ
Sgen = @ + ASsystem =————0.0001530 kJ/K = 0.0004265 kJ/K (per ball)

b

Then the rate of entropy generation becomes

Syen = SyenlMoan = (0.0004265 kJ/K - ball)(1400 balls/min) = 0.597 kJ/min.K = 0.00995 KW/K

gen gen
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7-159 An egg is dropped into boiling water. The amount of heat transfer to the egg by the time it is cooked
and the amount of entropy generation associated with this heat transfer process are to be determined.

Assumptions 1 The egg is spherical in shape with a radius of ry = 2.75 cm. 2 The thermal properties of the
egg are constant. 3 Energy absorption or release associated with any chemical and/or phase changes within
the egg is negligible. 4 There are no changes in kinetic and potential energies.

Properties The density and specific heat of the egg are given to be p = 1020 kg/m® and Cp =3.32 kl/kg.°C.

Analysis We take the egg as the system. This is a closes system since no mass enters or leaves the egg.
The energy balance for this closed system can be expressed as

Ein - Eout = AEsystem Boiling
e R —
Net energy transfer Change in internal, kinetic, Water
by heat, work, and mass potential, etc. energies

Qin = AUegg = m(u2 - ul) = mC(TZ _Tl)

Then the mass of the egg and the amount of heat transfer become Egg
D? (0.055m)° e
m=pV = p=—=(1020 1<g/m3)”‘T = 0.0889 kg

Qu = me, (T, —T) = (0.0889 kg)(3.32 k/kg.°C)(70 — 8)°C = 18.3 kJ

We again take a single egg as the system The entropy generated during this process can be determined by
applying an entropy balance on an extended system that includes the egg and its immediate surroundings so
that the boundary temperature of the extended system is at 97°C at all times:

Sin - Sout + Sgen =AS

system
[ —— — —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Q; Q
T_m + Sgen = ASsystem - Sgen = _T_m + ASsystem
b b
where
+
AS e = M(S, — §1) = MCyug In 12 = (0.0889 kg)(3.32 kI/kg. K) In 0272 _ 0,0588 kI/K
T 8+273
Substituting,
Q, 18.3kJ
Sgen = —_l_—+ ASytem = — 370K +0.0588 kJ/K = 0.00934 kJ/K (per egg)

b
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7-160 Long cylindrical steel rods are heat-treated in an oven. The rate of heat transfer to the rods in the
oven and the rate of entropy generation associated with this heat transfer process are to be determined.

Assumptions 1 The thermal properties of the rods are constant. 2 The changes in kinetic and potential
energies are negligible.

Properties The density and specific heat of the steel rods are given to be p = 7833 kg/m® and Cp = 0.465
kl/kg.°C.

Analysis (@) Noting that the rods enter the oven at a velocity of 3 m/min and exit at the same velocity, we
can say that a 3-m long section of the rod is heated in the oven in 1 min. Then the mass of the rod heated in
1 minute is

m=pV = pLA = pL(#D?/4)
= (7833 kg/m*)(3 m)[z(0.1m)* /4] = 184.6 kg

We take the 3-m section of the rod in the oven as the system. The
energy balance for this closed system can be expressed as

Ein - Eout AEsystem
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Q. =AU_,=m(u, —-u,)=mc(T, -T,)
in rod 2 1 2 1
Steel rod, 30°C
Substituting,

Q,, =me(T, —T,) = (184.6 kg)(0.465 kJ/kg.°C)(700 — 30)°C = 57,512 kJ
Noting that this much heat is transferred in 1 min, the rate of heat transfer to the rod becomes
Q,, =Q,, /At = (57,512kJ)/(1min) = 57,512 kJ/min = 958.5 KW

(b) We again take the 3-m long section of the rod as the system. The entropy generated during this process
can be determined by applying an entropy balance on an extended system that includes the rod and its
immediate surroundings so that the boundary temperature of the extended system is at 900°C at all times:

Sin - Sout + Sgen =AS

—_— — —
Net entropy transfer Entropy Change
by heat and mass generation in entropy

system

Qin Qin
f + Sgen = ASsystem - Sgen = _f + ASS)/Stem
where
T, 700+ 273
ASSystem =m(s, —S,) = MCyyg ln_l_—1 = (184.6 kg)(0.465 kJ/kg.K)lnm =100.1kJ/K
Substituting,
s = Qn_ aq  __STSIZK o0 K = 511KIK

g, YT 900 +273K
Noting that this much entropy is generated in 1 min, the rate of entropy generation becomes

_ Sgen _ SLIKIK

gen N =51.1kJ/min.K = 0.85 kW/K
At 1 min
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7-161 The inner and outer surfaces of a brick wall are maintained at specified temperatures. The rate of

entropy generation within the wall is

to be determined.

Assumptions Steady operating conditions exist since the surface temperatures of the wall remain constant

at the specified values.

Analysis We take the wall to be the system, which is a closed
system. Under steady conditions, the rate form of the entropy

balance for the wall simplifies to

Sin _Sout + S

en
— Hg,—l
Rate of net entropy transfer ~ Rate of entropy

by heat and mass generation
Qin Qout 2
- +3 en,wall
Tow T o
b,in b,out

1890 W 1890 W N
293K 278K

S gen,wall
S

gen,wall

Therefore, the rate of entropy generation in the wall is 0.348 W/K.

7-162 A person is standing in a room at a specified temperature.

The rate of entropy transfer from the body with heat is to be

determined.

Assumptions Steady operating conditions exist.

Analysis Noting that Q/T represents entropy transfer with heat,
the rate of entropy transfer from the body of the person

accompanying heat transfer is

: Q 336W
Slransfer = ? = m

=1.094 W/K

3 &0
= AS = 0 -
system Brick Wall
Rate of change
of entropy
=0
J‘ 2GR
=0 20°C
=0.348 W/K

\* 5°C
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7-163 A 1000-W iron is left on the iron board with its base exposed to the air at 20°C. The rate of entropy
generation is to be determined in steady operation.

Assumptions Steady operating conditions exist.

Analysis We take the iron to be the system, which is a
closed system. Considering that the iron experiences no
change in its properties in steady operation, including its —>

entropy, the rate form of the entropy balance for the _)’
iron simplifies to
—
Sin - Sout + Sgen - ASsystem 0 i
—_— —— A —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
Qout 3 —
- + Sgen,iron =0
b,out
Therefore,
. ' 1000 W
S Quut =——=1486 W/K

gen,iron — Tb’om 673K

The rate of total entropy generation during this process is determined by applying the entropy balance on
an extended system that includes the iron and its immediate surroundings so that the boundary temperature
of the extended system is at 20°C at all times. It gives

S' Qout — Q :1000W23413W/K

gen, total — Tb,om = T 203K

surr

Discussion Note that only about one-third of the entropy generation occurs within the iron. The rest occurs
in the air surrounding the iron as the temperature drops from 400°C to 20°C without serving any useful

purpose.
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7-164E A cylinder contains saturated liquid water at a specified pressure. Heat is transferred to liquid from
a source and some liquid evaporates. The total entropy generation during this process is to be determined.

Assumptions 1 No heat loss occurs from the water to the surroundings during the process. 2 The pressure
inside the cylinder and thus the water temperature remains constant during the process. 3 No
irreversibilities occur within the cylinder during the process.

Analysis The pressure of the steam is maintained constant. Therefore, the temperature of the steam
remains constant also at

T = Tou@as psia = 240.03°F =700 R (Table A-5E)

Taking the contents of the cylinder as the system and noting that the

temperature of water remains constant, the entropy change of the Sourcs
system during this isothermal, internally reversible process becomes H,0 900°F
i 25 psia
AS,em = Qyoin _ 400BW_ o0 bR P81 417 400Btu
T 700 R

sys

Similarly, the entropy change of the heat source is determined from

US e =~ Dmecon ___H00BW__ 0 pp

T 900+ 460R

source

Now consider a combined system that includes the cylinder and the source. Noting that no heat or mass
crosses the boundaries of this combined system, the entropy balance for it can be expressed as
Sin - Sout + Sgen =AS

N —— —— _
Net entropy transfer Entropy Change
by heat and mass generation  in entropy

0+S AS

system

+AS

gen,total — water source

Therefore, the total entropy generated during this process is

S AS + 45 =0.572-0.294=0.278 Btu/R

gen,total — water source

Discussion The entropy generation in this case is entirely due to the irreversible heat transfer through a
finite temperature difference. We could also determine the total entropy generation by writing an energy
balance on an extended system that includes the system and its immediate surroundings so that part of the
boundary of the extended system, where heat transfer occurs, is at the source temperature.
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7-165E Steam is decelerated in a diffuser from a velocity of 900 ft/s to 100 ft/s. The mass flow rate of
steam and the rate of entropy generation are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions.

Properties The properties of steam at the inlet and the exit of the diffuser are (Tables A-4E through A-6E)
B =20psia | h =1162.3 Btw/lbm
T, =240°F | s, =1.7406 Btu/lbm-R Q
h, =1160.5 Btu/lbm

T, = 240°F

. s, =1.7141 Btw/lbm-R T 240°F

. vapor ) —940°
sal- vap v, =16.316 ft*/lbm P, =20 psia 2= 240

Steam Sat. vapor

T, =240°F s
Analysis (a) The mass flow rate of the steam can be Vl1 — 900 ft/s V= 1002ft/ S
determined from its definition to be \ Ay =11t
M= AV, =————— (12 {100 fus) = 6.129 Ibm/s
v, 16.316 ft”/lbm

(b) We take diffuser as the system, which is a control volume since mass crosses the boundary. The energy
balance for this steady-flow system can be expressed in the rate form as

: . _ - 20 (steady) _
Ein - Eout - AEsystem =0
— R

Rate of net energy transfer Rate of change in internal, kinetic,

by heat, work, and mass potential, etc. energies

Ein = Eout

m(h, +V,2/2) - Q,, = m(h, +V/2) (since W = Ape = 0)
2 2
Qout = ‘m[hz -h +V2 2V1 J

Substituting, the rate of heat loss from the diffuser is determined to be

2 2
Opns = —(6.129 Tomss) 1160.5— 11623 + 100 fUs) ~(900 fUs {1 Brw/lbm
o 2 25,037 fi?/s’

D =108.42 Btu/s

The rate of total entropy generation during this process is determined by applying the entropy balance on
an extended system that includes the diffuser and its immediate surroundings so that the boundary
temperature of the extended system is 77°F at all times. It gives

. . . e S0
Sin - Sout + Sgen - ASsystem =0

— | —

Rate of netentropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy
. . Qout \ —
ms; —ms, — —>=+ S, =0
b,surr

Substituting, the total rate of entropy generation during this process becomes

S en = M(s, — s1)+h =(6.129 Ibm/s)1.7141—1.7406)Btu/Ibm - R +% =0.0395 Btu/s-R

gen
b,surr
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7-166 Steam expands in a turbine from a specified state to another specified state. The rate of entropy
generation during this process is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible.

Properties From the steam tables (Tables A-4 through 6)
P, =6 MPa

P =6 MPa } hy =3302.9 kJ/kg T\ = 450°C
=

T, =450°C | s, =6.7219 kJ/kg-K
P, =20kPa | h, =2608.9 kl/kg l
sat. vapor s, =7.9073 kJ/kg-K
. . . . o STEAM ~ |—j
Analysis There is only one inlet and one exit, and thus m, =m, =m. TURBINE
We take the turbine as the system, which is a control volume since 4 MW
mass crosses the boundary. The energy balance for this steady-flow
system can be expressed in the rate form as
Ein - E'out AE’System7|0 (steady) =0
— P, =20 kPa
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies sat. vapor
E.in = E'out
n:]hl = Qout +Wout + mh2

Qout = m(hl - h2) _Wout

Substituting,

Qyr = (25,000/3600 kg/s)(3302.9 — 2608.9)k]/kg — 4000 kJ/s = 819.3 kJ/s

The rate of total entropy generation during this process is determined by applying the entropy balance on
an extended system that includes the turbine and its immediate surroundings so that the boundary
temperature of the extended system is 25°C at all times. It gives

. . . e S0
Sin - Sout + Sgen - ASsystem =0
—_——— e J

Rate of net entropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy
; : Qout 3 _
ms; —Mms, — —>"+S,, =0
b,surr

Substituting, the rate of entropy generation during this process is determined to be

Syen = M(s, — sl)+ﬁ = (25,000/3600 kg/s)(7.9073 - 6.7219)kJ/kg - K +% =11.0 kW/K

gen
b,surr
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7-167 A hot water stream is mixed with a cold water stream. For a specified mixture temperature, the mass
flow rate of cold water stream and the rate of entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The mixing chamber is well-insulated so that heat loss
to the surroundings is negligible. 3 Changes in the kinetic and potential energies of fluid streams are
negligible.

Properties Noting that T < T @ 200kpa = 120.21°C, the water in all three streams exists as a compressed
liquid, which can be approximated as a saturated liquid at the given temperature. Thus from Table A-4,

P, =200 kPa } hy =, g =293.07 kilkg

T, =70°C S1 =S¢ ar0c =0.9551kJ/kg-K

O 70°C
3.6 kg/s

P, =200 kPa } hy =hy oy =83.91kl/kg H,0
42°C
T, =20°C S, =S .~ =0.2965 kl/kg - K —_—
’ T feare 200 kPa ®
P, =200kPa| hy=h ... =175.90 ki/kg 20°
T, =42°C Sy = sf@wC =0.5990 kJ/kg - K

Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as

_ AE 20 (steady)

Mass balance: m.. —m =0 —— m+m, =m,

in out — system
Energy balance:
: - _ - 70 (steady) _
Ein - Eout - AEsystem =0
—_ \ E—
Rate of net energy transfer ~ Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

mh, +m,h, = rh, (since Q =W = Ake = Ape = 0)
Combining the two relations gives m;h, +myh, = (ml +m, )h3
Solving for m, and substituting, the mass flow rate of cold water stream is determined to be

hy—hy o (293.07-175.90)kJ/kg
hy—h, ' (175.90—83.91)kl/kg

M, = (3.6 kg/s) = 4.586 kg/s

Also, m;=m; +m, =3.6+4.586=8.186 kg/s

(b) Noting that the mixing chamber is adiabatic and thus there is no heat transfer to the surroundings, the
entropy balance of the steady-flow system (the mixing chamber) can be expressed as

. . . e S0
Sin - Sout + Sgen - ASsystem =0
— |
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

Substituting, the total rate of entropy generation during this process becomes
Sgen = MyS3 —MyS, —M;s)

= (8.186 kg/s)(0.5990 ki/kg - K)—(4.586 kg/s)0.2965 kl/kg - K)— (3.6 kg/s)0.9551 kJ/kg - K)
=0.1054 kW/K
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7-168 Liquid water is heated in a chamber by mixing it with superheated steam. For a specified mixing
temperature, the mass flow rate of the steam and the rate of entropy generation are to be determined.
Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 There are no work interactions.

Properties Noting that T < T, @ 200kpa = 120.21°C, the cold water and the exit mixture streams exist as a
compressed liquid, which can be approximated as a saturated liquid at the given temperature. From Tables
A-4 through A-6,

1200 kJ/min
P,=200kPa] h = hf@20°C =83.91kl/kg
T, =20°C S1 =St anc = 0.2965 kl/kg - K f

20°C, /

P, =200 kPa } h, =2769.1 kl/kg 2.5 kg/s MIXING
T, =150°C |s, =7.2810 kl/kg-K CHAMBER 60°C, ©)
P3 =200 kPa h3 Ehf@60°C =251.18 kJ/kg 150° 200 kPa
T3 =60°C [ S3=S; 6 =0.8313klkg K © >

Analysis (a) We take the mixing chamber as the system, which is a control volume. The mass and energy
balances for this steady-flow system can be expressed in the rate form as
A0 (steady)

Mass balance:  rhy, =y, = AE e =0 —— m+m, =my
Energy balance:
- - _ . J0 (steady) _
Ein - Eout - AEsystem =0
— e
Rate of netenergy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

myhy +mMyhy = Qg + M3hy
Combining the two relations gives  Qu, = Myhy +myh, — (M, + iy )hy = My (hy —hy )+, (hy —hy)
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be
Qoue =My (hy —hy) _ (1200/60k3/s) - (2.5 kg/s)83.91-251.18)ki/kg _ 0.166 kg/s
h, —h, (2769.1-251.18)kJ/kg
Also, my=m; +m, =2.5+0.166=2.666 kg/s

(b) The rate of total entropy generation during this process is determined by applying the entropy balance
on an extended system that includes the mixing chamber and its immediate surroundings so that the
boundary temperature of the extended system is 25°C at all times. It gives

m2:

. . . g s0
Sin - Sout + Sgen - ASsystem =0
—_— — | S —

Rate of net entropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy
B ; ; Qout \ _
m;s; + MyS, — M8y ——=—+ Sgen =0
b,surr

Substituting, the rate of entropy generation during this process is determined to be

L . Qy
Sgen = m3S3 - m232 - mISI + ou

b,surr

= (2.666 kg/s)0.8313 kl/kg - K)—(0.166 kg/s)(7.2810 ki/kg-K)
—(2.5 kg/s)0.2965 kl/kg - K)+W

298K
=0.333 kW/K
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7-169 A rigid tank initially contains saturated liquid water. A valve at the bottom of the tank is opened, and
half of mass in liquid form is withdrawn from the tank. The temperature in the tank is maintained constant.
The amount of heat transfer and the entropy generation during this process are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid leaving the device remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of water are (Tables A-4 through A-6)
3 H,O // Q
T, =150°C "L:_"lfj @so°c 23-22112961;1/ k/kg (1).30?;
sat. liquid I Tt@isoe £ _5
S =St aisoc =1.8418 kl/kg-K T = const.
T, =150°C | h =hf@1500C =632.18 kl/kg é_‘
sat. liquid | Se =S¢ gs0:c = 1.8418 kJ/kg-K Me

Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and
internal energy U, respectively, the mass and energy balances for this uniform-flow system can be
expressed as
Mass balance:

My, — My = Am

system —> Mg =m —-m,

Energy balance:

Ein Eout - AEsystem
N —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Qi = Mgh, + myu, —myu; (since W = ke = pe = 0)
The initial and the final masses in the tank are

3
V__03m  5i0ke

v, 0.001091 m*/kg

m, = m = (27510 ke)=137.55 kg = m,

ml—

Now we determine the final internal energy and entropy,

3
v, = 03M 002181 m? kg
m, 137.75kg

V2 —V¢  0.002181-0.001091
vig  0.39248-0.001091

T, =150°C Uy =Uj +XyU gy =631.66+(0.002786)1927.4) = 637.03 ki/kg

X, = 0.002786}52 =S¢ +X,S1, =1.8418+(0.002786)4.9953)=1.8557 kl/kg-K

X, = =0.002786

The heat transfer during this process is determined by substituting these values into the energy balance
equation,
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Qin =Mehe +myu; —myu,
=(137.55 kg )(632.18 ki/kg)+ (137.55 kg )637.03 ki/kg ) (275.10 kg )(631.66 ki/kg)
=810kJ

(b) The total entropy generation is determined by considering a combined system that includes the tank and
the heat source. Noting that no heat crosses the boundaries of this combined system and no mass enters, the
entropy balance for it can be expressed as

Sin - Sout + Sgcn =AS
—_——

— —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy

system >—MeS, + Sgen = AStank + ASsource

Therefore, the total entropy generated during this process is

Qsource,out

Sgen =MS, + AS, . + AS =m,S, +(M,S, —m;S;) —

source
source

=(137.55 kg )(1.8418 kl/kg - K ) + (137.55 kg }1.8557 ki/kg - K)

810 kI
— (275.10 kg )(1.8418 k)/kg - K)—
( g\ g-K) K

=0.202 kJ/K
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7-170E An unknown mass of iron is dropped into water in an insulated tank while being stirred by a 200-
W paddle wheel. Thermal equilibrium is established after 10 min. The mass of the iron block and the
entropy generated during this process are to be determined.

Assumptions 1 Both the water and the iron block are incompressible substances with constant specific
heats at room temperature. 2 The system is stationary and thus the kinetic and potential energy changes are
zero. 3 The system is well-insulated and thus there is no heat transfer.

Properties The specific heats of water and the iron block at room temperature are Cp ywaer = 1.00 Btu/lbm.°F
and Cp iron = 0.107 Btu/Ibm.°F (Table A-3E). The density of water at room temperature is 62.1 Ibm/ft>.

Analysis (a) We take the entire contents of the tank, water + iron block, as the system. This is a closed
system since no mass crosses the system boundary during the process. The energy balance on the system
can be expressed as

Ein - Eout = AEsystem
[ —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
pr,in =AU
or, pr,in =AU + AU ier
200 W
pr,in = [mC(TZ _Tl )]iron +[mC(T2 _Tl )] water
where
3 3
Myater = PV = (621 1bm/te 0.8 ) = 49.7 Tom
W, =W, At = (0.2 kI/s)(10% 60 5) —2 | =113.7 B
1.055kJ

Using specific heat values for iron and liquid water and substituting,

113.7 Btu = m,

ron

Mion =11.4 Ibm

(0.107 Btw/Ibm-* F)(75 — 185)°F + (49.7 Ibm }(1.00 Btu/Ibm-* F)(75 — 70)°F

(b) Again we take the iron + water in the tank to be the system. Noting that no heat or mass crosses the
boundaries of this combined system, the entropy balance for it can be expressed as

=AS

—_—— —_
Net entropy transfer Entropy Change
by heat and mass generation in entropy

0+S AS,, +AS

ron

Sin - Sout + Sgcn system
<

gen, total = water

where

535R

T—zJ = (11.4 1bm)0.107 Btu/lbm-R)ln( J =-0.228 Btw/R
645 R

AS,, = MCyyg h{T
1

T R
ASyier = MCyyg ln[T—2J =(49.6 1bm)(1.0 Btu/Ibm - R)ln( 2 i (5) Rj = 0.466 Btw/R

1

Therefore, the total entropy generated during this process is

AS i =S AS;.., +AS =-0.228+0.466 = 0.238 Btu/R

gen,total — iron water
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7-171E Air is compressed steadily by a compressor. The mass flow rate of air through the compressor and
the rate of entropy generation are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 Air is an ideal gas with variable specific heats.

