4-93

4-131 A cylinder is initially filled with helium gas at a specified state. Helium is compressed polytropically to a specified

temperature and pressure. The heat transfer during the process is to be determined.

Assumptions 1 Helium is an ideal gas with constant specific heats. 2 The cylinder is stationary and thus the kinetic and
potential energy changes are negligible. 3 The thermal energy stored in the cylinder itself is negligible. 4 The compression

or expansion process is quasi-equilibrium.

Properties The gas constant of helium is R = 2.0769 kPa.m’/kg.K (Table A-1). Also, ¢, = 3.1156 kJ/kg.K (Table A-2).

Analysis The mass of helium and the exponent n are determined to be

PV, 150 kPa )0.5 m*
m= ( a})( m ) =0.123 kg
RT, (20769 kPa-m®/kg-K [293 K)

PV, PV T,P,

i BV, Ly DAy, 43K 150KPR s 0264 m®

RT,  RT, T,P, ' 293K 400 kPa
P v 5

RV =PV —> 2 |=|+ —>—400=(—05 j ——> n=1.536
P\, 150 0.264

Then the boundary work for this polytropic process can be determined from

2 - —_—
Woin = —I pay = DYa— AV _mR(T,-T,)
: 1 — L5
__ (0.123 kg)(2.07619 klj/;<3g6 K)(413 - 293)K e

PV

He

C

We take the contents of the cylinder as the system. This is a closed system since no mass enters or leaves. Taking the
direction of heat transfer to be to the cylinder, the energy balance for this stationary closed system can be expressed as

Ein - Eout = AE,

system

[
Net energy transfer

. L
Change in internal, kinetic,
by heat, work, and mass

potential, etc. energies
On +Woin =AU = m(uy —uy)
O =muy —uy) =Wy
=mcy (T, =) —Wy i
Substituting,

O = (0.123 kg)(3.1156 kl/kg-K)(413 - 293)K - (57.2 kJ) = -11.2 kJ

The negative sign indicates that heat is lost from the system.
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4-103

4-143 A well-insulated room is heated by a steam radiator, and the warm air is distributed by a fan. The average
temperature in the room after 30 min is to be determined.

Assumptions 1 Air is an ideal gas with constant specific heats at room temperature. 2 The kinetic and potential energy
changes are negligible. 3 The air pressure in the room remains constant and thus the air expands as it is heated, and some
warm air escapes.

Properties The gas constant of air is R = 0.287 kPa.m’/kg.K (Table A-1). Also, ¢, = 1.005 kJ/kg.K for air at room
temperature (Table A-2).

Analysis We first take the radiator 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 = AEsystem
—_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
— QO =AU =m(uy —u;) (since = KE = PE = 0) 10°C
— X X
Out = m(uy — ) 4mx4mx5S5m

Using data from the steam tables (Tables A-4 through A-6), some

properties are determined to be — s g Steam
P, =200 kPa }Vl =1.08049 m> /kg = radiator
T, =200°C | u, = 2654.6 kl/kg =
P, =100 kPa }uf =0.001043, v, =1.6941m’/kg «— 5
(v, =v)) u, =417.40, u, =2088.2 kl/kg

Vy =V, 1.08049-0.001043
Vi 1.6941-0.001043

Uy =uy+xyuz =417.40+0.6376x2088.2 =1748.7 kl/kg
v 0.015m?
m=-t= 2T =00139 kg
vy 1.08049 m”/kg
Substituting, Oou = (0.0139 kg)(2654.6 — 1748.7)kJ/kg = 12.58 kJ
The volume and the mass of the air in the room are /= 4x4x5 = 80 m> and
RV _ (100 kPa )80 m’)
RT;  (0.2870 kPa-m*/kg - K [283 K)

=0.6376

x2:

=98.5kg

My

The amount of fan work done in 30 min is
Weanin = Wfan,inAt =(0.120kJ/s)(30x 605s) = 216k]J
We now take the air in the room as the system. The energy balance for this closed system is expressed as
Ey, —Eqgy = AEsystem
O + Weanjn = Woou = AU
O + Weanjn = AH = mc (T, - 1))

since the boundary work and AU combine into AH for a constant pressure expansion or compression process. It can also be
expressed as

(Qin + I/i/fan,in )At = mcp,avg(TZ - Ti)
Substituting,  (12.58 kJ) + (216 kJ) = (98.5 kg)(1.005 kJ/kg°C)(T> - 10)°C
which yields

T,=12.3°C

Therefore, the air temperature in the room rises from 10°C to 12.3°C in 30 min.
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5-190 Water is to be heated steadily from 20°C to 55°C by an electrical resistor inside an insulated pipe. The power rating
of the resistance heater and the average velocity of the water are 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
Amgy =0 and AEy, =0.2 Water is an incompressible substance with constant specific heats. 3 The kinetic and potential
energy changes are negligible, Ake = Ape = 0. 4 The pipe is insulated and thus the heat losses are negligible.

Properties The density and specific heat of water at room temperature are p = 1000 kg/m’ and ¢ =4.18 kJ/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. Also, there is only one inlet and one exit and thus m; =m, =m. The energy balance for this steady-flow system

can be expressed in the rate form as
. _______________________________ |

2 - . &0 (steady) _
Ein - Eout AEsystem =0 WATER
R :
Rate of netenergy transfer  Rate of change in internal, kinetic, 30 L/min S D=5cm
by heat, work, and mass potential, etc. energies
Ein = Eout
W, i, +Mhy =mh, (since Q,, = Ake = Ape = 0) W,

Wi = i, —hy) = m{e(T, =T,) + vAP 0] = me(T, ~T))
The mass flow rate of water through the pipe is
= p¥;, = (1000 kg/m*)(0.030 m*/min) = 30 kg/min
Therefore,
V\'Ie,in =mc(T, —T,) = (30/60 kg/s)(4.18 kJ/kg-" C)(55-20)"C =73.2 KW
(b) The average velocity of water through the pipe is determined from

v_Y_V _0030m’min

=—=—= > =15.3m/min
A o 7(0.025 m)
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5-164

5-195 The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an aftercooler is
considered. The temperature of the air at the compressor outlet and the minimum flow rate of ambient air are to be
determined.

Air

Assumptions 1 All processes are steady since there is no
change with time. 2 Kinetic and potential energy changes are
negligible. 3 Air properties are used for exhaust gases. 4 Air is
an ideal gas with constant specific heats. 5 The mechanical Turbine Compressor
efficiency between the turbine and the compressor is 100%.

6 All devices are adiabatic. 7 The local atmospheric pressure is

100 kPa. Exhaust

Properties The constant pressure specific heats of exhaust gases Aftercooler
gases, warm air, and cold ambient air are taken to be ¢, = Cold air I .
1.063, 1.008, and 1.005 kJ/kg-K, respectively (Table A-2b).

Analysis (a) An energy balance on turbine gives l

Wir = Mo € pext (Texnt — Texnz )= (0.02 ke/s)(1.063 k/kg - K)(400 ~350)K = 1.063 kW

This is also the power input to the compressor since the mechanical efficiency between the turbine and the compressor is
assumed to be 100%. An energy balance on the compressor gives the air temperature at the compressor outlet

V\.IC = man,a (Ta,2 _Ta,l)
1.063 kW = (0.018 kg/s)(1.008 kJ/kg - K)(T,, —50)K ——T,, =108.6 °C
(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air
macp,a (Ta,Z _Ta,3) = mcacp,ca (Tca,Z _Tca,l)
(0.018 kg/s)(1.008 kJ/kg - °C)(108.6 —80)°C = m, (1.005 kJ/kg - °C)(40 —30)°C
m,, =0.05161kg/s

The volume flow rate may be determined if we first calculate specific volume of cold ambient air at the inlet of aftercooler.
That is,

L, _RT _ (0287 LJ/kg-K)(30+273K)

= 0.8696 m°/k
a4 p 100 kPa &

V., =mv,, =(0.05161kg/s)(0.8696 m*/kg) = 0.0449 m3/s =44.9L/s
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7-118

7-163 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 < Ty @ 200 kea = 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 } by =, g =293.07 kilkg

T, =70°C  [8128; 400 =09551Kikg K

C 70°C.
3.6 kg/s

P, =200 kPa } h, = hf@zooC =83.91kl/kg H,O sooc

T, =20°C S2 =S¢ unoc = 0.2965 kJ/kg - K 200 kPa H@
Py=200kPa| hs=h ... =17590ki/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

- 2 5 . .
= AE 0 teady) g 5 my +rhy =my

Mass balance: m, —m System

out

Energy balance:

- : _ - 20 (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
Ein = Eout

mh, +m,h, =m;h, (since Q =W = Ake = Ape = 0)
Combining the two relations gives
by + myh, = (i, +my )y
Solving for m, and substituting, the mass flow rate of cold water stream is determined to be

oo _hiohy (29307 -175.90)kI/ke
>Thy—h, ' (175.90-83.91)kl/kg

(3.6 kg/s) =4.586 kg/s

Also, My =M, +mM, =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
\q/_—J [ S—— | S —