Properties The gas constant of air is 0.06855 Btu/Ibm.R. The inlet and exit enthalpies of air are (Table A-
17)

T, =520R } h, =124.27Btu/lbm

P, =15psia |5/ =0.59173Btw/Ibm-R 2

T, =1080 R } h, = 260.97Btu/lbm

P, =150 psia | 55 = 0.76964Btu/Ibm- R 400 hp
AIR 3
Analysis (a) We take the compressor as the system, which is a control
volume since mass crosses the boundary. The energy balance for this
steady-flow system can be expressed in the rate form as T 1,500 Btu/min
- - _ - 70 (steady) _
Ein - Eout - AEsystem =0 1
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

W, +m(h, +V,* /2)=Q,, +m(h, +V,/2) (since Ape = 0)
. . V 2 _V 2
Win _Qout = m(hz - hl +%J

Substituting, the mass flow rate is determined to be

2
Thus, (400 hp 0.7068 Btu/s | 1500 Btu il 260.97 12427 + (350 ft/s) 1 Btu/lb;n .
1 hp 60 s 2 25,037 ft°/s

It yields m=1.852 lom/s

(b) Again we take the compressor to be the system. Noting that no heat or mass crosses the boundaries of
this combined system, the entropy balance for it can be expressed as

. . . e S0
Sin - Sout + Sgcn - ASsystem =0
—_— — | —
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy
- : Qout d _ 2 — QOUt
ms, — s, — =4S =0 — S, =m(s,—s)+
b,surr b,surr

where

AS,, =m(s, —s)= m(SE -5 - Rln%}
1

150 psi
n5ps1a

=(1.852 1bm/s)[o.76964— 0.59173 - (0.06855 Btu/lbm - R )l j =0.0372 Btu/s-R

5 psia

Substituting, the rate of entropy generation during this process is determined to be
Sgen = M(s; = sl)+ﬁ — 00372 Bt/s R + 120000 BWS 4 hess Bruss R

520R

b,surr
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7-172 Steam is accelerated in a nozzle from a velocity of 70 m/s to 320 m/s. The exit temperature and the
rate of entropy generation are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy changes
are negligible. 3 There are no work interactions. 4 The device is adiabatic and thus heat transfer is
negligible.

Properties From the steam tables (Table A-6),

P,=4 MPa =
h, =3331.2 kJ/k ! Steam P,=3 MPa
P, =4 MPa ! & T,=450°C —> V, =320 m/s
s, =6.9386 klJ/kg-K V, =70 m/
T, =450°C 3 1 §
v, =0.08004 m"/kg

Analysis (a) There is only one inlet and one exit, and thus M, =m, =m. We take nozzle as the system,

which is a control volume since mass crosses the boundary. The energy balance for this steady-flow system
can be expressed in the rate form as

: - _ - 70 (steady) _
Ein - Eout - AEsystem =0
—_ \ E—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

m(h, +V,? /2) =m(h, +V,/2) (sinceQ = W = Ape = 0)

VS -V?2
0=h, —h +2—1
Substituting,,
2 : - 1Kk
or, h, =3331.2 ki/kg — (320 mss)* - (70 mis) Y L =3282.4 kI/kg
2 1000 m~/s
Thus,
P, =3 MPa T, =422.3°C
hy, =3282.4 kl/kg [ s, =6.9976 kl/kg - K

The mass flow rate of steam is

=LAV, !

= —3(7x10*“m2 X70 m/s)=0.6122 kg/s
Vi 0.08004 m”/kg

(b) Again we take the nozzle to be the system. Noting that no heat crosses the boundaries of this combined
system, the entropy balance for it can be expressed as

S —Su 4 S =AS™ =0

gen system

— — —
Rate of net entropy transfer  Rate of entropy ~ Rate of change
by heat and mass generation of entropy

Ms, —Ms, + Sy, =0
Sgen = m(SZ - 51)
Substituting, the rate of entropy generation during this process is determined to be

Sgen = M(3, — ) = (0.6122 kg/s)6.9976 — 6.9386 kJ/kg - K = 0.0361 kW/K
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Special Topic: Reducing the Cost of Compressed Air

7-173 The total installed power of compressed air systems in the US is estimated to be about 20 million
horsepower. The amount of energy and money that will be saved per year if the energy consumed by
compressors is reduced by 5 percent is to be determined.

Assumptions 1 The compressors operate at full load during one-third of the time on average, and are shut
down the rest of the time. 2 The average motor efficiency is 85 percent.

Analysis The electrical energy consumed by compressors per year is
Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency
= (20x10° hp)(0.746 kW/hp)(1/3)(365x24 hours/year)/0.85
=5.125x10"" kWh/year )

Then the energy and cost savings corresponding to a 5% reduction in
energy use for compressed air become

Energy Savings = (Energy consumed)(Fraction saved) W=20x10° hp
Air

=(5.125x10"° kWh)(0.05) Compressor I
=2.563x10° kWh/year

Cost Savings = (Energy savings)(Unit cost of energy)
= (2.563x10° kWh/year)($0.07/kWh)
=$0.179x10° /year 1

Therefore, reducing the energy usage of compressors by 5% will save $179 million a year.

7-174 The total energy used to compress air in the US is estimated to be 0.5x10" kJ per year. About 20%
of the compressed air is estimated to be lost by air leaks. The amount and cost of electricity wasted per year
due to air leaks is to be determined.

2

Assumptions About 20% of the compressed air is lost by air leaks.

Analysis The electrical energy and money wasted by air leaks are

Energy wasted = (Energy consumed)(Fraction wasted)
= (0.5x10" kJ)(1 kWh/3600 kJ)(0.20)
= 27.78x10° kWh/year

W=0.5x10" kJ

Air
I—

Compressor

Money wasted = (Energy wasted)(Unit cost of energy)
= (27.78x10° kWh/year)($0.07/kWh)
= $1.945x10° /year 1

Therefore, air leaks are costing almost $2 billion a year in electricity costs. The environment also suffers
from this because of the pollution associated with the generation of this much electricity.
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7-175 The compressed air requirements of a plant is being met by a 125 hp compressor that compresses air
from 101.3 kPa to 900 kPa. The amount of energy and money saved by reducing the pressure setting of
compressed air to 750 kPa is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are
negligible. 3 The load factor of the compressor is given to be 0.75. 4 The pressures given are absolute
pressure rather than gage pressure.

Properties The specific heat ratio of air is k = 1.4 (Table A-2).
Analysis The electrical energy consumed by this compressor per year is
Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency
= (125 hp)(0.746 kW/hp)(0.75)(3500 hours/year)/0.88
= 278,160 kWh/year

The fraction of energy saved as a result of reducing the
pressure setting of the compressor is

Air

(Py.reduced/ P1)(k_l) - Compressor
(Py /R DK

L (750/101.3)(14-D/14 _y

(900/101.3)14D/14 _q

=0.1093

Power Reduction Factor =1—

101 kPa
15°C

That is, reducing the pressure setting will result in about 11 percent savings from the energy consumed by
the compressor and the associated cost. Therefore, the energy and cost savings in this case become

Energy Savings = (Energy consumed)(Power reduction factor)
= (278,160 kWh/year)(0.1093)
= 30,410 kWh/year
Cost Savings = (Energy savings)(Unit cost of energy)
= (30,410 kWh/year)($0.085/kWh)
= $2585/year

Therefore, reducing the pressure setting by 150 kPa will result in annual savings of 30.410 kWh that is
worth $2585 in this case.

Discussion Some applications require very low pressure compressed air. In such cases the need can be met
by a blower instead of a compressor. Considerable energy can be saved in this manner, since a blower
requires a small fraction of the power needed by a compressor for a specified mass flow rate.
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7-176 A 150 hp compressor in an industrial facility is housed inside the production area where the average
temperature during operating hours is 25°C. The amounts of energy and money saved as a result of
drawing cooler outside air to the compressor instead of using the inside air are to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are
negligible.

Analysis The electrical energy consumed by this compressor per year is

Energy consumed = (Power rating)(Load factor)(Annual Operating Hours)/Motor efficiency
= (150 hp)(0.746 kW/hp)(0.85)(4500 hours/year)/0.9
= 475,384 kWh/year

Also,

Cost of Energy = (Energy consumed)(Unit cost of energy) . N W=150 hp

— (475,384 kWh/year)($0.07/kWh) To=10°C I —

Compressor
= $33,277/year

The fraction of energy saved as a result of drawing in
cooler outside air is

. 101 kPa
Power Reduction Factor = | ——2side | =0.0503 1 25°C

104273

25+273

inside
That is, drawing in air which is 15°C cooler will result in 5.03 percent savings from the energy consumed
by the compressor and the associated cost. Therefore, the energy and cost savings in this case become
Energy Savings = (Energy consumed)(Power reduction factor)
= (475,384 kWh/year)(0.0503)
= 23,929 kWh/year
Cost Savings = (Energy savings)(Unit cost of energy)
= (23,929 kWh/year)($0.07/kWh)
= $1675/year

Therefore, drawing air in from the outside will result in annual savings of 23,929 kWh, which is worth
$1675 in this case.

Discussion The price of a typical 150 hp compressor is much lower than $50,000. Therefore, it is
interesting to note that the cost of energy a compressor uses a year may be more than the cost of the
compressor itself.

The implementation of this measure requires the installation of an ordinary sheet metal or PVC
duct from the compressor intake to the outside. The installation cost associated with this measure is
relatively low, and the pressure drop in the duct in most cases is negligible. About half of the
manufacturing facilities we have visited, especially the newer ones, have the duct from the compressor
intake to the outside in place, and they are already taking advantage of the savings associated with this
measure.

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-130

7-177 The compressed air requirements of the facility during 60 percent of the time can be met by a 25 hp
reciprocating compressor instead of the existing 100 hp compressor. The amounts of energy and money
saved as a result of switching to the 25 hp compressor during 60 percent of the time are to be determined.

Analysis Noting that 1 hp = 0.746 kW, the electrical energy consumed by each compressor per year is
determined from

(Energy consumed)y oree = (Power)(Hours)[(LFXTF/Mmotor)unioaded T (LFXTF/Mmotor)Loaded]
= (100 hp)(0.746 kW/hp)(3800 hours/year)[0.35x0.6/0.82+0.90x0.4/0.9]
= 185,990 kWh/year
(Energy consumed)gyan =(Power)(Hours)[(LFXTF/Mmotor)Untoaded T (LFXTF/Mumotor)Loaded]
= (25 hp)(0.746 kW/hp)(3800 hours/year)[0.0x0.15+0.95x0.85]/0.88
= 65,031 kWh/year
Therefore, the energy and cost savings in this case become

Energy Savings = (Energy consumed)parge- (Energy consumed)spmai

. W=100 h
~ 185,990 - 65,031 kWh/year Air e P
Compressor
= 120,959 kWh/year
Cost Savings = (Energy savings)(Unit cost of energy)
= (120,959 kWh/year)($0.075/kWh)
= $9,072/year

Discussion Note that utilizing a small compressor during the times of reduced compressed air requirements
and shutting down the large compressor will result in annual savings of 120,959 kWh, which is worth
$9,072 in this case.
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7-178 A facility stops production for one hour every day, including weekends, for lunch break, but the 125
hp compressor is kept operating. If the compressor consumes 35 percent of the rated power when idling,
the amounts of energy and money saved per year as a result of turning the compressor off during lunch
break are to be determined.

Analysis It seems like the compressor in this facility is kept on unnecessarily for one hour a day and thus
365 hours a year, and the idle factor is 0.35. Then the energy and cost savings associated with turning the
compressor off during lunch break are determined to be

Energy Savings = (Power Rating)(Turned Off Hours)(Idle Factor)/Mmotor
= (125 hp)(0.746 kW/hp)(365 hours/year)(0.35)/0.84 2
= 14,182 kWh/year

Cost Savings = (Energy savings)(Unit cost of energy)

. W=125 hp
= (14,182 kWh/year)($0.09/kWh) Air ]
Compressor

= $1,276/year

Discussion Note that the simple practice of turning the compressor
off during lunch break will save this facility $1,276 a year in
energy costs. There are also side benefits such as extending the life
of the motor and the compressor, and reducing the maintenance
costs.
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7-179 1t is determined that 40 percent of the energy input to the compressor is removed from the
compressed air as heat in the aftercooler with a refrigeration unit whose COP is 3.5. The amounts of the
energy and money saved per year as a result of cooling the compressed air before it enters the refrigerated
dryer are to be determined.

Assumptions The compressor operates at full load when operating.

Analysis Noting that 40 percent of the energy input to the compressor is removed by the aftercooler, the
rate of heat removal from the compressed air in the aftercooler under full load conditions is

Qaftmooling = (Rated Power of Compressor)(Load Factor)(Aftercooling Fraction)
= (150 hp)(0.746 kW/hp)(1.0)(0.4) = 44.76 kW

The compressor is said to operate at full load for 1600 hours a
year, and the COP of the refrigeration unit is 3.5. Then the energy After-
and cost savings associated with this measure become cooler

Qaftercooling

Energy Savings = ( Q'aftercooling )(Annual Operating Hours)/COP

= (44.76 kW)(1600 hours/year)/3.5
= 20,462 kWh/year

W=150 hp

Air
Compressor

Cost Savings = (Energy savings)(Unit cost of energy saved)
= (20,462 kWh/year)($0.06/kWh)
=$1227/year

Discussion Note that the aftercooler will save this facility 20,462 kWh of electrical energy worth $1227
per year. The actual savings will be less than indicated above since we have not considered the power
consumed by the fans and/or pumps of the aftercooler. However, if the heat removed by the aftercooler is
utilized for some useful purpose such as space heating or process heating, then the actual savings will be
much more.
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7-180 The motor of a 150 hp compressor is burned out and is to be replaced by either a 93% efficient
standard motor or a 96.2% efficient high efficiency motor. It is to be determined if the savings from the
high efficiency motor justify the price differential.

Assumptions 1 The compressor operates at full load when operating. 2 The life of the motors is 10 years. 3
There are no rebates involved. 4 The price of electricity remains constant.

Analysis The energy and cost savings associated with the installation of the high efficiency motor in this
case are determined to be

Energy Savings = (Power Rating)(Operating Hours)(Load Factor)(1/Msandard = 1/Mefficient)
= (150 hp)(0.746 kW/hp)(4,368 hours/year)(1.0)(1/0.930 - 1/0.962)
= 17,483 kWh/year

Cost Savings = (Energy savings)(Unit cost of energy)
= (17,483 kWh/year)($0.075/kWh)
= $1311/year
. . . . 150 hp
The additional cost of the energy efficient motor is Air —
. . Compressor
Cost Differential = $10,942 - $9,031 = $1,911

Discussion The money saved by the high efficiency motor will pay
for this cost difference in $1,911/$1311 = 1.5 years, and will
continue saving the facility money for the rest of the 10 years of its
lifetime. Therefore, the use of the high efficiency motor is
recommended in this case even in the absence of any incentives
from the local utility company.
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7-181 The compressor of a facility is being cooled by air in a heat-exchanger. This air is to be used to heat
the facility in winter. The amount of money that will be saved by diverting the compressor waste heat into
the facility during the heating season is to be determined.

Assumptions The compressor operates at full load when operating.

Analysis Assuming operation at sea level and taking the density of air to be 1.2 kg/m’, the mass flow rate
of air through the liquid-to-air heat exchanger is determined to be

Mass flow rate of air = (Density of air)(Average velocity)(Flow area)
= (1.2 kg/m*)(3 m/s)(1.0 m?)
= 3.6 kg/s = 12,960 kg/h

Noting that the temperature rise of air is 32°C, the rate at which heat can be
recovered (or the rate at which heat is transferred to air) is

Rate of Heat Recovery = (Mass flow rate of air)(Specific heat of air)(Temperature rise)
= (12,960 kg/h)(1.0 klJ/kg.°C)(32°C)

= 414,720 kJ/h Hot
. . . Compressed
The number of operating hours of this compressor during the air
heating season is

Operating hours = (20 hours/day)(5 days/week)(26 weeks/year) Air T S ]

= 2600 hours/year § (in/Cs - m ¢
Then the annual energy and cost savings become — >  IRTEETEE
Energy Savings = (Rate of Heat Recovery)(Annual Operating Hours)/Efficiency STy

= (414,720 kJ/h)(2600 hours/year)/0.8

=1,347,840,000 kJ/year

= 12,776 therms/year

Pt

Cost Savings = (Energy savings)(Unit cost of energy saved)
= (12,776 therms/year)($1.0/therm)
=$12,776/year
Therefore, utilizing the waste heat from the compressor will save $12,776 per year from the heating costs.

Discussion The implementation of this measure requires the installation of an ordinary sheet metal duct
from the outlet of the heat exchanger into the building. The installation cost associated with this measure is
relatively low. A few of the manufacturing facilities we have visited already have this conservation system
in place. A damper is used to direct the air into the building in winter and to the ambient in summer.

Combined compressor/heat-recovery systems are available in the market for both air-cooled
(greater than 50 hp) and water cooled (greater than 125 hp) systems.
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7-182 The compressed air lines in a facility are maintained at a gage pressure of 850 kPa at a location
where the atmospheric pressure is 85.6 kPa. There is a 5-mm diameter hole on the compressed air line.
The energy and money saved per year by sealing the hole on the compressed air line.

Assumptions 1 Air is an ideal gas with constant specific heats. 2 Kinetic and potential energy changes are
negligible.

Properties The gas constant of air is R = 0.287 kJ/kg.K. The specific heat ratio of air is k = 1.4 (Table A-2).

Analysis Disregarding any pressure losses and noting that the absolute pressure is the sum of the gage
pressure and the atmospheric pressure, the work needed to compress a unit mass of air at 15°C from the
atmospheric pressure of 85.6 kPa to 850+85.6 = 935.6 kPa is determined to be

. R, p, < |
compin ﬂcomp (k _1) Pl

_(1.4)(0.287 kI/kg K)(288 K) H 935.6kPa J“‘“)“"‘ ) 1}

(0.8)(1.4-1) 85.6 kPa
=354.5kJ/kg
The cross-sectional area of the 5-mm diameter hole is P.m = 85.6 kPa, 15°C
A=aD*/4=7(5x10" m)*/4=1963x10"° m? Air leak
Noting that the line conditions are Ty = 298 K ﬁ
and Py = 935.6 kPa, the mass flow rate of the air

leaking through the hole is determined to be u

5 VKD p ) Compressed air line
My = Clog (ﬁj # A kR(m)TO 850 kPa, 25°C
+ 0 +
1/(1.4-1)

- (0.65)( 2 ) 935;6 kPa (19.63x107° m?)

L4+1 (0.287 kPa.m*> / kg.K)(298 K)

2 2
« 1(1.4)(0.287 ki/kg K| 1000m"/s 2 )208K)
1kJ/kg 1.4+1

=0.02795 kg/s

Then the power wasted by the leaking compressed air becomes

Power wasted = m . w =(0.02795 kg/s)(354.5 kJ /kg) =9.91 kW

comp,in

Noting that the compressor operates 4200 hours a year and the motor efficiency is 0.93, the annual energy
and cost savings resulting from repairing this leak are determined to be

Energy Savings = (Power wasted)(Annual operating hours)/Motor efficiency
=(9.91 kW)(4200 hours/year)/0.93
= 44,755 kWhl/year
Cost Savings = (Energy savings)(Unit cost of energy)
= (44,755 kWh/year)($0.07/kWh)
= $3133/year

Therefore, the facility will save 44,755 kWh of electricity that is worth $3133 a year when this air leak is
sealed.
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Review Problems

7-183E The source and sink temperatures and the thermal efficiency of a heat engine are given. The
entropy change of the two reservoirs is to be calculated and it is to be determined if this engine satisfies the
increase of entropy principle.

Assumptions The heat engine operates steadily.

Analysis According to the first law and the definition of the thermal efficiency, @
QL =1-7)Qy =(1-0.4)1Btu)=0.6 Btu Qu

when the thermal efficiency is 40%. The entropy change of @

everything involved in this process is then Q. Wiet

AS g =ASH +AS, o

_Qu Q_-1Bw 06Bt_ 600431 BruR
T, T, 1300R  S500R

Since the entropy of everything has increased, this engine is possible. When the thermal efficiency of the
engine is 70%,

QL =1-7)Qy =(1-0.7)1Btu)=0.3Btu
The total entropy change is then

AStotal =AS HT AS L

_Qn (Qu_-1Bw 03B _ 4 606169 Bru/R
T, T, 1300R = S00R

which is a decrease in the entropy of everything involved with this engine. Therefore, this engine is now
impossible.
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7-184 The source and sink temperatures and the COP of a refrigerator are given. The total entropy change
of the two reservoirs is to be calculated and it is to be determined if this refrigerator satisfies the second
law.

Assumptions The refrigerator operates steadily.