Rate of net entropy transfer ~ Rate of entropy ~ Rate of change

by heat and mass generation of entropy

m;s; + m,s, —M;s; + Sgcn =0
Substituting, the total rate of entropy generation during this process becomes
Sgen = M3S3 —IM,s; —Ms,

= (8.186 kg/s}0.5990 kJ/kg - K )—(4.586 kg/s)(0.2965 ki/kg-K)— (3.6 kg/s)0.9551 ki/kg - K)
=0.1054 kW/K
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7-163

7-209 Air is expanded by an adiabatic turbine with an isentropic efficiency of 85%. The outlet temperature, the work
produced, and the 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 device is adiabatic and thus heat transfer is negligible. 4 Air is an ideal gas with constant specific heats.

Properties The properties of air at the anticipated average temperature of 400

K are ¢, = 1.013 kJ/kg-°C and k = 1.395 (Table A-2b). Also, R = 0.287 ? ! f23(2) 012’[5 a
kJ/kg-K (Table A-2a). e
Analysis We take the turbine as the system, which is a control volume since
mass crosses the boundary. Noting that one fluid stream enters and leaves the
turbine, the energy balance for this steady-flow system can be expressed in __d
the rate form as
- - - J0 (stead
Ein - Eout AEsystem (steady) =0
Rate of net energy transfer Ratemetic
by heat, work, and mass potentifl, etc. energies ' P,=200 kPa
Ein = Eout
mh, =W, ., + mh, (since Q = Ake = Ape = 0)
. ’ T
Waou =My —hy)=mec, (T, -T,)
2 MPa

The isentropic exit temperature is

2200 kPa

P (k=1)/k
Ty =T, {%J =(300+ 273 K)(

0.395/1.395
MJ ~290.6 K
1

From the definition of the isentropic efficiency,

Wy ut =17 W ou =777 Cp (T) = Tag) = (0.90)(1.013 ki/kg - K)(573 — 290.6)K = 257.5 kJ/kg

The actual exit temperature is then

_257.5kI/kg
1.013kJ/kg - K

— _ Wa,out _ Wa,out _ _
Wa,out _Cp(Tl _TZa)—_>T2a _Tl - c —T1 —C——573K =318.8K
p p

The rate of entropy generation in the turbine is determined by applying the rate form of the entropy balance on the turbine:

: 2 3 _Ad &0 (steady)
S in Sout + Sgen =AS system
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS; —MyS, + Sy, =0 (since Q=0)
S.gen = m(SZ - Sl)

Sgen =55

Then, from the entropy change relation of an ideal gas,

T2 P2
Sgen =52 —=S; =CpIn—=-Rln—
1 1

(1013 kI/kg - K)ln 283K _ 0287 1/kg - Ky 200 KP2
573K 2200 kPa

=0.0944 kJ/kg -K
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7-215 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 kJ/kg-K Steam + | MPa
h, =h 762.51 kl/k o 200°C
P, =1MPa 2@ ; 138.1 Wk gK Lo Feedwater
S, =Stq =2. .
sat. liquid | 2 f@MPe g -0
T, =179.88°C 2.5
MPa
P,=25MPa| hy= hf@50°C =209.34 kl/kg /
T, =50°C Sy = sf@50°C =0.7038 kJ/kg-K
(9 -
P, =2.5MPa hy, = hf@170°C =719.08 kJ/kg
T,=T,-10°C=170°C S4;Sf@1709c:2.0417 kl/kg-K +
Analysis (a) We take the heat exchanger as the system, which is a ©)
control volume. The mass and energy balances for this steady-flow sat. liquid

system can be expressed in the rate form as follows:

Mass balance (for each fluid stream):

20 (steady)

min _mout :Amsystem =0—> min =1 out n.’]l = m2 = ms and m3 = m4 = mfw

Energy balance (for the heat exchanger):

- . _ - 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
Ein = Eout

ryhy + mMshy = ryh, +myh, (since Q =W = Ake = Ape = 0)
Combining the two, mg(h, —h,)=m fw(h3 ~h,)