Analysis Combining the first law and the definition of the “

coefficient of performance produces Ok
1 1 W
= 1+ =(1kJ)|1+—|=1.25k] e net
Qn QL[ COPRJ ( )( 4j
1 kI

when COP = 4. The entropy change of everything is then »

AS g = ASy +AS,

_Qu  Qu LK 1K 000173 ka/K

T, T, 303K 253K

Since the entropy increases, a refrigerator with COP = 4 is possible. When the coefficient of performance is

increased to 6,
1
j =( kJ)(1+gj =1.167kJ

1
Qn —QL(I"' cop

R
and the net entropy change is

AS ot = ASy +AS,
Qu ,Qu _LI6TK —IKJ

4+ —— =-0.000101kJ/K
Ty T, 303K 253K

and the refrigerator can no longer be possible.
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7-185 The operating conditions and thermal reservoir temperatures of a heat pump are given. It is to be
determined if the increase of entropy principle is satisfied.

Assumptions The heat pump operates steadily.

Analysis Applying the first law to the cyclic heat pump gives
QL =Qpn ~Wpein = 25kW —5kW = 20kW

According to the definition of the entropy, the rate at which the
entropy of the high-temperature reservoir increases is

ASy = Qu _25kW _ he33kwik
T, 300K

Similarly, the rate at which the entropy of the low-temperature reservoir decreases is

S, =2 _Z20KW ) 0769 kwik
T, 260K

The rate at which the entropy of everything changes is then
AS 1 = ASy +AS| =0.0833-0.0769 = 0.0064 kW/K

which is positive and therefore it satisfies the increase in entropy principle.

7-186 Steam is expanded adiabatically in a closed system. The minimum internal energy that can be
achieved during this process is to be determined.

Analysis The entropy at the initial state is T

P, =1500 kPa 1

S, =6.9957kJ/kg-K (from Table A -6 or from EES)
T, =320°C
The internal energy will be minimum if the process is isentropic. Then, 2
S, —S _ S
P, =100kPa Xy =——1 = 6'992 705;23028 = 0.9400
S .
s, =5, =6.9957kl/kg-K fg

Uy =Ug + XUy =417.40+(0.9400)(2088.2) = 2380.3 kJ/kg
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7-187E Water is expanded in an isothermal, reversible process. It is to be determined if the process is
possible.

Analysis The entropies at the initial and final states are (Tables A-5E and A-6E)

P, =30psia | T; =250.3°F
X; =0.70 S =S¢ +XSg =0.36821+(0.70)(1.33132) =1.3001 Btw/Ibm-R

P, =10 psia

s, =1.8277 Btu/lbm-R T
T, =T, =250.3°F

The heat transfer during this isothermal, reversible process is

the area under the process line: 1 2
q=T(s, —sy)
=(250+460K)(1.8277-1.3001) Btu/lbm-R S
=374.6 Btu/lbm

The total entropy change (i.e., entropy generation) is the sum of the entropy changes of water and the
reservoir:

As total — ASWater + ASR
-q
=5, -5 +—
2 1 TR
— (1.8277—1.3001) Btw/lbm - R + —> -6 Bwlbm
(300+460) R

=0.0347 Btu/lbm-R

Note that the sign of heat transfer is with respect to the reservoir.
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7-188E Air is compressed adiabatically in a closed system. It is to be determined if this process is possible.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with
constant specific heats.

Properties The properties of air at room temperature are R = 0.3704 psia-ft’/Ibm-R, Cp = 0.240 Btu/Ibm-R
(Table A-2Ea).

Analysis The specific volume of air at the initial state is

RT,  (0.3704 psia - ft>/lbm-R)(560 R)
P, 16 psia

v, = =12.96 ft*/lbm

The volume at the final state will be minimum if the process is isentropic. The specific volume for this case
is determined from the isentropic relation of an ideal gas to be

16 psia

1/1.4
: =3.500 ft/lbm
100 psia

P 1/k
Vo min = Y1 (_lj = (1296 ft3/lbm)[
s P2

and the minimum volume is
¥, =mv, =(21bm)(3.500 ft3/lbm) =7.00 ft®

which is greater than the proposed volume 4 ft’/Ibm. Hence, it is not possible to compress this air into 4
ft'/lbm.

7-189 Oxygen is expanded adiabatically in a piston-cylinder device. The maximum volume is to be
determined.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Oxygen is an ideal gas with
constant specific heats.

Properties The gas constant of oxygen is R = 0.2598 kPa-m’/kg-K. The specific heat ratio at the room
temperature is kK = 1.395 (Table A-2a).

Analysis The volume of oxygen at the initial state is

_ MRT,  (3kg)(0.2598 kPa-m"’/kg-K)(373+273K)
P 950 kPa

v, =0.5300m”’

The volume at the final state will be maximum if the process is isentropic. The volume for this case is
determined from the isentropic relation of an ideal gas to be

1/1.395
950kPaj —266m°

1/k
Vs max =V, (P—lJ = (0.5300m3)(100 e

2

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-141

7-190E A solid block is heated with saturated water vapor. The final temperature of the block and water,
and the entropy changes of the block, water, and the entire system are to be determined.

Assumptions 1 The system is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions involved. 3 There is no heat transfer between the system and the surroundings.

Analysis (a) As the block is heated, some of the water vapor will be condensed. We will assume (will be
checked later) that the water is a mixture of liquid and vapor at the end of the process. Based upon this
assumption, the final temperature of the water and solid block is 212°F (The saturation temperature at 14.7
psia). The heat picked up by the block is

Quioek = MC(T, =T,) = (100 Ibm)(0.5 Btw/Ibm - R)(212 — 70)R = 7100 Btu

The water properties at the initial state are

P, =14.7 psia Ty =212°F
« —1 h, =1150.3 Btu/lbm (Table A-SE)
- s, =1.7566 Btu/lbm-R

The heat released by the water is equal to the heat picked up by the block. Also noting that the pressure of
water remains constant, the enthalpy of water at the end of the heat exchange process is determined from

Quaer _ 11503 Brw/lbm —% = 440.3 Btw/lbm

m

h2:h1_

w

The state of water at the final state is saturated mixture. Thus, our initial assumption was correct. The
properties of water at the final state are

hy —h¢  4403-180.16
hig 970.12
Sy =S¢ +X,S 1 =0.31215+(0.2682)(1.44441) = 0.69947 Btw/Ibm - R

=0.2682

P, =14.7 psia X,y =
h, =440.3 Btu/lbm

The entropy change of the water is then

AS e =My (S, — ;) = (10 1bm)(0.69947 —1.7566)Btw/Ibm = —10.57 Btu/R

water

(b) The entropy change of the block is

T 212 +460)R
ASyoy = ME I ~2 = (100 Ibm)(0.5 Bewlbm - R)ln Z12 T 20OR 14 g7 B1u/R

T, (70 + 460)R

(c) The total entropy change is

AStO[al = Sgen = AS + ASb]OCk = _10.57 +11.87 = 130 BtU/R

water

The positive result for the total entropy change (i.e., entropy generation) indicates that this process is
possible.
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7-191 Air is compressed in a piston-cylinder device. It is to be determined if this process is possible.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with
constant specific heats. 3 The compression process is reversible.

Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, Cp = 1.005 kJ/kg-K (Table
A-2a).

Analysis We take the contents of the cylinder as the system. This is a closed system since no mass enters or
leaves. The energy balance for this stationary closed system can be expressed as

Ein - Eout = AEsystem
| S
Net energy transfer Change in internal, kinetic, l
by heat, work, and mass potential, etc. energies
Wy in =Qout =AU =m(u, —u;)
Wpin =Qou =MCp (T, =T)) Air LT Heat
. 100 kPa
Wpin —Qoue =0 (sinceT, =T)) 27°C
Qout :Wb,in
The work input for this isothermal, reversible process is
P
w,, =RT In— = (0.287 kJ/kg - K)(300 K)ln&kPa =78.89kl/kg
) 100 kPa
That is,
Oout = Wi, =78.89kl/kg
The entropy change of air during this isothermal process is
T P P
As, =€, In—>—RIn—=-RIn—=—(0.287 kl/kg- K)lnw =-0.2630kJ/kg-K
1 P, P, 100 kPa

The entropy change of the reservoir is

_Or _78.89kV/kg _ 0.2630 kl/kg - K

Asy =
A 300K

Note that the sign of heat transfer is taken with respect to the reservoir. The total entropy change (i.e.,
entropy generation) is the sum of the entropy changes of air and the reservoir:

AS o = ASy, +ASg =—0.2630+0.2630 = 0kJ/kg -K

Not only this process is possible but also completely reversible.
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7-192 A paddle wheel does work on the water contained in a rigid tank. For a zero entropy change of
water, the final pressure in the tank, the amount of heat transfer between the tank and the surroundings, and

the entropy generation during the process are to be determined.

Assumptions The tank is stationary and the kinetic and potential energy changes are negligible.

Analysis (a) Using saturated liquid properties for the compressed liquid at the initial state (Table A-4)

T, =120°C u, =503.60 kJ/kg
X; =0(sat.liq.)| s, =1.5279 kl/kg K

The entropy change of water is zero, and thus at the final state we have

T, =95°C P, =84.6kPa
s, =s, =1.5279 kJ/kg K | u, =492.63kI/kg

(b) The heat transfer can be determined from an energy balance on the tank

Water
120°C
500 kPa

|

W

U

Quout =Wpy in —M(U, —U;) = 22 kJ — (1.5 kg)(492.63 - 503.60)kJ/kg = 38.5 kJ

(c) Since the entropy change of water is zero, the entropy generation is only due to the entropy increase of

the surroundings, which is determined from

Q 38.5kJ
S — AS — out —
gen ureT (15+273)K

surr

=0.134 kJ/K
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7-193 A horizontal cylinder is separated into two compartments by a piston, one side containing nitrogen
and the other side containing helium. Heat is added to the nitrogen side. The final temperature of the
helium, the final volume of the nitrogen, the heat transferred to the nitrogen, and the entropy generation
during this process are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Nitrogen and helium are ideal gases
with constant specific heats at room temperature. 3 The piston is adiabatic and frictionless.

Properties The properties of nitrogen at room temperature are R = 0.2968 kPa.m’/kg K, ¢, = 1.039 kl/kg K,
¢, = 0.743 kJ/kg K, k= 1.4. The properties for helium are R = 2.0769 kPa.m*/kg.K, Cp,=5.1926 kJ/kgK, ¢,
=3.1156 kJ/kg. K, k= 1.667 (Table A-2).

Analysis (a) Helium undergoes an isentropic compression

process, and thus the final helium temperature is
determined from Q\
— N He
(k=1)/k (1.667-1)/1.667 2
P ’ -
The, =T,| -2 —(20+ 273)K(—120 kpa) 0.2 m 0-1ke
’ P, 95 kPa
=321.7K
(b) The initial and final volumes of the helium are
mRT,  (0.1kg)(2.0769 kPa-m">/kg-K)(20+273 K
ZARELAL AL a-m kg K042 ) _ 6406 m?
’ P, 95kPa
mRT 0.1kg)(2.0769 kPa-m>/kg-K)(321.7 K
Voo =12 _ (O The a-m kg KX ) _0.5568m”

P, 120 kPa
Then, the final volume of nitrogen becomes
n22 = Yot +Vier —Vigep = 0.2+0.6406-0.5568 = 0.2838 m 8

(c) The mass and final temperature of nitrogen are

PV, kPa)(0.2 m>

My = L — (O3 kPa)02m) 02185 kg
RT,  (0.2968 kPa-m>/kg-K)(20+273 K)
P, V. ) 3

L L (120 kPa)(0.2838 m?) 51K

MR (0.2185kg)(0.2968 kPa -m>/kg-K)

The heat transferred to the nitrogen is determined from an energy balance
Qin =AUy, +AUy,
=[me, (T, =Ty, +[me, (T =Ty,
=(0.2185kg)(0.743 kJ/kg.K)(525.1—-293) + (0.1 kg)(3.1156 kJ/kg.K)(321.7 — 293)
=46.6kJ
(d) Noting that helium undergoes an isentropic process, the entropy generation is determined to be

T P,) -Q
Sgen = ASyy +AS = mNz(cp 1nT—2—R1nF2J+&
1 1 R

=(0.2185 kg)[(l 039 kl/kg K)in 221K 120 kpa} L —466kJ

—(0.2968 kJ/kg.K)ln
293K 95kPa | (500+273)K

=0.057 kJ/K
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7-194 An electric resistance heater is doing work on carbon dioxide contained an a rigid tank. The final
temperature in the tank, the amount of heat transfer, and the entropy generation are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 Carbon dioxide is ideal gas with
constant specific heats at room temperature.

Properties The properties of CO, at an anticipated average temperature of 350 K are R =0.1889
kPa.m’/kg K, ¢, = 0.895 kJ/kg K, ¢, = 0.706 kJ/kg.K (Table A-2b).

Analysis (a) The mass and the final temperature of CO,

may be determined from ideal gas equation
co [\
PV 100 kPa)(0.8 m’ : We
m=—"= (100kPa)O.8m) =1.694 kg 250 K
RT,  (0.1889 kPa-m"/kg-K)(250 K) 100 kPa
P,V 8m?
U (175kPa)(0.8 m?) _4375K

mR (1.694 kg)(0.1889 kPa - m*/kg - K)
(b) The amount of heat transfer may be determined from an energy balance on the system

Qout = E.e,inAt —mc, (T2 _Tl)
= (0.5 kW)(40x 605) - (1.694 kg)(0.706 k) /kg.K)(437.5 - 250)K = 975.8 kJ

(c) The entropy generation associated with this process may be obtained by calculating total entropy
change, which is the sum of the entropy changes of CO, and the surroundings

Qout

surr

T P
Sgen =AScop +AS = m(cp In-=-R ln—2j+
Tl F)1

— (1,694 kg)| (0.895 ke K)in 273K 0 1889 Kk Kyin L2 KR |, 9T5-8KJ
250K 100kPa | 300K

=3.92kJ/K
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7-195 Heat is lost from the helium as it is throttled in a throttling valve. The exit pressure and temperature
of helium and the entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3
Helium is an ideal gas with constant specific heats.

Properties The properties of helium are R = 2.0769 ) / a
kPa.m’/kg K, ¢, = 5.1926 kl/kg.K (Table A-2a). Helium A}

. 500kPa —
Analysis (a) The final temperature of helium may be 70°C

determined from an energy balance on the control volume

2.5kJ/kg

Qo _ 7ge¢__ 22XXE
51926 kI/kg.°C

Qout =Cp (T} —Tr)——T, =T, - =342.5K =69.5°C

p

The final pressure may be determined from the relation for the entropy change of helium

ASy, =Cp 1nT—2— Rln&
1 1
342.5K P,

—(2.0769 kJ/kg.K)ln

0.25kJ/kg K = (5.1926 kJ/kg.K)In
343K 500 kPa

P, = 441.7kPa

(b) The entropy generation associated with this process may be obtained by adding the entropy change of
helium as it flows in the valve and the entropy change of the surroundings
2.5kl/kg

_ =228 _0.258kJ/kg.K
(25+273)K

Syen = ASyge + ASyyry = ASy, + ?01“ = 0.25kI/kg K +

surr
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7-196 Refrigerant-134a is compressed in a compressor. The rate of heat loss from the compressor, the exit
temperature of R-134a, and the rate of entropy generation are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis (a) The properties of R-134a at the inlet of the compressor are (Table A-12)
=0.09987 m* /k

P, =200kPa | 1 &
} h, = 244.46 kl/kg Q 700 kPa

X, =1
! s, =0.93773 kl/kg K

The mass flow rate of the refrigerant is Compressor

Vi 0.03m’ss

=——— = =0.3004 kg/s
Vi 0.09987 m®/kg

R-134a
200 kPa

Given the entropy increase of the surroundings, the heat sat. vap.

lost from the compressor is

AS ' _ Qout Q

sur = =T, AS oy = (20 + 273 K)(0.008 kKW/K) = 2.344 KW

out
surr

(b) An energy balance on the compressor gives
Win - Qout = m(hZ - hl)
10kW -2.344 kW = (0.3004 kg/s)(h, - 244.46) kJ/kg ——> h, =269.94 kJ/kg
The exit state is now fixed. Then,
P, =700 kPa T, =31.5°C
h, =269.94kl/kg]| s, =0.93620 kJ/kg.K

(c) The entropy generation associated with this process may be obtained by adding the entropy change of
R-134a as it flows in the compressor and the entropy change of the surroundings

S.gen = AS'R + AS'surlr

=(0.3004 kg/s)(0.93620 - 0.93773) kJ/kg.K + 0.008 kW/K
=0.00754 kJ/K

=m(s, —s,) +AS

surr
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7-197 Air flows in an adiabatic nozzle. The isentropic efficiency, the exit velocity, and the entropy
generation are to be determined.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).
Assumptions 1 Steady operating conditions exist. 2 Potential energy changes are negligible.
Analysis (a) (b) Using variable specific heats, the properties can be determined from air table as follows

h, = 400.98 kJ/kg

T, =400 K — s =1.99194 ki/kg K Air \
P, =3.806 500 kPa 300 kPa

—
h, = 350.49 kl/kg 400 K 350 K
T, =350K > 0 30 m/s
s0 = 1.85708 kl/kg K

P 300 kPa
P,=-—2P,=""2(3.806)=2.2836——h,. =346.31 kl/k
r2 P rl 500 kPa( ) s g

Energy balances on the control volume for the actual and isentropic processes give

2 2
hl + L = h2 +V_2
2 2
2 2
400,98 k1/kg + ) ( Ll 2J=350.49 kJ/kg+V—2[—1 e 2]
2 1000 m*/s 2 11000 m?%/s
V, =319.1m/s
V)2 V2
h -‘r; = h J,-A
1 b 2s 2
2 2
400,98 kl/kg + G0 ( 1l 2] =346.31kJ/kg+V£[—1 ke 2]
2 1000 m*/s 2 {1000 m*/s
Vy, = 331.8 s

The isentropic efficiency is determined from its definition,

_VS o (319.0mss)’

=1 ~=0.925
V2 (331.8m/s)

N

(c) Since the nozzle is adiabatic, the entropy generation is equal to the entropy increase of the air as it flows
in the nozzle

P

S,y = AS,; =s§—sl‘)—RlnF2

gen air
1

= (1.85708 —1.99194)kJ/kg.K — (0.287 kJ/kg.K)ln% =0.0118 kJ/kg.K
a
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7-198 It is to be shown that the difference between the steady-flow and boundary works is the flow energy.
Analysis The total differential of flow energy Pv can be expressed as
d(PU): PdU+ UdP = 5Wb _5Wﬂ0W = é‘(Wb _WﬂOW)

Therefore, the difference between the reversible steady-flow work and the reversible boundary work is the
flow energy.
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7-199 An insulated rigid tank is connected to a piston-cylinder device with zero clearance that is
maintained at constant pressure. A valve is opened, and some steam in the tank is allowed to flow into the
cylinder. The final temperatures in the tank and the cylinder are to be determined.

Assumptions 1 Both the tank and cylinder are well-insulated and thus heat transfer is negligible. 2 The
water that remains in the tank underwent a reversible adiabatic process. 3 The thermal energy stored in the
tank and cylinder themselves is negligible. 4 The system is stationary and thus kinetic and potential energy
changes are negligible.

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s, =S;. From the
steam tables (Tables A-4 through A-6),

VI =Vg@soo kpa =0.37483 m’ kg

P, =500 kP
! "Ly =u —2560.7 k/kg
sat.vapor I @300 kPa
S1 = Sgs00 kre = 68207 kI/kg K
T2,A :Tsat@ISO pa =111.35°C
- S, =S _
P, =150 kPa Xy = 2,A f_ 6.8207 —1.4337 - 09305
S, =S, ’ Sty 5.7894

(satmixture) | v, o = v +Xy 401y =0.001053+(0.9305)(1.1594 ~0.001053) =1.0789 m* /kg
Uy =Ug +Xy gy =466.97+(0.9305)(2052.3 ki/kg) = 2376.6 ki/kg

The initial and the final masses in tank A are

3 3
m, A =£=Lm3:1.067kg and m, , = A - 0'4m3 =0.371kg
’ via 037483 m/kg ’ v 1.0789 m’/kg
Thus,
Myg =M p—My x=1.067-0.371=0.696 kg
(b) The boundary work done during this process is
2
Wh,out = .[1 PdV =Py (Vz,s —0): PeM, 8¢5
Taking the contents of both the tank and the cylinder Sat.
to be the system, the energy balance for this closed vapor
system can be expressed as 500 kPa 150 kPa
Ew-Eouw =  AE 0.4 m’
n out system
R —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wy = AU = (3U), + (a0 &
Weoue + (AU )A + (AU )B =0
or, Psm, gvr g + (mzuz - mlul)A + (mzuz g =0

m, ghy g + (mzuz —mu; )y =0
Thus,

= (myuy —mou, ), (1.067)(2560.7)- (0.371)2376.6) _ 2658.8 kTkg
’ M, g 0.696

At 150 kPa, hy=467.13 and hy =2693.1 kJ/kg. Thus at the final state, the cylinder will contain a saturated
liquid-vapor mixture since hy < h, < hg. Therefore,

Tz,B = Tsat@lSO pa =111.35°C
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7-200 Carbon dioxide is compressed in a reversible isothermal process using a steady-flow device. The
work required and the heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies are
negligible. 3 CO, is an ideal gas with constant specific heats.

Properties The gas constant of CO, is R = 0.1889 kPa-m’/kg-K (Table A-2a).

Analysis There is only one inlet and one exit, and thus m; = m, =m . We take the compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

E- _ E AE 20 (steady) =0
in

out system 400 kPa
—_—

Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = Eout

Compressor
mhl +Win - Qout = mh2
Wi, = Qg =Mm(h, —hy)=mc, (T, -T)
. . . o
Win = Qout (Slnce T2 = Tl) 20°C

The work input for this isothermal, reversible process is

P
w, =RT In—2 = (0.1889 kl/kg - K)(293 Kyin 200KPa _ 26 2k aikg
P 100 kPa

From the energy balance equation,

Qout = Wi, = 76.7 kJ/kg
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7-201 Carbon dioxide is compressed in an isentropic process using a steady-flow device. The work
required and the heat transfer are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic and potential energies are
negligible. 3 CO, is an ideal gas with constant specific heats.

Properties The gas constant of CO, is R = 0.1889 kPa-m’/kg-K. Other properties at room temperature are Cp
=(.846 kJ/kg-K and k =1.289 (Table A-2a).
Analysis There is only one inlet and one exit, and thus m; =m, =m . We take the compressor as the

system, which is a control volume since mass crosses the boundary. The energy balance for this steady-
flow system can be expressed in the rate form as

. - _ = 20 (steady) _
Ein - Eout - AEsystem =0
- -
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
= _F Compressor
Ein - Eout P

mh, +W,, = rh,
W;, =m(h, —h))=mc, (T, -T))

20°C

The temperature at the compressor exit for the isentropic process of an ideal gas is

p, 400 kPa
T, =T, =(293 K)(—
P, 100 kPa

0.289/1.289
] =399.8K

Substituting,
Wy, =Cp (T, =T;) =(0.846 kl/kg - K)(399.8 —293)K =90.4 kJ

The work input increases from 76.7 kJ/kg to 90.4 kJ/kg when the process is executed isentropically instead
of isothermally. Since the process is isentropic (i.e., reversible, adiabatic), the heat transfer is zero.
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7-202 R-134a is compressed in an isentropic compressor. The work required is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The process is isentropic
(i.e., reversible-adiabatic). 3 Kinetic and potential energy changes are negligible.

Analysis There is only one inlet and one exit, and thus m; =m, = m . We take the compressor as the
system, which is a control volume since mass crosses the boundary. The energy balance for this steady-

flow system can be expressed in the rate form as

. . _ . A0 (steady) _
Ein - Eout - AEsystcm e =0

— _—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Ein = E.out
mh, +W,, =rh,

Wi, =m(h, —hy)
The inlet state properties are

T, =—10°c} h, =244.51kJ/kg (TabloA-11)
able A -

X, =1 s, =0.93766 kJ/kg-K

For this isentropic process, the final state enthalpy is

P, =800 kPa
h, =273.22kJ/kg (Table A-13)
Substituting,
w;, =h, —h; =(273.22-244.51) kl/kg = 28.7 kJ/kg

800 kPa

Compressor

-10°C
sat. vapor

-10°C ~
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7-203 Refrigerant-134a is expanded adiabatically in a capillary tube. The rate of entropy generation is to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis The rate of entropy generation within the expansion device during this process can be determined
by applying the rate form of the entropy balance on the system. Noting that the system is adiabatic and thus
there is no heat transfer, the entropy balance for this steady-flow system can be expressed as

2 g 3 _AQ J0 (steady)
Sin - Sout + Sgen - ASsystem
Rate of net entropy transfer ~ Rate of ent R f ch:
ate o ate of entropy ate of change :
by heat and mass generation of entropy ¢ R-134a Caplllary tube
m;s; —M,s, + Sgen =0 50°C —> —12°C

. ' sat. liq.
Sgen = m(SZ - sl)
Sgen =35 -5

It may be easily shown with an energy balance that the enthalpy remains constant during the throttling
process. The properties of the refrigerant at the inlet and exit states are (Tables A-11 through A-13)

X =0

T, =50°C | h; =123.50kJ/kg-K
s, =0.44193kl/kg-K

h, —h¢  123.50-35.92
hig 207.38
Sy =S +X,S 1, =0.14504+(0.4223)(0.79406) = 0.48038 kl/kg - K

=0.4223

T, =-12°C X, =
h, =h, =123.50 kJ/kg-K

Substituting,

Sgen = M(S, —5;) = (0.2 kg/s)(0.48038 - 0.44193) kJ/kg - K = 0.00769 KW/K
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7-204 Steam is expanded in an adiabatic turbine. Six percent of the inlet steam is bled for feedwater
heating. The isentropic efficiencies for two stages of the turbine are given. The power produced by the
turbine and the overall efficiency of the turbine are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 The turbine is well-
insulated, and there is no heat transfer from the turbine.

Analysis There is one inlet and two exits. We take the turbine as the system, which is a control volume
since mass crosses the boundary. The energy balance for this steady-flow system can be expressed in the
rate form as

: - _ . A0 (steady) _
Ein - Eout - AEsystem =0 4 MPa
——— — (]
Rate of net energy transfer  Rate of change in internal, kinetic, 350°C
by heat, work, and mass potential, etc. energies
Ein = Eout

myh, =m,h, +mihy + W, 800 kPa

. . , , 30 kP
Wout :mlhl _m2h2 _m3h3 a
W, =h, —0.06h, —0.94h,

Woye = (hy =hy)+0.94(h, —h;) T

The isentropic and actual enthalpies at three states are
determined using steam tables as follows:

P, =4MPa } h, =3093.3kJ/kg

T, =350°C | s, =6.5843kl/kg-K
S
P, =800kPa X, =0.9832
s, =s, =6.5843kl/kg-K | h,, =2734.0kl/kg
h —h,
g =y =y i (=g ) =3093.3-(0.97)(3093.3-2734.0) = 27448 ki kg
17 2s

P, =800 kPa X, =0.9885
h, =2744.8KkJ/kg | s, =6.6086kl/kg-K

P, =30kPa X35 = 0.8302
s, =S, =6.6086 ki/kg-K | hy, =2227.9Kkl/kg
T = LU TalL BN hy = hy =77 (N, —hyg) = 2744.8—(0.95)(2744.8 - 2227.9) = 2253.7 k/kg

-y —hy,
Substituting,

W, = (h; —h,)+0.94(h, —h;)
=(3093.3-2744.8)+0.94(2744.8 - 2253.7)
=810.1kJ/kg-inlet

The overall isentropic efficiency of the turbine is

_ (hy—hy)+0.94(h, —h;)  (3093.3—-2744.8)+0.94(2744.8—2253.7) _ 810.1

= =0.958 = 95.8%
(hy—hy)+0.94(h, —hy)  (3093.3—-2734.0)+0.94(2744.8—2227.9) 8452
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7-205 Air is compressed steadily by a compressor from a specified state to a specified pressure. The
minimum power input required is to be determined for the cases of adiabatic and isothermal operation.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Air is an ideal gas with variable specific heats. 4 The process is reversible
since the work input to the compressor will be minimum when the compression process is reversible.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1).
Analysis (a) For the adiabatic case, the process will be reversible and adiabatic (i.e., isentropic),

thus the isentropic relations are applicable.

T, =290 K ——>P, =1.2311 and b, = 290.16 kl/kg

and
P 700 kP T,=503.3K
P =22p =28 0311)=86177 — >
* B ' 100 kPa h, = 506.45 kJ/kg
The energy balance for the compressor, which is a steady-flow ) )
system, can be expressed in the rate form as
E- _ E ) _ AE . J0 (steady) -0
n oul system
Rate of net energy transfer  Rate of change in internal, kinetic, —* —3
by heat, work, and mass potential, etc. energies
Ein = E~out

Substituting, the power input to the compressor is determined to be
W, = (5/60 kg/s)(506.45 —290.16)kJ/kg = 18.0 kW
(b) In the case of the reversible isothermal process, the steady-flow energy balance becomes

Ein = E.out - Win + mhl _Qout = mh2 - Win = Qout + m(hZ - hl)&o = Qout

since h = h(T) for ideal gases, and thus the enthalpy change in this case is zero. Also, for a reversible
isothermal process,

Qout = mT(Sl - S2) =-mT (32 - Sl)
where

.o P P 700 kPa
S,—§ = (s2 - sl)‘y - RlnFT = —RlnF? = —(0.287 k/kg - K)lnm =-0.5585 kl/kg-K

Substituting, the power input for the reversible isothermal case becomes

W, = —(5/60 kg/s)(290 K)(~0.5585 kl/kg - K) = 13.5 kW
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7-206 Air is compressed in a two-stage ideal compressor with intercooling. For a specified mass flow rate
of air, the power input to the compressor is to be determined, and it is to be compared to the power input to
a single-stage compressor.

Assumptions 1 The compressor operates steadily. 2 Kinetic and potential energies are negligible. 3 The
compression process is reversible adiabatic, and thus isentropic. 4 Air is an ideal gas with constant specific
heats at room temperature.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). The specific heat ratio of air is k
=1.4 (Table A-2).

Analysis The intermediate pressure between 100 kPa
the two stages is 27°C

P, = /PP, = /(100 kPa)900 kPa) = 300 kPa < Q\ \‘ ‘

The compressor work across each stage is the Stage |
same, thus total compressor work is twice the LU age Stage 11
compression work for a single stage:

kRT,

Weomp.in = (zchomp-in,l): 2m ((Px /R )(k Dk 1)

_, (1.4)0.287 kl/kg - K)300 K) [(300 kPa j‘“‘“ B IJ

900 kPa

14-1 100 kPa

Heat

=222.2 ki/kg
and
W, = rw, =(0.02 kg/s)(222.2 kl/kg) = 4.44 KW

in T comp,in

The work input to a single-stage compressor operating between the same pressure limits would be

0.4/1.4
. _kRT, ((P2 JR Yk _ 1): (1.4)0.287 kJ/kg - K)(300 K)[(%o kPaJ ~ 1} 2632 kilkg

compiin 14-1 100 kPa

and

W. = rmw

in comp,in

= (0.02 kg/s)263.2 ki/kg) = 5.26 kW

Discussion Note that the power consumption of the compressor decreases significantly by using 2-stage
compression with intercooling.
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7-207 A three-stage compressor with two stages of intercooling is considered. The two intermediate
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pressures that will minimize the work input are to be determined in terms of the inlet and exit pressures.

Analysis The work input to this three-stage compressor with intermediate pressures P, and P, and two

intercoolers can be expressed as

Wcomp = Weomp,I + Wcomp,H + Wcomp,III

nRT,
n-1
nRT,
n-1
nRT,
n-1

(1= (P /R 1= (B, /) w1 (B R )

B-/RS" (/R (/R ")

(- (P /) D (py /R D )

The Py and Py values that will minimize the work input are obtained by taking the partial differential of w

with respect to P, and Py, and setting them equal to zero:

R | —1
W _y Ll DR (500 I el N L5 AR
OP, n {PAPR n (P Y

g -y

_ P, )n — P, n

ow _y__,.m 1H_y +n_1H_y “0
ﬂPy n (P, \ Py n (P, S

Simplifying,
1 2l 1-2n
SN S L 0 U T P S BN )
PR Py LPy P" (P PRy

which yield
3
PZ=P,,/P,P, — P, :(prz)l/

/3
P’ =P, /PP, — P, :(Plpzz)l
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7-208 Steam expands in a two-stage adiabatic turbine from a specified state to specified pressure. Some
steam is extracted at the end of the first stage. The power output of the turbine is to be determined for the
cases of 100% and 88% isentropic efficiencies.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The turbine is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4 through 6)
P =6 MPa | h, =3423.1 kl/kg
T, =500°C | s, =6.8826 kl/kg-K
P, =1.2 MPa

} h, = 2962.8kJ /kg
52 = Sl

S3s—Sf _ 6.8826—0.8320
o 7.0752

hys =y + Xgshyy = 251.42+(0.8552)(2357.5) = 2267.5 ki/kg

=0.8552

P, =20 kPa | X35 =
S3 = Sl

Analysis (a) The mass flow rate through the second stage is
s =0.9m; =(0.9)15 kg/s)=13.5 kg/s

6 MPa
We take the entire turbine, including the 500°C
connection part between the two stages, as the V
system, which is a control volume since mass L /
crosses the boundary. Noting that one fluid stream
enters the turbine and two fluid streams leave, the STEAM IS 3T E ﬁl\;ls - 3
energy balance for this steady-flow system can be 15kg/s Ve
expressed in the rate form as ) I r ) 11
E _E _AE S0 Geady)  _ 1.2 MPa l\
in out system 20 kPa
ltati oftnet erﬁerg)étransfer Rate of change in internal, kinetic, 90%
Yy heat, work, and mass potential, etc. energies
) ) 10%
Ein = Eout

myh, = (M, —my)h, +W.

out

+ mshy
Wout = myhy — (M, —my)h, —msh;
=my(hy —hy) +my(h, —hy)
Substituting, the power output of the turbine is
W, = (15 ke/s)3423.1-2962.8 kJ/kg + (13.5 kg )(2962.8 — 2267.5)kI/kg = 16,291 kW

(b) If the turbine has an adiabatic efficiency of 88%, then the power output becomes

W, = 7;W, = (0.88)16,291 kW)= 14,336 kW

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-160

7-209 Steam expands in an 84% efficient two-stage adiabatic turbine from a specified state to a specified
pressure. Steam is reheated between the stages. For a given power output, the mass flow rate of steam
through the turbine is to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The turbine is adiabatic and thus heat transfer is negligible.

Properties From the steam tables (Tables A-4 through 6)

Heat

P, =8 MPa }hl =3521.8 kl/kg
2 MPa

T, =550°C | s, =6.8800 kl/kg - K 2 MPa 550°C
P,s =2 MPa

h,s =3089.7 ki/kg
Sys =91

Stage 1 Stage Il |38 80 MW

P, =2 MPa }h3 =3579.0 kl/kg

T3 =550°C 53 =7.5725 kJ/kg K 'r’\ \‘\,\
P, =200 kPa

e hy, =2901.7 kJ/kg 8 MPa 200 kPa
S4s =53 550°C

Analysis The power output of the actual turbine is given to be 80 MW. Then the power output for the
isentropic operation becomes

W

Ws,out = a,out

/mr = (80,000 kW)/0.84 = 95,240 kW

We take the entire turbine, excluding the reheat section, as the system, which is a control volume since
mass crosses the boundary. The energy balance for this steady-flow system in isentropic operation can be
expressed in the rate form as

. - _ - &0 (steady) _
Ein - Eout - AEsystem =0
\—ﬂ/_—/ \ - S ——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
E.=E

mn out

mh, +rmh; = mh,, +mh,g +W

s,out

Ws,out = m[(hl - h25 ) + (h3 - h45 )]
Substituting,
95,240 kJ/s = m[(3521.8 — 3089.7)kJ/kg + (3579.0 — 2901.7)kJ/kg]

which gives
m = 85.8 kg/s
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7-210 Refrigerant-134a is compressed by a 0.7-kW adiabatic compressor from a specified state to another
specified state. The isentropic efficiency, the volume flow rate at the inlet, and the maximum flow rate at
the compressor inlet are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Properties From the R-134a tables (Tables A-11 through A-13)

v, =0.14605 m* /kg

P, =140 kPa
h, = 246.36 kl/kg
T, =-10°C
s; =0.9724 kl/kg-K
P, = 700 kPa
h, =288.53 kl/kg
T, =50°C
P, = 700 kPa
h,, =281.16 kl/kg
Sys =S 1

Analysis (a) The isentropic efficiency is determined from its definition,

_hy—h,  281.16—246.36

= =0.825=82.5%
hy, —h, 288.53—246.36

Mc

(b) There is only one inlet and one exit, and thus m; = m, =m. We take the actual compressor as the
system, which is a control volume. The energy balance for this steady-flow system can be expressed as

. - _ - &0 (steady) _
Ein - Eout - AEsystem =0
\—ﬂ/_—J \ - S——
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout
W, i, +Mhy =mh,  (since Q = Ake = Ape = 0)
Wa,in = m(h2 - hl)

Then the mass and volume flow rates of the refrigerant are determined to be

W,
M=—oh 07 ks = 0.0166 kg/s
hya —hy  (288.53 —246.36)k)/kg

U, =y, =(0.0166 kg/s)(o.14605 m3/kg): 0.00242 m*/s = 145 L/min

(c) The volume flow rate will be a maximum when the process is isentropic, and it is determined similarly
from the steady-flow energy equation applied to the isentropic process. It gives

P W 0.7 kl/s
T hy —h, (281.16-246.36)k)/kg
Vimax = Minaxv; = (0.0201 kg/s)(o.14605 m3/kg): 0.00294 m*/s =176 L/min

=0.0201 kg/s

Discussion Note that the raising the isentropic efficiency of the compressor to 100% would increase the
volumetric flow rate by more than 20%.
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7-211E Helium is accelerated by a 94% efficient nozzle from a low velocity to 1000 ft/s. The pressure and
temperature at the nozzle inlet are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Helium is an ideal gas
with constant specific heats. 3 Potential energy changes are negligible. 4 The device is adiabatic and thus
heat transfer is negligible.

Properties The specific heat ratio of helium is k = 1.667. The constant pressure specific heat of helium is
1.25 Btu/lbm.R (Table A-2E).

Analysis We take nozzle as the system, which is a control volume since mass crosses the boundary. The
energy balance for this steady-flow system can be expressed in the rate form as

. - _ . J0 (steady) _
Ein - Eout = AEsystem =0 \
[ ‘ \ E—
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies HELIUM )
. . N
Ein = Eout = 94%

m(h, +V,2/2) = m(h, +V7/2) (sinceQ =W = Ape = 0)

V.2 —V? V.2 —V?
O = h2 - hl +% —_—> O = Cp,avg(Tz —Tl)-‘r#

2

Solving for T; and substituting,

J0
2 2
st _Vl

T =Ty + =180°F +

(1000 ft/s)? ( 1 Btw/Ibm

=196.0°F = 656 R
2(1.25 Btw/Ibm-R )| 25,037 ft2/s2 J

p

From the isentropic efficiency relation,

hya =h _Cp (Ta=T)
hos =l cp(Tos—T))

N =

or,
Tos =Ty +(Toa =)/ 1y = 656 + (640 — 656)/(0.94) = 639 R

T P (k-1)/k
From the isentropic relation, —= = (?2]
1 1

k/(k*l) 1.667/0.667
T .
P1 = P2 1 = (]4 psia 656 R =149 psia
T 639 R
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7-212 [Also solved by EES on enclosed CD] An adiabatic compressor is powered by a direct-coupled steam
turbine, which also drives a generator. The net power delivered to the generator and the rate of entropy
generation are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 The devices are adiabatic and thus heat transfer is negligible. 4 Air is an
ideal gas with variable specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg.K (Table A-1). From the steam tables (Tables A-4
through 6) and air table (Table A-17),

T, =295 K ——> h =295.17 kl/kg, s; =1.68515 kl/kg-K

T, =620 K ——> h = 628.07 ki/kg, s; = 2.44356 kl/kg -K
P, =12.5 MPa | h, = 3343.6 kl/kg
T, =500°C | s, =6.4651ki/kg-K

P, =10kPa | hy =h; + Xy =191.81+(0.92)2392.1) = 2392.5 ki/kg
X, =0.92 Sy =S¢ + XSy = 0.6492 +(0.92)(7.4996) = 7.5489 kl/kg - K

Analysis There is only one inlet and one exit for either

device, and thus iy, = hy, =m . We take either the T 12.5 MPa

1 MPa 500°c1

turbine or the compressor as the system, which is a 620 K

control volume since mass crosses the boundary. The
energy balance for either steady-flow system can be Air Steam
expressed in the rate form as comp turbine

Ein - E = AE &0 (Steady) = 0 —> Ein = E
[ ——"

out system

| S —
Rate of net energy transfer  Rate of change in internal, kinetic,
98 kPa

out

by heat, work, and mass potential, etc. energies

For the turbine and the compressor it becomes

. ] ] ) ) 295K
Compressor: Wcomp,in +my.h, =my.h, —>Wcomp,in =My (h, —h)) 10 kPa

Turbine: msteamh3 = Wturb,out + msteamh4 - Wturb, out — steam(h3 - h4)

Substituting,
Weompin = (10 kg/s)(628.07 —295.17 kJ/kg = 3329 kW
Woarb.out = (25 kg/s)3343.6 —2392.5)kI/kg = 23,777 kW
Therefore,
Woetout =Waarbout = Weompin = 23,777 — 3329 = 20,448 kW

Noting that the system is adiabatic, the total rate of entropy change (or generation) during this process is
the sum of the entropy changes of both fluids,

Sgen = mair(sz - Sl) + msteam(s4 - 53)

where

M, (s, —5)= rh(sg -5 - Rln%]
1

— (10 ke/s) 2.44356 —1.68515 — 0.2871n - 200 kP2
98 kP

]kJ/kg ‘K =0.92 kW/K
a

Myearm (Sa — S3) = (25 ke/s (7.5489 — 6.4651)k)/kg - K = 27.1 kW/K

Substituting, the total rate of entropy generation is determined to be
S S +$ 0.92+27.1=28.02 KW/K

gen,total — “gen,comp gen,turb —

steam (
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7-213 EES Problem 7-212 is reconsidered. The isentropic efficiencies for the compressor and turbine are
to be determined, and then the effect of varying the compressor efficiency over the range 0.6 to 0.8 and the
turbine efficiency over the range 0.7 to 0.95 on the net work for the cycle and the entropy generated for the
process is to be investigated. The net work is to be plotted as a function of the compressor efficiency for
turbine efficiencies of 0.7, 0.8, and 0.9.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Input Data"

m_dot_air = 10 [kg/s] "air compressor (air) data"

T_air[1]=(295-273) "[C]" "We will input temperature in C"

P_air[1]=98 [kPa]

T_air[2]=(700-273) "[C]"

P_air[2]=1000 [kPa]

m_dot_st=25 [kg/s] "steam turbine (st) data"

T_st[1]=500 [C]

P_st[1]=12500 [kPa]

P_st[2]=10 [kPa]

x_st[2]=0.92 "quality"

"Compressor Analysis:"

"Conservation of mass for the compressor m_dot_air_in = m_dot_air_out =m_dot_air"
"Conservation of energy for the compressor is:"

E_dot_comp_in - E_dot_comp_out = DELTAE_dot_comp
DELTAE_dot_comp =0 "Steady flow requirement"
E_dot_comp_in=m_dot_air*(enthalpy(air,T=T_air[1])) + W_dot_comp_in
E_dot_comp_out=m_dot_air*(enthalpy(air, T=T_air[2]))

"Compressor adiabatic efficiency:"
Eta_comp=W_dot_comp_in_isen/W_dot_comp_in
W_dot_comp_in_isen=m_dot_air*(enthalpy(air,T=T_air_isen[2])-enthalpy(air, T=T_air[1]))
s_air[1]=entropy(air, T=T_air[1],P=P_air[1])

s_air[2]=entropy(air, T=T_air[2],P=P_air[2])

s_air_isen[2]=entropy(air, T=T_air_isen[2],P=P_air[2])
s_air_isen[2]=s_air[1]

"Turbine Analysis:"

"Conservation of mass for the turbine m_dot_st_in = m_dot_st_out =m_dot_st"
"Conservation of energy for the turbine is:"

E_dot_turb_in - E_dot_turb_out = DELTAE_dot_turb
DELTAE_dot_turb=0 "Steady flow requirement”
E_dot_turb_in=m_dot_st*h_st[1]

h_st[1]=enthalpy(steam, T=T_st[1], P=P_st[1])
E_dot_turb_out=m_dot_st*h_st[2]+W_dot_turb_out
h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2])

"Turbine adiabatic efficiency:"
Eta_turb=W_dot_turb_out/W_dot_turb_out_isen
W_dot_turb_out_isen=m_dot_st*(h_st[1]-h_st_isen[2])
s_st[1]=entropy(steam,T=T_st[1],P=P_st[1])

h_st_isen[2]=enthalpy(steam, P=P_st[2],s=s_st[1])

"Note: When Eta_turb is specified as an independent variable in

the Parametric Table, the iteration process may put the steam state 2 in the
superheat region, where the quality is undefined. Thus, s_st[2], T_st[2] are
calculated at P_st[2], h_st[2] and not P_st[2] and x_st[2]"
s_st[2]=entropy(steam,P=P_st[2],h=h_st[2])
T_st[2]=temperature(steam,P=P_st[2], h=h_st[2])

s_st_isen[2]=s_st[1]

"Net work done by the process:"
W_dot_net=W_dot_turb_out-W_dot_comp_in
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"Entropy generation:"

"Since both the compressor and turbine are adiabatic, and thus there is no heat transfer

to the surroundings, the entropy generation for the two steady flow devices becomes:"
S_dot_gen_comp=m_dot_air*( s_air[2]-s_air[1])

S_dot_gen_turb=m_dot_st*(s_st[2]-s_st[1])
S_dot_gen_total=S_dot_gen_comp+S_dot_gen_turb

"To generate the data for Plot Window 1, Comment out the line ' T_air[2]=(700-273) C'
and select values for Eta_comp in the Parmetric Table, then press F3 to solve the table.

EES then solves for the unknown value of T_air[2] for each Eta_comp."

"To generate the data for Plot Window 2, Comment out the two lines ' x_st[2]=0.92 quality '
and ' h_st[2]=enthalpy(steam,P=P_st[2], x=x_st[2]) ' and select values for Eta_turb in the
Parmetric Table, then press F3 to solve the table. EES then solves for the h_st[2] for each

Eta_turb."
Wnet Sgentotal Nturb MNcomp
kW] | [KWIK]
20124 | 27.59 0.75 | 0.6665
21745 | 22.51 0.8 | 0.6665
23365 17.44 0.85 | 0.6665
24985 12.36 0.9 | 0.6665
26606 | 7.281 0.95 | 0.6665

Wnet Sgentotal MNturb Ncomp
kW] | [KW/K]
19105 30 0.7327 0.6
19462 | 29.51 | 0.7327 0.65
19768 | 29.07 | 0.7327 0.7
20033 | 28.67 | 0.7327 0.75
20265 | 28.32 | 0.7327 0.8

Effect of Compressor Efficiency on Net Work and Entropy Generated
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7-214 The pressure in a hot water tank rises to 2 MPa, and the tank explodes. The explosion energy of the
water is to be determined, and expressed in terms of its TNT equivalence.

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy
changes are negligible. 3 Heat transfer with the surroundings during explosion is negligible.

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6)
Vi =Vi@ampa = 0.001177 m’/kg

}ul = Ug @ mpa = 906.12 kl/kg
S = St @a mpa = 24467 kl/kg - K

P =2 MPa
sat. liquid

P, =100 kpa}uf = 41740, ug =2088.2 kl/kg

S, = 5§ st =1.3028, s¢y =6.0562 kJ/kg-K

S, —S¢  2.4467-1.3028

X, =
s, 6.0562

=0.1889

9

Uy =Us +XoUgy = 417.40+(0.1889)(2088.2) = 811.83 ki/kg

Analysis We idealize the water tank as a closed system that undergoes a reversible adiabatic process with
negligible changes in kinetic and potential energies. The work done during this idealized process represents
the explosive energy of the tank, and is determined from the closed system energy balance to be

Ein - Eout - AEsystem
— —_——
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

_Wb,out =AU = m(u2 - ul)
Eexp :Wb,out = m(ul - U2)

where

v 0.080 m*
m=—

= =67.99kg
v 0001177 m*/kg

Substituting,
Eeyp =(67.99 kg)(906.12 - 811.83)kJ/kg = 6410 kJ

which is equivalent to

6410 kJ

== 1972 kg TNT
3250 kl/kg

MrN
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7-215 A 0.35-L canned drink explodes at a pressure of 1.2 MPa. The explosive energy of the drink is to be
determined, and expressed in terms of its TNT equivalence.

Assumptions 1 The expansion process during explosion is isentropic. 2 Kinetic and potential energy
changes are negligible. 3 Heat transfer with the surroundings during explosion is negligible. 4 The drink
can be treated as pure water.

Properties The explosion energy of TNT is 3250 kJ/kg. From the steam tables (Tables A-4 through 6)

V) =Vi@i2mpa = 0.001138 m/kg

P =12 MPa
U =Up g vpa = 796.96 ki/kg
Comp. liquid 7
P, =100 kPa | U =417.40, ug, =2088.2 ki/kg
S, =5, sp =1.3028, sg =6.0562 kl/kg-K COLA
S, —S¢  2.2159-1.3028 1258
Xy =2 L o EE T T 0.1508

Sty 6.0562

Uy = Uy +X,Ugy = 417.40 +(0.1508)(2088.2) = 732.26 ki/kg

Analysis We idealize the canned drink as a closed system that undergoes a reversible adiabatic process
with negligible changes in kinetic and potential energies. The work done during this idealized process
represents the explosive energy of the can, and is determined from the closed system energy balance to be

Ein Eout - AEsystem
e —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

_Wb,out =AU = m(U2 - ul)

Eexp :Wb,out = m(ul - u2)

where
3
m=Y _ 000035m” o _03074kg
Vi 0.001138 m*/kg
Substituting,
Eep =(0.3074 kg)(796.96 — 732.26 )kJ/kg =19.9 kJ

which is equivalent to

19.9kJ

=—— = -0.00612 kg TNT
3250 ki/kg

MrNt
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7-216 The validity of the Clausius inequality is to be demonstrated using a reversible and an irreversible
heat engine operating between the same temperature limits.

Analysis Consider two heat engines, one reversible and one irreversible, both operating between a high-
temperature reservoir at Ty and a low-temperature reservoir at T;. Both heat engines receive the same
amount of heat, Q. The reversible heat engine rejects heat in the amount of Q| , and the irreversible one in
the amount of Q irey = QL + Quirr, Where Qg;gr is @ positive quantity since the irreversible heat engine
produces less work. Noting that Qy and Q, are transferred at constant temperatures of Ty and T,
respectively, the cyclic integral of SQ/T for the reversible and irreversible heat engine cycles become

R

since (Qu/Th) = (QL/T,) for reversible cycles. Also,

&[@J :Q_H_QL,irrev _Qu Qi Quirr __ Quir <0
T irrev TH TL TH TL TL TL
. . ... . 0Q
since Qgirr 1S a positive quantity. Thus, § T <0.
QH QH .
Wnet, rov Wnet, irrev
—_—

QL QL, irrev
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7-217E R-134a vapor from a storage tank is used to drive an isentropic turbine. The work produced by the
turbine is to be determined.

Assumptions 1 This is an unsteady-flow process since the conditions in the tank changes. 2 Kinetic and
potential energy changes are negligible. 3 The device is adiabatic and thus heat transfer is negligible.

Analysis The inlet and exit enthalpies for the turbine are (Tables A-11E through A-13E),
T, =80°F } h; =hy =113.94 Btu/lbm

s; =0.21972 Btu/lbm-R T, =80°F
Sat. vap.

X; =1(sat. vap.)

Sy =St 0.21972-0.00742
Stg 0.22206
hy =hy +X,hgy =3.156+(0.95605)(95.528) = 94.49 Btu/Ibm

=0.95605

Pss :10psia} X, =

52 =9 R-134a

turbine
The initial mass of R-134a in the tank is

v 10 ft?

= —— =749.61bm
Vigser  0.01334t*/Ibm

m

initial —

P, =10 psia

The amount of mass which passes through the turbine during this expansion is then

_ minitial _ 749.6 Ibm

= =374.8Ibm
2

The amount of work produced from the turbine is then

W, = m(h, —h,) = (374.8 Ibm)(113.94 — 94.49)Btw/Ibm = 7290 Btu
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7-218 R-134a is expanded in an adiabatic process with an isentropic efficiency of 0.80. The work produced
and final enthalpy are to be determined.

Assumptions 1 Kinetic and potential energy changes are negligible. 2 The device is adiabatic and thus heat
transfer is negligible.

Analysis We take the R-134a as the system. This is a closed system since no mass enters or leaves. The
energy balance for this stationary closed system can be expressed as

Ein - Eout - AEsystem
—
Net energy transfer Change in internal, kinetic, T
by heat, work, and mass potential, etc. energies

_Wout =AU = m(u2 _ul)
From the R-134a tables (Tables A-11 through A-13),

P, =700kPa | u, =256.39 kl/kg
T, =40°C [ s, =0.9641kl/kg-K 3

S, =St 0.9641-0.01634
St 0.94807
2s =Ug +XpeU g =3.798+(0.9997)(205.32) = 209.05 kl/kg

=0.9997

P, :60kPa} X, =
S, =9§; u

The actual work input is

Waout = sWs oue =777 (U —Uyg) = (0.80)(256.39 —209.05)kJ/kg = 37.87 kJ/kg
The actual internal energy at the end of the expansion process is
Waout = Uy —Upa ) —>Uy =U; =W, o =256.39-37.87=218.52kJ/kg

The enthalpy at the final state is

P, = 60kPa

h, =238.42kJ/kg  (Table A-13)
u, =218.52kl/kg
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7-219E A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is
considered. The total work required to fill the tank and the total heat transferred from the air in the tank as
it is being filled are to be determined.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with
constant specific heats.

Properties The properties of air at room temperature are R = 0.3704 psia-ft’/lbm-R, Cp = 0.240 Btu/Ibm-R,
¢, = 0.171 Btuw/lbm'R, k = 1.4 (Table A-2Ea).

Analysis The initial mass of air in the tank is

 PuiaV  (14.696 psia)(1x10° ft* )/Ibm - R)

minitial = N 3 = 74,860 lbm
RTiniial (0.3704 psia - ft°/Ibm-R)(530 R)
and the final mass in the tank is
PrinaV 96 psi o ft? :
_ PrnaV _ (146.96 psia)(1x10° ft”)/Ibm-R) — 748,600 Ibm

m inal —
e R T i (0.3704 psia - ft>/Ibm-R)(530 R)
Since the compressor operates as an isentropic device,

(k=1)/k
P

1

where P, matches the pressure in the
tank. The conservation of mass
applied to the tank gives

e

an_,
dt 7’
while the first law gives
Q= d(mu)_hzd_m Storage mank
dt dt
Employing the ideal gas equation of state and using constant specific heats, expands this result to
9= e, dP v dpP

R dt RT dt
Using the temperature relation across the compressor and multiplying by dt puts this result in the form

(k=1)/k
%0 go_or (P g
R P, RT

When this integrated, it yields (i and f stand for initial and final states)

(k=1)/k
e, k c,V P¢
Q= (Py =R —— Py (— -R

Qdt =

R 2k-1 R P;

6 6 0.4/1.4
_(x10 )(0.171)(147_14.7)_ 1.4 (0.24)(1x10%) 147(147] 47
0.3704 2(1.4)—-1  0.3704 14.7

=-7.454x10" Btu
The negative result show that heat is transferred from the tank. Applying the first law to the tank and
compressor gives

(Q+W)dt = d(mu)—h,dm
which integrates to

Q+W =(m¢u; —myu;)—h,(m; —m;)
Upon rearrangement,

W =-Q—-(c, —¢,)T(m¢ —m;)

=7.454x107 —(0.240 - 0.171)(530)(748,600 — 74,860) = 4.990x 107 Btu
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7-220E A system consisting of a compressor, a storage tank, and a turbine as shown in the figure is
considered. The total work produced by the turbine and the total heat added to the air in the tank during the
discharge are to be determined.

Assumptions 1 Changes in the kinetic and potential energies are negligible. 4 Air is an ideal gas with
constant specific heats.

Properties The properties of air at room temperature are R = 0.3704 psia-ft’/lbm-R, Cp = 0.240 Btu/Ibm-R,
¢, =0.171 Btu/lbm-R, k = 1.4 (Table A-2Ea).

Analysis The initial mass of air in the tank is

PV (146.96 psia)(1x10° ft* )/Ibm - R)

Minitial = 3 = 748,600 1bm
RTiwitiar ~ (0.3704 psia - ft°/Ibm - R)(530 R)
and the final mass in the tank is
_ Puna? _ (14.696 psia)(1x10° ft*)lbm-R) _ oo

m =
final RTﬁnal (03704 psia . ft3 /Ibm - R)(530 R)

At any time,
PV
m =—
RT 4
and .
dm_ v dP -
dt RT dt
Since the turbine operates as an Com pressor 1§ '::'_

isentropic device,

(k=1)/k
P
wof3)
3

Storage mnk —

where P, is the constant atmospheric pressure and P; matches the pressure in the tank. The conservation of
mass applied to the tank gives

dm _
dt

while the first law applied to the turbine is
VR . dm
W =m(h; —hy)=mc,(T; -T,) :_Ecp(‘r} -T)

Substitution of the preceding results expands this result to

(k=1)/k
: P
ieen ]l
3 3 t

Noting that P; is the pressure in the tank and that P, is the constant atmospheric pressure, multiplying of
this result by dt and integration from the initial to the final state gives
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0.3704

6 1/1.4
:w{(m(m.n[l—(;‘—z] }(14.7—147)}

=2.999x10" Btu

~(P; -P)

Adoption of the first law to the tank yields

Q=(m¢uy —myu;)+h(ms —m;)

=(m¢ —my)T(cp+¢,)

= (748,600 — 74,860)(530)(0.240 + 0.171)

=-1.468x108 Btu

The negative result shows that heat is transferred from the turbine.
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7-221 Two rigid tanks that contain water at different states are connected by a valve. The valve is opened
and steam flows from tank A to tank B until the pressure in tank A drops to a specified value. Tank B loses
heat to the surroundings. The final temperature in each tank and the entropy generated during this process
are to be determined.

Assumptions 1 Tank A is insulated, and thus heat transfer is negligible. 2 The water that remains in tank A
undergoes a reversible adiabatic process. 3 The thermal energy stored in the tanks themselves is negligible.
4 The system is stationary and thus kinetic and potential energy changes are negligible. 5 There are no
work interactions.

Analysis (a) The steam in tank A undergoes a reversible, adiabatic process, and thus s, = s;. From the
steam tables (Tables A-4 through A-6),

Tank A:
Via =i XV =0.001084+(0.8)0.46242-0.001084)= 037015 m’ /kg

Upp =Ug +XUg =604.22+(0.8)1948.9)=2163.3 ki/kg
Sia =S¢ +XSg =1.7765+(0.8)5.1191)=5.8717 ki/kg-K

P, =400 kPa
Xl = 0.8

To.a = Tau@300 kpa =133.52°C
P =300kPa ],  _ S2A =St _5.8717-1.6717
S, =9 ’ St 5.3200
(sat. mixture) Vaa =V X401y =0.001073+(0.7895)0.60582 - 0.001073) = 0.47850 m" /kg
Uy p =Us +XyaUgy =561.11+(0.7895)1982.1 ki/kg) = 2125.9 ki/kg

=0.7895

Tank B:
600 kJ
vig =1.1989 m’/k
P, =200 kPa | “"® g A
u, g =2731.4 kl/kg 7
T, =250°C ’
;g =7.7100 kl/kg-K A B
steam . steam
The initial and the final masses in tank A are V=02m’ m=3kg
P =400 kPa T=250°C
3
M A= Va = 02m ; =0.5403 kg x=0.8 P =200 kPa
T via 037015m7/kg
and
v 0.2m’
M, 4 = —2 B —04180kg

Vaa  0.47850 m3/kg
Thus, 0.5403 - 0.4180 =0.1223 kg of mass flows into tank B. Then,
My g =M g +0.1223=3+0.1223=3.1223 kg

The final specific volume of steam in tank B is determined from

Ve _(mw)y  (3ke)11989 m*/ke]
2,B — = =

=1.1519 m’/kg
Mg myg 3.1223 kg

We take the entire contents of both tanks as the system, which is a closed system. The energy balance for
this stationary closed system can be expressed as
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E in — Eout - AE system
e [SER—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

~Q, =AU =(AU), +(AU)g  (since W = KE = PE = 0)
—Qout = (mzuz _mlul)A +(m2u2 _mlul)B
Substituting,

~600 = {(0.418)2125.9)—(0.5403Y2163.3)} + {(3.1223)u, 5 —(3(2731.4)}
Uy g =2522.0 ki/kg

Thus,

Vg =1.1519m’/kg| T, =113.2°C
Uyg =2522.0kl/kg | S28 =72274 kl/kg K

7-175

(b) The total entropy generation during this process is determined by applying the entropy balance on an

extended system that includes both tanks and their immediate surroundings so that the boundary
temperature of the extended system is the temperature of the surroundings at all times. It gives

Sin_Sout + Sgen =AS

system
| ——) —
Net entropy transfer Entropy Change
by heatandmass  generation in entropy
_ Qout

T +Sgen =AS, +ASy
b,surr

Rearranging and substituting, the total entropy generated during this process is determined to be

ﬁ:(mzsz _mlsl)A +(m252 —m151)B +ﬁ

b,surr b,surr

Sgen :ASA +ASB +

600 kJ
273 K

={(0.418)(5.8717)—(0.5403)5.8717)} +{(3.1223)(7.2274) - (3)(7.7100)} +
=0.916 kJ/K
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7-222 Heat is transferred steadily to boiling water in a pan through its bottom. The rate of entropy
generation within the bottom plate is to be determined.

Assumptions Steady operating conditions exist since the surface temperatures of the pan remain constant at
the specified values.

Analysis We take the bottom of the pan to be the system,

which is a closed system. Under steady conditions, the rate
form of the entropy balance for this system can be
expressed as

. . . . o / 104°C
Sin - Sout + S gen =AS system =0
Rate of net entropy transfer ~ Rate of entropy  Rate of change
by heat and mass generation of entropy 500 W \
Qin _ Qout + S =0 105°C
Tb,in Tb,out gensystem
500 W 500 W :
378 K _m + gen,system — 0 - Sgen,system =0.00351 W/K

Discussion Note that there is a small temperature drop across the bottom of the pan, and thus a small
amount of entropy generation.
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7-223 An electric resistance heater is immersed in water. The time it will take for the electric heater to raise
the water temperature to a specified temperature and the entropy generated during this process are to be
determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the container itself and the heater is negligible. 3 Heat loss from the container is negligible.

Properties The specific heat of water at room temperature is ¢ =4.18 kJ/kg-°C (Table A-3).

Analysis Taking the water in the container as the system, which is a closed system, the energy balance can
be expressed as

Ein - Eout = AEsystem
— —_ =
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies Water
We,in = (AU )Water 40 kg
We,in At= mC(TZ _Tl ) water
o Heater
Substituting,

(1200 J/s)At = (40 kg)(4180 J/kg-°C)(50 - 20)°C
Solving for At gives
At=41805=69.7min=1.16 h

Again we take the water in the tank to be the system. Noting that no heat or mass crosses the boundaries of
this system and the energy and entropy contents of the heater are negligible, the entropy balance for it can
be expressed as

S in S out T S gen AS system
— —_—
Net entropy transfer Entropy Change
by heat and mass generation in entropy
0+ Sgen = AS water

Therefore, the entropy generated during this process is

T 323K
=mcIn—==(40 kg ¥4.18 kJ/kg-K)In
T (40 kek g'K) 293 K

1

S,y =AS

gen water

=16.3 kJ/K
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7-224 The feedwater of a steam power plant is preheated using steam extracted from the turbine. The ratio
of the mass flow rates of the extracted steam to the feedwater and entropy generation per unit mass of
feedwater are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Kinetic and potential
energy changes are negligible. 3 Heat loss from the device to the surroundings is negligible.

Properties The properties of steam and feedwater are (Tables A-4 through A-6)

P,=1MPa | h, =2828.3kJ/kg ©)
T, =200°C | s; =6.6956 kl/kg-K Steam + 1 MPa
from 200°C
b _impa) M= M@ =76251kI/kg turbine Feedwater
TSy =St wpa = 2.1381kI/kg K -0

sat. liquid g 2.5

T, =179.88°C VP

a

Py =2.5 MPa } hy =h e =209.34 kilkg
T, =50°C S; = Sf@so°c =0.7038 kJ/kg-K @
P, =2.5MPa h, = hf@noﬂC =719.08 kJ/kg
T, =T, ~10°C=170°C | S4 =84 g = 20417 ki/kg K v
Analysis (a) We take the heat exchanger as the system, which is a control @
volume. The mass and energy balances for this steady-flow system can be sat. liquid

expressed in the rate form as follows:
Mass balance (for each fluid stream):

. . _ . 20 (steady) _ . _— A o~ . o e
My, — Moy = Amsystem =0—> My, =My = My =My =My and m; =My =My,

Energy balance (for the heat exchanger):

- . _ - 20 (steady) _
Ein - Eout - AEsystem =0
[ A —
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Ein = Eout

myh, +mshy = muh, +myh,  (since Q =W = Ake = Ape = 0)
Combining the two, mg(h, —h,)=mg, (h; =h,)

ms h,—h; (719.08-209.34)ki/kg 0.247
Mg, h —h, (28283-762.51)kikg

Dividing by my, and substituting,

(b) The total entropy change (or entropy generation) during this process per unit mass of feedwater can be
determined from an entropy balance expressed in the rate form as

. . . e J0
Sin - Sout + Sgen - ASsystem =0
— | —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

MS; —MyS, +MySy —MyS, +S,., =0
Mg (S —52) + Mgy (S3=54) +S ey =0
Sgen mg
S (s, -5, )+(s, —55)=(0.247)(2.1381-6.6956)+(2.0417 — 0.7038)
Mpy  Mey
=0.213 kJ/K per kg of feedwater
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7-225 EES Problem 7-224 is reconsidered. The effect of the state of the steam at the inlet to the feedwater
heater is to be investigated. The entropy of the extraction steam is assumed to be constant at the value for 1
MPa, 200°C, and the extraction steam pressure is to be varied from 1 MPa to 100 kPa. Both the ratio of the
mass flow rates of the extracted steam and the feedwater heater and the total entropy change for this
process per unit mass of the feedwater are to be plotted as functions of the extraction pressure.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

"Knowns:"

WorkFluid$ = 'Steam_iapws'

"P[3] = 1000 [kPa]" "place {} around P[3] and T[3] eqations to solve the table"
T[3] = 200 [C]

P[4] = P[3]

x[4]=0
T[4]=temperature(WorkFluid$,P=P[4],x=x[4])
P[1] = 2500 [kPa]

T[1]1=50[C]

P[2] = 2500 [kPa]

T[2] = T[4] - 10"[C]"

"Since we don't know the mass flow rates and we want to determine the ratio of mass flow rate of
the extracted steam and the feedwater, we can assume the mass flow rate of the feedwater is 1
kg/s without loss of generality. We write the conservation of energy."

"Conservation of mass for the steam extracted from the turbine: "

m_dot_steam[3]= m_dot_steam[4]

"Conservation of mass for the condensate flowing through the feedwater heater:"
m_dot_fw[1] =1
m_dot_fw[2]= m_dot_fw[1]

"Conservation of Energy - SSSF energy balance for the feedwater heater -- neglecting the
change in potential energy, no heat transfer, no work:"
h[3]=enthalpy(WorkFluid$,P=P[3], T=T[3])

"To solve the table, place {} around s[3] and remove them from the 2nd and 3rd equations"
s[3]=entropy(WorkFluid$,P=P[3], T=T[3])

{s[3] =6.693 [kJ/kg-K] "This s[3] is for the initial T[3], P[3]"
T[3]=temperature(WorkFluid$,P=P[3],s=s[3]) "Use this equation for T[3] only when s[3] is given."}
h[4]=enthalpy(WorkFluid$,P=P[4],x=x[4])

s[4]=entropy(WorkFluid$,P=P[4],x=x[4])

h[1]=enthalpy(WorkFluid$,P=P[1],T=T[1])

s[1]=entropy(WorkFIuid$,P=P[1], T=T[1])

h[2]=enthalpy(WorkFluid$,P=P[2], T=T[2])

s[2]=entropy(WorkFluid$,P=P[2], T=T[2])

"For the feedwater heater:"

E_dot_in = E_dot_out

E_dot_in = m_dot_steam[3]*h[3] +m_dot_fw[1]*h[1]
E_dot_out= m_dot_steam[4]*h[4] + m_dot_fw[2]*h[2]
m_ratio = m_dot_steam[3])/ m_dot_fw[1]

"Second Law analysis:"

S _dot_in-S_dot_out+ S_dot_gen = DELTAS_dot_sys
DELTAS_dot_sys = 0 "[KW/K]" "steady-flow result"

S_dot_in = m_dot_steam[3]*s[3] +m_dot_fw[1]*s[1]

S_dot_out= m_dot_steam[4]*s[4] + m_dot_fw[2]*s[2]
S_gen_PerUnitMassFWH = S_dot_gen/m_dot_fw[1]"[kJ/kg_fw-K]"
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Mratio Sgen,PerUnitMass P3
[kJ/kg-K] [kPa]
0.2109 0.1811 732
0.2148 0.185 760
0.219 0.189 790
0.223 0.1929 820
0.227 0.1968 850
0.2309 0.2005 880
0.2347 0.2042 910
0.2385 0.2078 940
0.2422 0.2114 970
0.2459 0.2149 1000
2 0.22 . . - . - T -
2 I ]
o
~
S 021t P3 = 1000 kPa/ .
=,
T
E 0.2} .
@ i For P3<732kPa |
2 0.19¢ Sgen <0 .
[
5 L i
$ 018 <« P3=732kPa -
qc) 1 | 1 | 1 | 1
0, 021 0.22 0.23 0.24 0.25
Mratio
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7-226E A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and is
charged until the tank contains saturated liquid at a specified pressure. The mass of R-134a that entered the
tank, the heat transfer with the surroundings at 110°F, and the entropy generated during this process are to
be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Kinetic and potential energies are negligible. 3 There are no work interactions involved. 4 The
direction of heat transfer is to the tank (will be verified).

Properties The properties of R-134a are (Tables A-11 through A-13)

U; =Ug@ioo psia = 104.99 Btu/Ibm R-134a 140 psia
S| = Sg@i00 psia = 0-2198 Btw/lbm R 80°F

P 120 psia] “2 = ¥1@10psi = 0.01360 ft*/lbm @ﬂ
2 } Uy =Ut @120 psia = 41.49 Btu/lbm @ R—13§la
Sy =St @20 psia = 0.08589 Btw/Ibm - R . 3 ft

Q

P, =100 psia }

sat. vapor

sat. liquid

P, =140 psia hi = h¢ggoer =38.17 Btu/lbm
T, =80°F Sj = Stgseer = 0.07934 Btu/lbm-R
Analysis (a) We take the tank as the system, which is a control volume since mass crosses the boundary.

Noting that the energies of flowing and nonflowing fluids are represented by enthalpy h and internal
energy U, respectively, the mass and energy balances for this uniform-flow system can be expressed as
Mass balance:

min _mout :Am —> ml :mz_ml

system

Energy balance:
Ein - Eout = AE

system
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

Q;, +m;h; =myu, —myu, (since W = ke = pe = 0)

The initial and the final masses in the tank are

3ft3
vy 0.4776 ft”/Ibm
3ft?
m, = l =220.551bm

v,  0.01360 ft3/Ibm

Then from the mass balance,
m; =m, —m, =220.55-6.28=214.3 Ibm

(b) The heat transfer during this process is determined from the energy balance to be
Qin =—M;h; +myu, —myu,
=—(214.3 1bm)(38.17 Btu/Ibm)+(220.55 Ibm)(41.49 Btu/Ibm)—(6.28 1bm )(104.99 Btu/Ibm)
=312 Btu
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(c) The entropy generated during this process is determined by applying the entropy balance on an
extended system that includes the tank and its immediate surroundings so that the boundary temperature of
the extended system is the temperature of the surroundings at all times. The entropy balance for it can be
expressed as

_ Qin _ —
Sin _Sout + Sgen _Assystem ) +m;S; +Sgen _AStank =M,yS, —M; S,
—_— —— b,in
Net entropy transfer Entropy Change
by heatandmass  generation  in entropy

Therefore, the total entropy generated during this process is

Qin

b,in

Sgen =—M;s; +(m252 _mlsl)_

=—(214.3Y0.07934)+(220.55)0.08589) — (6.28)(0.2198)—% =0.0169 Btu/R
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7-227 It is to be shown that for thermal energy reservoirs, the entropy change relation AS =mcIn(T, /T))

reducesto AS=Q/T as T, — T,.

Analysis Consider a thermal energy reservoir of mass m, specific heat ¢, and initial temperature T;. Now
heat, in the amount of Q, is transferred to this reservoir. The first law and the entropy change relations for

this reservoir can be written as

Q
=mc(T, - T mc =
Q=me(T,T,) —
and
AS:mclnT_2: M
Tl T2 _Tl

Taking the limitas T, — T; by applying the L'Hospital's rule,
/T, Q

1T

AS=0Q

which is the desired result.

Thermal energy
reservoir

m,c, T
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7-228 The heating of a passive solar house at night is to be assisted by solar heated water. The length of
time that the electric heating system would run that night and the amount of entropy generated that night
are to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 The energy stored in
the glass containers themselves is negligible relative to the energy stored in water. 3 The house is
maintained at 22°C at all times.

Properties The density and specific heat of water at room temperature are p = 1 kg/L and ¢=4.18
kJ/kg-°C (Table A-3).

Analysis The total mass of water is
m,, = pV = (1 kg/L)50x20 L)=1000 kg

Taking the contents of the house, including the water as our system, the energy balance relation can be
written as

E. —-E = AE
in out system 50,000 kJ/h
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
We,in - Qout =AU = (AU )water + (AU )air
= (AU) yd RN

water 220C
= mC(TZ _Tl )water

or,
We,in At— Qout = [mC(TZ _Tl )] water

Substituting,
(15 kJ/s)At - (50,000 kJ/h)(10 h) = (1000 kg)(4.18 kJ/kg-°C)(22 - 80)°C

It gives
At=17,170s=4.77h

We take the house as the system, which is a closed system. The entropy generated during this process is
determined by applying the entropy balance on an extended system that includes the house and its
immediate surroundings so that the boundary temperature of the extended system is the temperature of the
surroundings at all times. The entropy balance for the extended system can be expressed as

Sin - Sout + Sgen =AS system
— —
Net entropy transfer  Entropy Change
by heatand mass ~ generation  in entropy
_Qout +S =AS +ASA&O—AS
gen water air - water
b,out

since the state of air in the house remains unchanged. Then the entropy generated during the 10-h period
that night is

T
S, = A, +ou =[mc1n—2j 4 Qou
water

gen water T
b,out 1 surr

295 K N 500,000 kJ
353K 276 K

= (1000 kg )4.18 kJ/kg-K )in

=-750+1811=1061 kJ/K

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-185

7-229 A room is to be heated by hot water contained in a tank placed in the room. The minimum initial
temperature of the water needed to meet the heating requirements of this room for a 24-h period and the
entropy generated are to be determined.

Assumptions 1 Water is an incompressible substance with constant specific heats. 2 Air is an ideal gas with
constant specific heats. 3 The energy stored in the container itself is negligible relative to the energy stored
in water. 4 The room is maintained at 20°C at all times. 5 The hot water is to meet the heating
requirements of this room for a 24-h period.

Properties The specific heat of water at room temperature is ¢ =4.18 kJ/kg-°C (Table A-3).
Analysis Heat loss from the room during a 24-h period is
Quoss = (10,000 kJ/h)(24 h) = 240,000 kJ

Taking the contents of the room, including the water, as our system, the energy balance can be written as

_ _ _ J0
Ein - Eout - AEsystem - - Qout =AU = (AU )water + (AU )air
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
or 10,000 kJ/h

_Qout = [mC(TZ - Tl)]water

Substituting, / \
-240,000 kJ = (1500 kg)(4.18 kJ/kg-°C)(20 - T}) 20°C
It gives

T,=58.3°C

where T, is the temperature of the water when it is
first brought into the room.

(b) We take the house as the system, which is a closed system. The entropy generated during this process is
determined by applying the entropy balance on an extended system that includes the house and its
immediate surroundings so that the boundary temperature of the extended system is the temperature of the
surroundings at all times. The entropy balance for the extended system can be expressed as

Sin - Sout + Sgen =AS

system
—_—— —— [R—
Net entropy transfer Entropy Change

by heat and mass generation in entropy
Qout _ d0 _
- + Sgen - ASwater + ASalir - ASwater
Tb,out

since the state of air in the house (and thus its entropy) remains unchanged. Then the entropy generated
during the 24 h period becomes

+ Qo _ (mc lnT—zJ + Qout
T water

b,out 1

Seen = AS

gen water
surr

293 K N 240,000 kJ
3313K 278 K
=-770.3+863.3 =93.0 kJ/K

= (1500 kg )4.18 ki/kg - K )In
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7-230 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder and the
entropy generated are to be determined for the cases of the piston being fixed and moving freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself is negligible. 3 The cylinder is well-insulated and thus heat transfer is negligible.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K, ¢, =
0.743 kJ/kg-°C and ¢, =1.039 kJ/kg-°C for N,, and R = 2.0769 kPa.m’/kg.K, ¢, = 3.1156 klJ/kg-°C, and ¢,
=5.1926 kJ/kg-°C for He (Tables A-1 and A-2)

Analysis The mass of each gas in the cylinder is

(R4 (500 kPa )i m’ ) .
TR )y, 02968 KPa - mike KJBS3K)

o Z[PY) _ (500 kPa)(l m3) _ 0.808 k
e TR, ), (20769 kPa-mikg KJ298K)  ©

Taking the entire contents of the cylinder as our system, the 1st law relation can be written as

Ein - Eout = AE

system
e e —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU )N2 + (AU )He—_>0 =[mc, (T, =TI, +IMe, (T =Tl

Substituting,
(4.77 kg)(0.743 kJ/kg-"CXTf - 80)’C +(0.808 kg)(3.1 156 kJ/kg - °C)(Tf - ZS)DC =0

It gives
Ti=57.2°C
where T; is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-
insulated and thus there is no heat transfer, the entropy balance for this closed system can be expressed as
Sin - Sout + Sgen =AS

[ — —
Net entropy transfer Entropy Change
by heat and mass generation  in entropy

0+S,e = ASy, +ASy,

system

But first we determine the final pressure in the cylinder:

Niotat = Nn, + Npe = (ﬂ +[ﬂ - 477k 4808 ke _ 0.372 kmol
: M Jy M Jy. 28 kg/kmol 4 kg/kmol

NwR,T _ (0.372 kmol)(8.314 kPa - m3/kmol-KX33o.2 K)

P2 =
Vtotal 2 m3

=510.6 kPa

Then,

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-187

ASy, = m(cp lnT—z— Rln&j
T, N,

1 1

2K 10.6 kP

= (.77 kg) (1.039 K/kg - K)in 222K (02968 ki/kg - K)in 2100 kP2

353K 500 kPa
= -0.361 kJ/K
ASy, = m(cp lnT—z— Rln&]
Tl 1 /He

= (0.808 kg (5.1926 ki/kg - K)In 222K (20769 kiikg - K )in 2120 kP2

298 K 500 kPa

=0.395 kI/K
Syen = ASy, +ASy, = ~0.361+0.395 = 0.034 kJ/K

If the piston were not free to move, we would still have T, = 330.2 K but the volume of each gas would
remain constant in this case:

&0
ASy. =mlc, N2 _RIn‘2 = (4.77 kg )0.743 kl/kg - K)In 3302K _ 92371k
’ T Vi N 353K
2
Jo
ASy. =m| c, In2 _Rin2 =(0.808 kg)(3.1156 ki/kg - K)In 3302K _ 258 ka/k
T, Vi) 298 K

Sgen = ASy, +ASy, =-0.237+0.258 = 0.021 kI/K
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7-231 EES Problem 7-230 is reconsidered. The results for constant specific heats to those obtained using
variable specific heats are to be compared using built-in EES or other functions.

Analysis The problem is solved using EES, and the results are given below.

"Knowns:"

R_u=8.314 [kJ/kmol-K]

V_N2[1]=1 [m"3]

Cv_N2=0.743 [kJ/kg-K] "From Table A-2(a) at 27C"
R_N2=0.2968 [kJ/kg-K] "From Table A-2(a)"
T_N2[1]=80 [C]

P_N2[1]=500 [kPa]

Cp_N2=R_N2+Cv_N2

V_He[1]=1 [m"3]

Cv_He=3.1156 [kJ/kg-K] "From Table A-2(a) at 27C"
T_He[1]=25 [C]

P_He[1]=500 [kPa]

R_He=2.0769 [kJ/kg-K] "From Table A-2(a)"
Cp_He=R_He+Cv_He

"Solution:"

"mass calculations:"
P_N2[1]*"V_N2[1]=m_N2*R_N2*(T_N2[1]+273)
P_He[11*V_He[1]=m_He*R_He*(T_He[1]+273)

"The entire cylinder is considered to be a closed system, allowing the piston to move."
"Conservation of Energy for the closed system:"

"E_in - E_out = DELTAE, we neglect DELTA KE and DELTA PE for the cylinder."
E_in- E_out = DELTAE

E_in =0 [kJ]

E_out =0 [kJ]

"At the final equilibrium state, N2 and He will have a common temperature."
DELTAE= m_N2*Cv_N2*(T_2-T_N2[1])+m_He*Cv_He*(T_2-T_He[1])

"Total volume of gases:"
V_total=V_N2[1]+V_He[1]
MM_He = 4 [kg/kmol]
MM_N2 = 28 [kg/kmol]

N_total = m_He/MM_He+m_N2/MM_N2

"Final pressure at equilibrium:"

"Allowing the piston to move, the pressure on both sides is the same, P_2 is:"
P_2*V_total=N_total*R_u*(T_2+273)

S_gen_PistonMoving = DELTAS_He_PM+DELTAS_N2_PM
DELTAS_He_PM=m_He*(Cp_He*In((T_2+273)/(T_He[1]+273))-R_He*In(P_2/P_He[1]))
DELTAS_N2_PM=m_N2*(Cp_N2*In((T_2+273)/(T_N2[1]+273))-R_N2*In(P_2/P_N2[1]))

"The final temperature of the system when the piston does not move will be the same as when it
does move. The volume of the gases remain constant and the entropy changes are given by:"

S_gen_PistNotMoving = DELTAS_He PNM+DELTAS_N2_PNM
DELTAS_He_PNM=m_He*(Cv_He*In((T_2+273)/(T_He[1]+273)))
DELTAS_N2_PNM=m_N2*(Cv_N2*In((T_2+273)/(T_N2[1]+273)))
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"The following uses the EES functions for the nitrogen. Since helium is monatomic, we use the
constant specific heat approach to find its property changes."

E_in- E_out = DELTAE_VP

DELTAE_VP=m_N2*(INTENERGY(N2,T=T_2_VP)-
INTENERGY(N2,T=T_N2[1]))+m_He*Cv_He*(T_2_VP-T_He[1])

"Final Pressure for moving piston:"

P_2_VP*V_total=N_total*R_u*(T_2_VP+273)

S_gen_PistMoving_VP = DELTAS_He_PM_VP+DELTAS_N2_PM_VP
DELTAS_N2_PM_VP=m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_VP)-
ENTROPY(N2,T=T_N2[1],P=P_N2[1]))
DELTAS_He_PM_VP=m_He*(Cp_He*In((T_2+273)/(T_He[1]+273))-R_He*In(P_2/P_He[1]))

"Fianl N2 Pressure for piston not moving."
P_2_N2_VP*V_N2[1]=m_N2*R_N2*(T_2_VP+273)

S_gen_PistNotMoving_VP = DELTAS_He_PNM_VP+DELTAS_N2_PNM_VP
DELTAS_N2_PNM_VP = m_N2*(ENTROPY(N2,T=T_2_VP,P=P_2_N2_VP)-
ENTROPY(N2,T=T_N2[1],P=P_N2[1]))

DELTAS_He PNM_VP=m_He*(Cv_He*In((T_2_VP+273)/(T_He[1]+273)))

SOLUTION
Cp_He=5.193 [kJ/kg-K] 2=511.1 [kPa]
Cp_N2=1.04 [kJ/kg-K] 2 N2_VP=467.7
Cv_He=3.116 [kJ/kg-K] 2 VP=511.2
Cv_N2=0.743 [kJ/kg-K] He[1]=500 [kPa]
DELTAE=0 [kJ] N2[1]=500 [kPa]
DELTAE_VP=0 [kJ] He=2.077 [kJ/kg-K]
DELTAS He PM=0.3931 [kJ/K] N2=0.2968 [kJ/kg-K]

=8.314 [kJ/kmol-K]
en_PistMoving_VP=0.02993 [kJ/K]
en_PistNotMoving=0.02089 [kJ/K]

u=
DELTAS_He_PNM=0.258 [kJ/K] g
-9
_gen_PistNotMoving_VP=0.02106 [kJ/K]
Y
2=
2

DELTAS_He_PNM_VP=0.2583 [kJ/K]
DELTAS_N2_PM=-0.363 [kJ/K]

DELTAS_N2_PM_VP=-0.3631 [kJ/K]

P
P
P
P
P
R_
R_
DELTAS_He_PM_VP=0.3931 [kJ/K] R_
S
S
S
S_gen_PistonMoving=0.03004 [kJ/K]
T
T
T

DELTAS_N2_PNM=-0.2371 [kJ/K] 2=57.17[C]
DELTAS_N2_PNM_VP=-0.2372 [kJ/K] 2 VP=57.2[C]
E_in=0 [kJ] He[1]=25[C]
E_out=0 [kJ] T_N2[1]=80 [C]
MM_He=4 [kg/kmol] V_He[1]=1 [m*3]
MM_N2=28 [kg/kmol] V_N2[1]=1 [m*3]
m_He=0.8079 [kg] V_total=2 [m"3]

m_N2=4.772 [kq]
N_total=0.3724 [kmol]
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7-232 An insulated cylinder is divided into two parts. One side of the cylinder contains N, gas and the
other side contains He gas at different states. The final equilibrium temperature in the cylinder and the
entropy generated are to be determined for the cases of the piston being fixed and moving freely.

Assumptions 1 Both N, and He are ideal gases with constant specific heats. 2 The energy stored in the
container itself, except the piston, is negligible. 3 The cylinder is well-insulated and thus heat transfer is
negligible. 4 Initially, the piston is at the average temperature of the two gases.

Properties The gas constants and the constant volume specific heats are R = 0.2968 kPa.m’/kg.K, ¢, =
0.743 kJ/kg-°C and ¢, =1.039 kJ/kg-°C for N, and R =2.0769 kPa.ms/kg.K, c,=3.1156 kJ/kg-°C, and ¢,
=5.1926 kJ/kg-°C for He (Tables A-1 and A-2). The specific heat of the copper at room temperature is C
=0.386 kl/kg-°C (Table A-3).

Analysis The mass of each gas in the cylinder is

— RV _ (500 kPa)(l m3) 477k
TR, o29ss e mine KJBs3K)

o (R4 (500 kPa)(im®)
" OURT . (20769 kPa - m¥kg K 298 K)

=0.808 kg

Taking the entire contents of the cylinder as our system, the
Ist law relation can be written as

Ein - Eout = AE

system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

0=AU = (AU )NZ +(AU )y, + (AU ),
0 =[mc, (T, =T)lx, +[MC, (Ty = T)]ge +I[MC(Ty = T)]cy

where
Ticu=(80+25)/2 = 52.5°C
Substituting,
(4.77 kg)0.743 k/kg - °C)T —80PC +(0.808 kg)(3.1156 ki/kg -°C)T; —25FC
+(5.0 kg)(0.386 ki/kg - °C)T; —52.5FC = 0
It gives

T; =56.0°C
where T; is the final equilibrium temperature in the cylinder.

The answer would be the same if the piston were not free to move since it would effect only
pressure, and not the specific heats.

(b) We take the entire cylinder as our system, which is a closed system. Noting that the cylinder is well-
insulated and thus there is no heat transfer, the entropy balance for this closed system can be expressed as
Sin - Sout + Sgen =AS

N——— — —
Net entropy transfer ~ Entropy Change
by heat and mass generation  in entropy

0+ Syen = ASy, +ASy, +AS

system

piston

But first we determine the final pressure in the cylinder:
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M M ). 28kgkmol 4 kg/kmol

Niotar = Nx, + N = (ﬂj J{ﬂj - 477ke + 0.808 ke =0.372 kmol
N, He
NRT (0372 kimol)8.314 kPa - m*/kmol K [329 K )

P2= 3 =508.8 kPa
Vtotal 2m
Then,
ASy, = m[cp lnTr—Z— Rln%)
1 1 N,
29K 8 kP
— (.77 kg) (1039 Kl/kg - K)In 222 & (02968 kl/kg - K )ln 25 kP2
333K 500 kPa
= -0.374 kKI/K
ASHe = m[cp ll'lT—Z— RIH&J
T, R,
~ (0.808 kg (5.1926 k/kg - K)ln 22— (2.0769 ki/kg - K )n 2o K12
298 K 500 kPa
= 0.386 kI/K
DK _h021kiK

T
AS_... =|mcln-2 = (5kg)0.386 kl/kg - K)In
piston ( | ]pismn ( g)( g ) 3255K

Sgen = ASy, +ASy +AS =-0.374+0.386+0.021 = 0.033 kJ/K

piston

If the piston were not free to move, we would still have T, = 329 K but the volume of each gas would
remain constant in this case:

J0
T
ASy. =mlc,In-2~ RIn¥2 = (4.77 kg)0.743 k/kg - K ) In SR _ 9250 ik

’ T 4 353K
N,

J0

ASye =m| ¢, In2—RIn2 | = (0.808 kg)(3.1156 kikg-K)In>2o — 0.249 kI/K
Ti Y ke 298 K

Sgen = ASy, +ASye + ASjigon =—0.250+0.249 +0.021 = 0.020 kJ/IK
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7-233 An insulated rigid tank equipped with an electric heater initially contains pressurized air. A valve is
opened, and air is allowed to escape at constant temperature until the pressure inside drops to a specified
value. The amount of electrical work done during this process and the total entropy change are to be
determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the exit temperature (and enthalpy) of air
remains constant. 2 Kinetic and potential energies are negligible. 3 The tank is insulated and thus heat
transfer is negligible. 4 Air is an ideal gas with variable specific heats.

Properties The gas constant is R = 0.287 kPa.m’/kg.K (Table A-1). The properties of air are (Table A-17)

T, =330 K —— h, =330.34 kJ/kg
T, =330 K —— u, =235.61kl/kg
T,=330K —— u, =235.61 klJ/kg

Analysis We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and
internal energy U, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance:

My« = Am

in — 'out System

Energy balance:

Ein - Eout - AEsystem
— —_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

W, in —Mehy = myu, —myu; (since Q = ke = pe = 0)

The initial and the final masses of air in the tank are

_RV _ (500 kPa)(s m3) 2640k
TR, (0287 kPa ke K)330K)
3
m =Y _ (200 kPa)(s m ) ~10.56 ke

RT, (0.287 kPa-m’/kg-K)330 K)
Then from the mass and energy balances,
m, =m, —m, =26.40-10.56 =15.84 kg

W, i = Mehy +myu, —myu,
= (15.84 kg)(330.34 ki/kg)+ (10.56 kg )(235.61 kJ/kg)— (26.40 kg )235.61 ki/kg) = 1501 kJ

(b) The total entropy change, or the total entropy generation within the tank boundaries is determined from
an entropy balance on the tank expressed as

Sin - Sout + Sgen =AS

—_— — N— ——
Net entropy transfer Entropy Change
by heat and mass generation  in entropy

system

—MeSe + Sgen = AStank

or,

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-193

Sgen =MeS, +Astank =MeS, +(m252 _mlsl)
= (ml —mz)se +(m232 —m151)= mz(sz _Se)_ml(sl _Se)

Assuming a constant average pressure of (500 + 200)/2 = 350 kPa for the exit stream, the entropy changes
are determined to be

&0
T P P 200 kP
S,—S¢=C,In—> -RIn—2>=-Rln—2=-(0.287 kJ/kg~K)1nM= 0.1606 kJ/kg-K
T, P, P, 350 kPa
&0
T P P kP
$;—Se=CpIn—- —RIn—*=-Rln—-=-(0.287 kJ/kg~K)ln500—a=—O.1024 kl/kg-K
] . P, 350 kPa

Therefore, the total entropy generated within the tank during this process is

Sgen = (10.56 kg )(0.1606 kl/kg - K )—(26.40 kg )(- 0.1024 kl/kg - K)=4.40 kJ/K
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7-234 An insulated cylinder initially contains a saturated liquid-vapor mixture of water at a specified
temperature. The entire vapor in the cylinder is to be condensed isothermally by adding ice inside the
cylinder. The amount of ice added and the entropy generation are to be determined.

Assumptions 1 Thermal properties of the ice are constant. 2 The cylinder is well-insulated and thus heat
transfer is negligible. 3 There is no stirring by hand or a mechanical device (it will add energy).

Properties The specific heat of ice at about 0°C is ¢ =2.11 kJ/kg-°C (Table A-3). The melting temperature
and the heat of fusion of ice at 1 atm are 0°C and 333.7 kJ/kg.

Analysis (a) We take the contents of the cylinder (ice and saturated water) as our system, which is a closed
system. Noting that the temperature and thus the pressure remains constant during this phase change
process and thus W, + AU = AH, the energy balance for this system can be written as

Ein - Eout = AEsystem
R M
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Wb,in = AU
AH =0

AH,.. +AH 4per =0

ice
or

[MC(0°C =T} ) so1ig + Mhiz +MC(T, —0°C)yiquig Jice + MMy —hy)]yarer =0
The properties of water at 100°C are (Table A-4)

vy =0.001043, vy =1.6720 m?/kg

hi =419.17, hy =2256.4 klkg 1°¢

-18°C
s; =13072  sg =6.0490kI/kg K

v =vs +Xvgg =0.001043 +(0.1)1.6720 - 0.001043) = 0.16814 m’/kg
hy = hy +xhgy =419.17 +(0.1)(2256.4) = 644.81 ki/kg
S, =S¢ + XSty =1.3072+(0.1)(6.0470) = 1.9119 kl/kg K
hy = oo = 41917 kl/kg
=1.3072 kl/kg-K

$2 = St @ioorc

v 0.02 m®

My = L =———————=0.119k
Yy 0.16814 mi/kg £

Noting that T, ;. = -18°C and T, = 100°C and substituting gives
m{(2.11 kJ/kg.K)[0-(-18)] + 333.7 kl/kg + (4.18 kJ/kg-°C)(100-0)°C}
+(0.119 kg)(419.17 — 644.81) kl/kg =0
m=0.034 kg=34.0gice

(b) We take the ice and the steam as our system, which is a closed system. Considering that the tank is
well-insulated and thus there is no heat transfer, the entropy balance for this closed system can be

expressed as
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Sin - Sout + Sgen =AS

system
[ ——— — —
Net entropy transfer Entropy Change

by heat and mass generation in entropy
0+ Sgen = ASice + ASsteam
ASeam = M(S, —5;) = (0.119 kg )1.3072 - 1.9119kJ/kg - K = -0.0719 kI/K

Tmeltin mh'f T
ASice = (ASSOIId + Asmelting + Asllquld )ice = [mCll’l T g} + ! + mClnT—z
1 solid ' melting 1 Jliquid ),

=(0.034 kg) (2.11 kJ/kg-K)In 273.15K | 333.7kIkg (4.18 kJ/kg-K)lnM =0.0907 kJ/K
255.15K  273.15K 273.15K
Then,
Sgen = ASgeam + ASice =—0.0719+0.0907 = 0.0188 kJ/K
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7-235 An evacuated bottle is surrounded by atmospheric air. A valve is opened, and air is allowed to fill
the bottle. The amount of heat transfer through the wall of the bottle when thermal and mechanical
equilibrium is established and the amount of entropy generated are to be determined.

Assumptions 1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process since the state of fluid at the inlet remains
constant. 2 Air is an ideal gas. 3 Kinetic and potential energies are negligible. 4 There are no work
interactions involved. 5 The direction of heat transfer is to the air in the bottle (will be verified).

Properties The gas constant of air is 0.287 kPa.m’/kg.K (Table A-1).

Analysis We take the bottle as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy h and
internal energy U, respectively, the mass and energy balances for this uniform-flow system can be
expressed as

Mass balance: m;, —mg, =AMy e — My =M, (since Mgy = My = 0)

Energy balance:

Ein - Eout = AEsystem
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
Qi +mihy =myu, (since W = E, = By = ke = pe = 0)
Combining the two balances:
Qn =my(u, ~hy) 10 kPa
17°C
where
P,V 100 kPa){0.005 m*
my == ( a)3( m’) = 0.0060 kg
> (0.287 kPa-m /ki K)290K) Eveomted
i =290.16 kJ/k
T, =T, =290 K Table A-17 i g
u, =206.91kl/kg >
Substituting,

Qi = (0.0060 kg)(206.91 - 290.16) kJ/kg=-0.5k]  — Qou=0.5kJ

Note that the negative sign for heat transfer indicates that the assumed direction is wrong. Therefore, we
reverse the direction.

The entropy generated during this process is determined by applying the entropy balance on an
extended system that includes the bottle and its immediate surroundings so that the boundary temperature
of the extended system is the temperature of the surroundings at all times. The entropy balance for it can be
expressed as

Sin - Sout + Sgen =AS

R — —
Net entropy transfer Entropy Change
by heat and mass generation in entropy

system

Q t Jo
m;s; — o+ Sgen = AStank =M,S, —MyS; =m,s,
b,in

Therefore, the total entropy generated during this process is

Sgcn = _misi + m252 + Qout = m2(52 - Si )&0 + Qout = Qout = 0.5 kJ =0.0017 kJ/K
Toou T 290 K

b,out surr
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7-236 Water is heated from 16°C to 43°C by an electric resistance heater placed in the water pipe as it
flows through a showerhead steadily at a rate of 10 L/min. The electric power input to the heater and the
rate of entropy generation are to be determined. The reduction in power input and entropy generation as a
result of installing a 50% efficient regenerator are also to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time at any point within the
system and thus Am~, =0 and AE.y =0.2 Water is an incompressible substance with constant specific
heats. 3 The kinetic and potential energy changes are negligible, Ake = Ape = 0. 4 Heat losses from the
pipe are negligible.

Properties The density of water is given to be p = 1 kg/L. The specific heat of water at room temperature is
c=4.18 kl/kg-°C (Table A-3).

Analysis (a) We take the pipe as the system. This is a control volume since mass crosses the system
boundary during the process. We observe that there is only one inlet and one exit and thus m; =m, =m.

Then the energy balance for this steady-flow system can be expressed in the rate form as

: . _ : 20 (steady) _ = _E
Ein - Eout - AEsystem =0 - Ein - Eout
—_— [N —
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
y . o : ~ ~ |
W, ;, +mhy =mh, (since Ake = Ape = 0)
o _ WATER
W, ;, = m(h, —h) = me(T, - Ty) 16°C  ————>  43°C
where

m = pV = (1 kg/L)10 L/min) =10 kg/min
Substituting,
W, = (10/60 kg/s)4.18 ki/kg-°C)43 ~16)°C = 18.8 kW

The rate of entropy generation in the heating section during this process is determined by applying the
entropy balance on the heating section. Noting that this is a steady-flow process and heat transfer from the
heating section is negligible,

. . . e d0
Sin - Sout + Sgcn - ASsystcm =0
— -
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

s, —Ms, + Sy, = 0—>S, =M(s, —5))

Noting that water is an incompressible substance and substituting,

. T 316 K
S, =mcln—2 = (10/60 kg/s)4.18 kl/kg - K )In
gen T ( /s gK) K

=0.0622 kJ/K

(b) The energy recovered by the heat exchanger is
Quved = @Qumax = EMC(T o = Tonin ) = 0.5(10/60 kg/s (4.18 kI/kg -°C)39 —16C = 8.0 kl/s = 8.0 kW

Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to

=Wino1d — Qaved =18.8-8.0=10.8 kW

Win,new i

Taking the cold water stream in the heat exchanger as our control volume (a steady-flow system), the
temperature at which the cold water leaves the heat exchanger and enters the electric resistance heating
section is determined from
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Q = mC(Tc,out _Tc,in)

Substituting,

8 kl/s = (10/60 kg/s)(4.18 kl/kg-"C)(T, o, —16°C)
It yields

Teou = 27.5°C = 300.5K

The rate of entropy generation in the heating section in this case is determined similarly to be

Sen = ficln 2 = (10/60 kg/s)4.18 kl/kg-K) in—10K _ 00350 ka/K
T, 300.5K

Thus the reduction in the rate of entropy generation within the heating section is

S =0.0622 — 0.0350 = 0.0272 KW/K

reduction

7-198
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7-237 EES Using EES (or other) software, the work input to a multistage compressor is to be determined
for a given set of inlet and exit pressures for any number of stages. The pressure ratio across each stage is
assumed to be identical and the compression process to be polytropic. The compressor work is to be
tabulated and plotted against the number of stages for P, = 100 kPa, T, = 17°C, P, = 800 kPa, and n = 1.35
for air.

Analysis The problem is solved using EES, and the results are tabulated and plotted below.

GAS$ ="Air'

Nstage = 2 "number of stages of compression with intercooling, each having same pressure
ratio."

n=1.35

MM=MOLARMASS(GAS$)

R_u = 8.314 [kJ/kmol-K]

R=R_u/MM

k=1.4

P1=100 [kPa]

T1=17 [C]

P2=800 [kPa]

R_p = (P2/P1)*(1/Nstage)

W_dot_comp= Nstage*n*R*(T1+273)/(n-1)*((R_p)*((n-1)/n) - 1)

Nstage Weomp [kJ/kg]
1 2294
2 198.7
3 189.6
4 185.3
5 182.8
6 181.1
7 179.9
8 179
9 178.4
10 177.8
230
220
210
©
=<
S 200
=
o 190
€
3
180
=
170 ! | ! | ! | ! | ! | ! | ! | ! | !
1 2 3 4 5 6 7 8 9 10
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7-238 The turbocharger of an internal combustion engine consisting of a turbine driven by hot exhaust
gases and a compressor driven by the turbine is considered. The air temperature at the compressor exit and
the isentropic efficiency of the compressor are to be determined.

Assumptions 1 Steady operating conditions exist. 2

Kinetic and potential energy changes are negligible. 3 Air, 70°C
Exhaust gases have air properties and air is an ideal gas 95 kPa
with constant specific heats. 1 0.018 kg/s

Properties The specific heat of exhaust gases at the
average temperature of 425°C is ¢, = 1.075 kJ/kg.K and
properties of air at an anticipated average temperature of
100°C are ¢, = 1.011 kJ/kg K and k =1.397 (Table A-2).

Compressor

Analysis (a) The turbine power output is determined from Exh. gas 135 kP
. 450°C a
Wr =M, € (T, =T) 0.02 kg/s

=(0.02 kg/s)(1.075 kJ/kg.°C)(450 - 400)°C =1.075 kW
For a mechanical efficiency of 95% between the turbine and the compressor,
We =7,Wy =(0.95)(1.075 kW) =1.021 kW
Then, the air temperature at the compressor exit becomes
V\./C = rf‘]aircp(TZ _Tl)
1.021kW = (0.018 kg/s)(1.011kJ/kg.°C)(T, - 70)°C
T, =126.1°C

(b) The air temperature at the compressor exit for the case of isentropic process is

P, 135 kPa (1.397-1)/1.397
Tzs :Tl F

1

=379K =106°C

(k=1)/k
=(70+273K)
95 kPa

The isentropic efficiency of the compressor is determined to be

Ty =T, 10670

= =0.642
T,-T, 126.1-70

Nc
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7-239 Air is allowed to enter an insulated piston-cylinder device until the volume of the air increases by
50%. The final temperature in the cylinder, the amount of mass that has entered, the work done, and the
entropy generation are to be determined.

Assumptions 1 Kinetic and potential energy changes
are negligible. 2 Air is an ideal gas with constant
specific heats.
Properties The gas constant of air is R = 0.287 Air
kJ/kg.K and the specific heats of air at room 0.25 m’
temperature are ¢, = 1.005 kJ/kg.K, ¢, = 0.718 0.7 kg Air
kJ/kg.K (Table A-2). 20°C  wJ—_ 500 kPa
Analysis The initial pressure in the cylinder is — 70°C
m,RT, _ (0.7 kg)(0.287 kPa-m"/kg-K)(20+273 K
p = :( g)( a-m 3g )(20+ )2235.5kPa
4 0.25m

m, PV, (2355 kPa)(1.5x0.25m?) _307.71
RT,  (0.287 kPa-m°/kg-K)T, T,
A mass balance on the system gives the expression for the mass entering the cylinder
m; =m, —m, :3.%'71—0.7
(c) Noting that the pressure remains constant, the boundary work is determined to be
Wy oue = P (Y, —V)) =(235.5kPa)(1.5%0.25 - 0.5)m> =29.43kJ

(a) An energy balance on the system may be used to determine the final temperature
Mihy =Wy, oy = Moy — My,
miCpTi _Wb,out = m2CvT2 - mlchl
1 71
(30% - O.7j(1.005)(70 +273)-29.43 = (30%}0.718)T2 —(0.7)(0.718)(20 + 273)
2 2

There is only one unknown, which is the final temperature. By a trial-error approach or using EES, we find

T,=308.0K
(b) The final mass and the amount of mass that has entered are

m, =301 _ 6,999 kg
308.0

m; =m, —m; =0.999 - 0.7 =0.299 kg
(d) The rate of entropy generation is determined from

Sgen =My —MyS; —M;S; =My S, —MyS; — (M, =My )S; =M, (S, —8;)—M,(S; —S;)

T P T P
= mz[cp lnT—z—RlanJ—ml(cp lnT—l—RlnFlj

308K 235.5kPa
=(0.999 kg)| (1.005 kl/kg.K)ln —(0.287 kJ/kg.K)ln| =2=2=—2
( g){( eK) (3431(] ( eK) ( 500 kPa H
293K 235.5kPa
—(0.7kg)| (1.005 kI/kg K)l —(0.287 kJ/kg K)ln| =22 =%
( g)[( s )n(343 Kj ( 8 )n( 500 kPa H

=0.0673 kJ/K
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7-240 A cryogenic turbine in a natural gas liquefaction plant produces 350 kW of power. The efficiency of
the turbine is to be determined.

Assumptions 1 The turbine operates steadily. 2 The properties of methane is used for natural gas.
Properties The density of natural gas is given to be 423.8 kg/m’.

Analysis The maximum possible power that can be obtained from this
turbine for the given inlet and exit pressures can be determined from

(55kg/s)
423 .8 kg/m®

(4000 —300)kPa = 480.2 kW

max

. m
W, :_(Pin_Pout):
el

Cryogenic
turbine

Given the actual power, the efficiency of this cryogenic turbine becomes

g N _ 30KW 259 ~72.9% LNG, 40 bar
Wiax  480.2kW -160°C, 55 kg/s

This efficiency is also known as hydraulic efficiency since the cryogenic
turbine handles natural gas in liquid state as the hydraulic turbine handles
liquid water.
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Fundamentals of Engineering (FE) Exam Problems

7-241 Steam is condensed at a constant temperature of 30°C as it flows through the condenser of a power
plant by rejecting heat at a rate of 55 MW. The rate of entropy change of steam as it flows through the
condenser is

(a) -1.83 MW/K (b) -0.18 MW/K (c) 0 MW/K (d) 0.56 MW/K (e) 1.22 MW/K
Answer (b) —0.18 MW/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

T1=30"C"
Q_out=55 "MwW"
S_change=-Q_out/(T1+273) "MW/K"

"Some Wrong Solutions with Common Mistakes:"

W1_S_change=0 "Assuming no change"

W2_S change=Q out/T1 "Using temperature in C"
W3_S_change=Q_out/(T1+273) "Wrong sign"

W4_S_change=-s_fg "Taking entropy of vaporization"
s_fg=(ENTROPY(Steam_IAPWS,T=T1,x=1)-ENTROPY(Steam_IAPWS,T=T1,x=0))

7-242 Steam is compressed from 6 MPa and 300°C to 10 MPa isentropically. The final temperature of the
steam is

(a) 290°C (b) 300°C (c)311°C (d) 371°C (e) 422°C
Answer (d) 371°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=6000 "kPa"

T1=300 "C"

P2=10000 "kPa"

s2=s1
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1)
T2=TEMPERATURE(Steam_IAPWS,s=s2,P=P2)

"Some Wrong Solutions with Common Mistakes:"

W1_T2=T1 "Assuming temperature remains constant”
W2_T2=TEMPERATURE(Steam_IAPWS, x=0,P=P2) "Saturation temperature at P2"
W3_T2=TEMPERATURE(Steam_IAPWS, x=0,P=P2) "Saturation temperature at P1"
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7-243 An apple with an average mass of 0.15 kg and average specific heat of 3.65 kJ/kg.°C is cooled from
20°C to 5°C. The entropy change of the apple is

(a) —0.0288 kJ/K (b) -0.192 kJ/K () -0.526 kI/K (d) 0 kI/K (e) 0.657 kJ/K
Answer (a) —0.0288 kJ/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

C=3.65 "kJ/kg.K"

m=0.15 "kg"

T1=20"C"

T2=5"C"
S_change=m*C*In((T2+273)/(T1+273))

"Some Wrong Solutions with Common Mistakes:"
W1_S_change=C*In((T2+273)/(T1+273)) "Not using mass"
W2_S_change=m*C*In(T2/T1) "Using C"
W3_S_change=m*C*(T2-T1) "Using Wrong relation”

7-244 A piston-cylinder device contains 5 kg of saturated water vapor at 3 MPa. Now heat is rejected from
the cylinder at constant pressure until the water vapor completely condenses so that the cylinder contains
saturated liquid at 3 MPa at the end of the process. The entropy change of the system during this process is

(a) 0 kJ/K (b) -3.5kJ/K (c) -12.5kJ/K (d) -17.7kI/K (e) -19.5kJ/K
Answer (d) -17.7 kJ/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=3000 "kPa"

m:5 "kg"

s_fg=(ENTROPY(Steam_IAPWS,P=P1,x=1)-ENTROPY (Steam_IAPWS,P=P1,x=0))
S_change=-m*s_fg "kJ/K"
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7-245 Helium gas is compressed from 1 atm and 25°C to a pressure of 10 atm adiabatically. The lowest
temperature of helium after compression is

(a) 25°C (b) 63°C (c) 250°C (d) 384°C (e) 476°C
Answer (e) 476°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=1.667

P1=101.325 "kPa"

T1=25"C"

P2=10*101.325 "kPa"

"s2=s1"

"The exit temperature will be lowest for isentropic compression,”
T2=(T1+273)*(P2/P1)"((k-1)/k) "K"

T2_C=T2-273"C"

"Some Wrong Solutions with Common Mistakes:"

W1 T2=T1 "Assuming temperature remains constant"
W2_T2=T1*(P2/P1)*((k-1)/k) "Using C instead of K"

W3 _T2=(T1+273)*(P2/P1)-273 "Assuming T is proportional to P"
W4 _T2=T1*(P2/P1) "Assuming T is proportional to P, using C"

7-246 Steam expands in an adiabatic turbine from 8 MPa and 500°C to 0.1 MPa at a rate of 3 kg/s. If steam
leaves the turbine as saturated vapor, the power output of the turbine is

(a) 2174 kW (b) 698 kW (c) 2881 kW (d) 1674 kW (e) 3240 kW
Answer (a) 2174 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=8000 "kPa"

T1=500 "C"

P2=100 "kPa"

x2=1

m=3 "kg/s"

h1=ENTHALPY (Steam_IAPWS,T=T1,P=P1)
h2=ENTHALPY (Steam_IAPWS, x=x2,P=P2)
W_out=m*(h1-h2)

"Some Wrong Solutions with Common Mistakes:"
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1)
h2s=ENTHALPY(Steam_IAPWS, s=s1,P=P2)
W1_Wout=m*(h1-h2s) "Assuming isentropic expansion"
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7-247 Argon gas expands in an adiabatic turbine from 3 MPa and 750°C to 0.2 MPa at a rate of 5 kg/s. The
maximum power output of the turbine is

(a) 1.06 MW (b) 1.29 MW (c) 1.43 MW (d) 1.76 MW (e) 2.08 MW
Answer (d) 1.76 MW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=0.5203

k=1.667

P1=3000 "kPa"
T1=750+273 "K"

m=5 "kg/s"

P2=200 "kPa"

"s2=g81"
T2=T1*(P2/P1)"((k-1)/k)
W_max=m*Cp*(T1-T2)

"Some Wrong Solutions with Common Mistakes:"
Cv=0.2081"kJ/kg.K"

W1_Wmax=m*Cv*(T1-T2) "Using Cv"
T22=T1*(P2/P1)*((k-1)/k) "Using C instead of K"
W2_Wmax=m*Cp*(T1-T22)

W3_Wmax=Cp*(T1-T2) "Not using mass flow rate"
T24=T1*(P2/P1) "Assuming T is proportional to P, using C"
W4_Wmax=m*Cp*(T1-T24)

7-248 A unit mass of a substance undergoes an irreversible process from state 1 to state 2 while gaining
heat from the surroundings at temperature T in the amount of q. If the entropy of the substance is S, at state
1, and s, at state 2, the entropy change of the substance AS during this process is

(a) As<s,—5; (b) As>s,—5 (c) As=s,-5 (d)As=s,—-5,+q/T
(e) As>s,—s; +¢/T

Answer (c) As=8,—5;

7-249 A unit mass of an ideal gas at temperature T undergoes a reversible isothermal process from pressure
P, to pressure P, while loosing heat to the surroundings at temperature T in the amount of q. If the gas
constant of the gas is R, the entropy change of the gas As during this process is

(a) As=RIn(P,/P))  (b)As=RIn(Py/P))-g¢/T  (c)As =R In(P,/P,) (d) As =R In(P,/P,)-q/T
() As= 0

Answer (c) As =R In(P,/P5)
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7-250 Air is compressed from room conditions to a specified pressure in a reversible manner by two
compressors: one isothermal and the other adiabatic. If the entropy change of air is AS;y,, during the
reversible isothermal compression, and AS,q;, during the reversible adiabatic compression, the correct
statement regarding entropy change of air per unit mass is

(a) Asisot: ASadia:O (b) Asisot: ASadia>0 (C) Asadia> 0 (d) ASisot <0 (e) Asisot: 0

Answer (d) ASis, <0

7-251 Helium gas is compressed from 15°C and 5.4 m’/kg to 0.775 m*/kg in a reversible adiabatic manner.
The temperature of helium after compression is

(a) 105°C (b) 55°C (c) 1734°C (d) 1051°C (e) 778°C
Answer (e) 778°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=1.667

v1=5.4 "m"3/kg"

T1=15"C"

v2=0.775 "m”3/kg"

"s2=s1"

"The exit temperature is determined from isentropic compression relation,"
T2=(T1+273)*(viiv2)*(k-1) "K"

T2 C=T2-273"C"

"Some Wrong Solutions with Common Mistakes:"

W1 T2=T1 "Assuming temperature remains constant"
W2_T2=T1*(viiv2)"(k-1) "Using C instead of K"
W3_T2=(T1+273)*(v1/v2)-273 "Assuming T is proportional to v"
W4_T2=T1*(v1/v2) "Assuming T is proportional to v, using C"
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7-252 Heat is lost through a plane wall steadily at a rate of 600 W. If the inner and outer surface
temperatures of the wall are 20°C and 5°C, respectively, the rate of entropy generation within the wall is

(a) 0.11 W/K (b) 421 W/K (c) 2.10 W/K (d)42.1 WK (e) 90.0 W/K
Answer (a) 0.11 W/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Q=600 "W"

T1=20+273 "K"

T2=5+273 "K"

"Entropy balance S_in - S_out + S_gen= DS_system for the wall for steady operation gives"
Q/T1-Q/T2+S_gen=0 "W/K"

"Some Wrong Solutions with Common Mistakes:"
Q/(T1+273)-Q/(T2+273)+W1_Sgen=0 "Using C instead of K"
W2_Sgen=Q/((T1+T2)/2) "Using avegage temperature in K"
W3_Sgen=Q/((T1+T2)/2-273) "Using avegage temperature in C"
W4 _Sgen=Q/(T1-T2+273) "Using temperature difference in K"

7-253 Air is compressed steadily and adiabatically from 17°C and 90 kPa to 200°C and 400 kPa. Assuming
constant specific heats for air at room temperature, the isentropic efficiency of the compressor is

(a) 0.76 (b) 0.94 () 0.86 (d) 0.84 (e) 1.00
Answer (d) 0.84

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=1.005 "kJ/kg.K"

k=1.4

P1=90 "kPa"

T1=17"C"

P2=400 "kPa"

T2=200 "C"
T2s=(T1+273)*(P2/P1)"((k-1)/k)-273
Eta_comp=(Cp*(T2s-T1))/(Cp*(T2-T1))

"Some Wrong Solutions with Common Mistakes:"

T2sW1=T1*(P2/P1)"((k-1)/k) "Using C instead of K in finding T2s"
W1_Eta_comp=(Cp*(T2sW1-T1))/(Cp*(T2-T1))

W2_Eta_comp=T2s/T2 "Using wrong definition for isentropic efficiency, and using C"
W3_Eta_comp=(T2s+273)/(T2+273) "Using wrong definition for isentropic efficiency, with K"

PROPRIETARY MATERIAL. © 2008 The McGraw-Hill Companies, Inc. Limited distribution permitted only to teachers and
educators for course preparation. If you are a student using this Manual, you are using it without permission.




7-209

7-254 Argon gas expands in an adiabatic turbine steadily from 500°C and 800 kPa to 80 kPa at a rate of 2.5
kg/s. For an isentropic efficiency of 80%, the power produced by the turbine is

(a) 194 kW (b) 291 kW (c) 484 kW (d) 363 kW (e) 605 kW
Answer (c) 484 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=0.5203 "kJ/kg-K"

k=1.667

m=2.5 "kg/s"

T1=500"C"

P1=800 "kPa"

P2=80 "kPa"
T2s=(T1+273)*(P2/P1)"((k-1)/k)-273
Eta_turb=0.8
Eta_turb=(Cp*(T2-T1))/(Cp*(T2s-T1))
W_out=m*Cp*(T1-T2)

"Some Wrong Solutions with Common Mistakes:"

T2sW1=T1*(P2/P1)"((k-1)/k) "Using C instead of K to find T2s"
Eta_turb=(Cp*(T2W1-T1))/(Cp*(T2sW1-T1))

W1_Wout=m*Cp*(T1-T2W1)

Eta_turb=(Cp*(T2s-T1))/(Cp*(T2W2-T1)) "Using wrong definition for isentropic efficiency, and
using C"

W2_Wout=m*Cp*(T1-T2W2)

W3_Wout=Cp*(T1-T2) "Not using mass flow rate"

Cv=0.3122 "kJ/kg.K"

W4_Wout=m*Cv*(T1-T2) "Using Cv instead of Cp"
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7-255 Water enters a pump steadily at 100 kPa at a rate of 35 L/s and leaves at 800 kPa. The flow
velocities at the inlet and the exit are the same, but the pump exit where the discharge pressure is measured
is 6.1 m above the inlet section. The minimum power input to the pump is

(a) 34 kW (b) 22 kW (c) 27 kW (d) 52 kW (e) 44 kW
Answer (c) 27 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V=0.035 "m"3/s"

9=9.81 "m/s"2"

h=6.1"m"

P1=100 "kPa"

T1=20"C"

P2=800 "kPa"

"Pump power input is minimum when compression is reversible and thus w=v(P2-P1)+Dpe"
v1=VOLUME(Steam_IAPWS,T=T1,P=P1)

m=V/vl

W_min=m*v1*(P2-P1)+m*g*h/1000 "kPa.m"3/s=kW"

"(The effect of 6.1 m elevation difference turns out to be small)"

"Some Wrong Solutions with Common Mistakes:"

W1 Win=m*v1*(P2-P1) "Disregarding potential energy"
W2_Win=m*v1*(P2-P1)-m*g*h/1000 "Subtracting potential energy instead of adding"
W3_Win=m*v1*(P2-P1)+m*g*h "Not using the conversion factor 1000 in PE term"
W4_Win=m*v1*(P2+P1)+m*g*h/1000 "Adding pressures instead of subtracting"
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7-256 Air at 15°C is compressed steadily and isothermally from 100 kPa to 700 kPa at a rate of 0.12 kg/s.
The minimum power input to the compressor is

(a) 1.0 kW (b) 11.2kW (c) 25.8 kW (d) 19.3 kW (e) 161 kW
Answer (d) 19.3 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=1.005 "kJ/kg.K"

R=0.287 "kJ/kg.K"

Cv=0.718 "kJ/kg.K"

k=1.4

P1=100 "kPa"

T=15"C"

m=0.12 "kg/s"

P2=700 "kPa"
Win=m*R*(T+273)*In(P2/P1)

"Some Wrong Solutions with Common Mistakes:"
W1_Win=m*R*T*In(P2/P1) "Using C instead of K"
W2_Win=m*T*(P2-P1) "Using wrong relation"
W3_Win=R*(T+273)*In(P2/P1) "Not using mass flow rate"

7-257 Air is to be compressed steadily and isentropically from | atm to 25 atm by a two-stage compressor.
To minimize the total compression work, the intermediate pressure between the two stages must be

(a) 3 atm (b) 5 atm (c) 8 atm (d) 10 atm (e) 13 atm
Answer (b) 5 atm

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=1 "atm"
P2=25 "atm"
P_mid=SQRT(P1*P2)

"Some Wrong Solutions with Common Mistakes:"
W1_P=(P1+P2)/2 "Using average pressure"”
W2_P=P1*P2/2 "Half of product"
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7-258 Helium gas enters an adiabatic nozzle steadily at 500°C and 600 kPa with a low velocity, and exits at
a pressure of 90 kPa. The highest possible velocity of helium gas at the nozzle exit is

(a) 1475 m/s (b) 1662 m/s (c) 1839 m/s (d) 2066 m/s (e) 3040 m/s
Answer (d) 2066 m/s

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=1.667

Cp=5.1926 "kJ/kg.K"

Cv=3.1156 "kJ/kg.K"

T1=500"C"

P1=600 "kPa"

Vell=0

P2=90 "kPa"

"s2=g1 for maximum exit velocity"

"The exit velocity will be highest for isentropic expansion,”
T2=(T1+273)*(P2/P1)"((k-1)/k)-273 "C"

"Energy balance for this case is h+ke=constant for the fluid stream (Q=W=pe=0)"
(0.5*Vel172)/1000+Cp*T1=(0.5*Vel2/2)/1000+Cp*T2

"Some Wrong Solutions with Common Mistakes:"
T2a=T1*(P2/P1)"((k-1)/k) "Using C for temperature"
(0.5*Vel172)/1000+Cp*T1=(0.5*W1_Vel2"2)/1000+Cp*T2a
T2b=T1*(P2/P1)"((k-1)/k) "Using Cv"
(0.5*Vvel172)/1000+Cv*T1=(0.5*W2_Vel2/2)/1000+Cv*T2b
T2c=T1*(P2/P1)"k "Using wrong relation"
(0.5*Vel172)/1000+Cp*T1=(0.5*W3_Vel2"2)/1000+Cp*T2c
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7-259 Combustion gases with a specific heat ratio of 1.3 enter an adiabatic nozzle steadily at 800°C and
800 kPa with a low velocity, and exit at a pressure of 85 kPa. The lowest possible temperature of
combustion gases at the nozzle exit is

(a) 43°C (b) 237°C (c) 367°C (d)477°C (e) 640°C
Answer (c) 367°C

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

k=13

T1=800 "C"

P1=800 "kPa"

P2=85 "kPa"

"Nozzle exit temperature will be lowest for isentropic operation”
T2=(T1+273)*(P2/P1)"((k-1)/k)-273

"Some Wrong Solutions with Common Mistakes:"
W1_T2=T1*(P2/P1)"((k-1)/K) "Using C for temperature”
W2_T2=(T1+273)*(P2/P1)((k-1)/k) "Not converting the answer to C"
W3_T2=T1*(P2/P1)"k "Using wrong relation"

7-260 Steam enters an adiabatic turbine steadily at 400°C and 3 MPa, and leaves at 50 kPa. The highest
possible percentage of mass of steam that condenses at the turbine exit and leaves the turbine as a liquid is

(a) 5% (b) 10% (c) 15% (d) 20% (e) 0%
Answer (b) 10%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=3000 "kPa"

T1=400 "C"

P2=50 "kPa"

s2=sl
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1)
x2=QUALITY(Steam_IAPWS,s=s2,P=P2)
misture=1-x2

"Checking x2 using data from table"
x2_table=(6.9212-1.091)/6.5029
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7-261 Liquid water enters an adiabatic piping system at 15°C at a rate of 8 kg/s. If the water temperature
rises by 0.2°C during flow due to friction, the rate of entropy generation in the pipe is

(a) 23 W/K (b) 55 W/K (c) 68 W/K (d) 220 W/K (e) 443 W/K
Answer (a) 23 W/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=4180 "J/kg.K"

m=8 "kg/s"

T1l=15"C"

T2=15.2 "C"
S_gen=m*Cp*In((T2+273)/(T1+273)) "W/K"

"Some Wrong Solutions with Common Mistakes:"
W1_Sgen=m*Cp*In(T2/T1) "Using deg. C"

W2_Sgen=Cp*In(T2/T1) "Not using mass flow rate with deg. C"
W3_Sgen=Cp*In((T2+273)/(T1+273)) "Not using mass flow rate with deg. C"

7-262 Liquid water is to be compressed by a pump whose isentropic efficiency is 75 percent from 0.2 MPa
to 5 MPa at a rate of 0.15 m*/min. The required power input to this pump is

(a) 4.8 kW (b) 6.4 kW () 9.0 kW (d) 16.0 kW (e) 12.0 kW
Answer (d) 16.0 kW

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

V=0.15/60 "m"3/s"

rho=1000 "kg/m"3"

vl=1/rho

m=rho*V "kg/s"

P1=200 "kPa"

Eta_pump=0.75

P2=5000 "kPa"

"Reversible pump power input is w =mv(P2-P1) = V(P2-P1)"
W_rev=m*v1*(P2-P1) "kPa.m"3/s=kW"
W_pump=W_rev/Eta_pump

"Some Wrong Solutions with Common Mistakes:"

W1 _Wpump=W_rev*Eta_pump "Multiplying by efficiency"

W2_Wpump=W_rev "Disregarding efficiency"
W3_Wpump=m*v1*(P2+P1)/Eta_pump "Adding pressures instead of subtracting"
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7-263 Steam enters an adiabatic turbine at 8 MPa and 500°C at a rate of 18 kg/s, and exits at 0.2 MPa and
300°C. The rate of entropy generation in the turbine is

(a) 0 kW/K (b) 7.2 kW/K (c) 21 kW/K (d) 15 kW/K (e) 17 kW/K
Answer (c¢) 21 kW/K

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

P1=8000 "kPa"

T1=500 "C"

m=18 "kg/s"

P2=200 "kPa"

T2=300 "C"
s1=ENTROPY(Steam_IAPWS,T=T1,P=P1)
s2=ENTROPY(Steam_IAPWS, T=T2,P=P2)
S_gen=m*(s2-s1) "kW/K"

"Some Wrong Solutions with Common Mistakes:"
W1_Sgen=0 "Assuming isentropic expansion"
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7-264 Helium gas is compressed steadily from 90 kPa and 25°C to 600 kPa at a rate of 2 kg/min by an
adiabatic compressor. If the compressor consumes 70 kW of power while operating, the isentropic
efficiency of this compressor is

(@) 56.7% (b) 83.7% (c) 75.4% (d) 92.1% (e) 100.0%
Answer (b) 83.7%

Solution Solved by EES Software. Solutions can be verified by copying-and-pasting the following lines on
a blank EES screen. (Similar problems and their solutions can be obtained easily by modifying numerical
values).

Cp=5.1926 "kJ/kg-K"
Cv=3.1156 "kJ/kg.K"
k=1.667

m=2/60 "kg/s"

T1=25"C"

P1=90 "kPa"

P2=600 "kPa"
W_comp=70 "kW"
T2s=(T1+273)*(P2/P1)"((k-1)/k)-273
W_s=m*Cp*(T2s-T1)
Eta_comp=W_s/W_comp

"Some Wrong Solutions with Common Mistakes:"
T2sA=T1*(P2/P1)"((k-1)/k) "Using C instead of K"

W1_Eta_comp=m*Cp*(T2sA-T1)/W_comp
W2_Eta_comp=m*Cv*(T2s-T1)/W_comp "Using Cv instead of Cp"
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