Dividing by my, and substituting,

ms  h,—hy (719.08-209.34)ki/kg
Mg h —h, (2828.3-762.51)kJ/kg

(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

S.in - S.out + S.gen = AS system&’o =0

— —_— —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

Mg (S; =85)+ Mgy (S3=84) +Sgen =0
Seer M
=5 (s, —5)+(s4 —53)=(0.247)2.1381-6.6956)+(2.0417 - 0.7038)
My, Mey

=0.213 kJ/K per kg of feedwater
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7-226 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
Amey, =0 and AE., =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 ¢=4.18
kJ/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

. . B . 20 (steady) B .
Ein - Eout - AEsystem e =0 - Ein - Eout
Rate of net energy transfer  Rate of change in internal, kinetic,
by heat, work, and mass potential, etc. energies
W, ;, +mhy =mh, (since Ake = Ape = 0) WATER
. . . ) s o
W, = m(h, —hy) = (T, = T)) 16°€ 43°C

where

m= pV = (1 kg/L)(lO 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,
. . . . &0
Sin - Sout + Sgen = ASsystem =0

A — —
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy

Ms; —Ms, + S,q, = 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 kJ/kg - K)n
en < ( gis) g-K) K

. =0.0622 kJ/K
1

(b) The energy recovered by the heat exchanger is

Quved = €Qmax = EMC(Toax = Tin ) = 0.5(10/60 kg/s)4.18 kl/kg - °C)39 —16C = 8.0 kJ/s = 8.0 kW

m

Therefore, 8.0 kW less energy is needed in this case, and the required electric power in this case reduces to

w =Wip o1d — Quaveq = 18.8—8.0=10.8 KW

in,new

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

Q = mC(Tc,out _Tc,in)
Substituting,

8 kJ/s = (10/60 kg/s)(4.18 ki/kg-" C)(T, o —16°C)

It yields
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7-188
T

c,out

=27.5°C =300.5K

The rate of entropy generation in the heating section in this case is determined similarly to be

. T 316 K
S gen = Mcln -2 = (10/60 kg/s}4.18 ki/kg - K) In———— = 0.0350 kJ/K
T 300.5K

gen
1

Thus the reduction in the rate of entropy generation within the heating section is

S =0.0622 — 0.0350 = 0.0272 KW/K

reduction
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8-31 Steam and R-134a at the same states are considered. The fluid with the higher exergy content is to be identified.

Assumptions Kinetic and potential energy changes are negligible.

Analysis The properties of water at the given state and at the dead state are

u = 2594.7 kl/kg

P =800 kPa 3 Steam
v=024720m’/kg  (Table A-6)

T =180°C 1 kg
s=6.7155kJ/kg-K 800 kPa
Uy =1 g ysee =104.83kI/k 180°C

Ty =25°C e 0.001003 g3’/k (Table A - 4)
Vg EV, oc = U m able A -

Py=100kpa| ° /@€ s

5o =S r@asec =0.3672kl/kg-K

The exergy of steam is

@ = mlu—uy + Py(v—vy) =Ty (s —so)]

(2594.7—104.83)kJ/ke + (100 kPa)(0.24720 — 0.001003)m > /kg| —
g g ;

=(lkg) 1kPa-m
— (298 K)(6.7155—0.3672)kJ/kg -K
=622.7kJ
For R-134a;
u = 386.99 k/kg
P =800kPa ;
v=0.044554m3/kg  (Table A -13)
T =180°C R-134
s =1.3327kJ/kg-K 'k a
~ _ g
T, = 25°C Ug ZUpgosec =85.85kl/kg 3 800 kPa
Vo 2V 450500 =0.0008286 m~/k; Table A-11 °
P, =100kPa| °~ /@€ g ( ) 180°C

S0 =8 gasc = 032432 kI/kg K
® = mlu—ug + Py (v—vy) =Ty (s—5)]

(386.99 —85.85)kJ/kg + (100 kPa)(0.044554 — 0.0008286)m3/kg(i3]

=(1kg) 1kPa-m
— (298 K)(1.3327-0.32432)kJ/kg -K

=5.02kJ

The steam can therefore has more work potential than the R-134a.
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8-32 A cylinder is initially filled with R-134a at a specified state. The refrigerant is cooled and condensed at constant
pressure. The exergy of the refrigerant at the initial and final states, and the exergy destroyed during this process are to be
determined.

Assumptions The kinetic and potential energies are negligible.
Properties From the refrigerant tables (Tables A-11 through A-13),

v, =0.034875m" / kg
u; =274.01kJ/kg

P, =0.7MPa }
s, =1.0256 kJ/kg-K

T, = 60°C

2 =V @asec =0.0008261m” /kg R-134a

0.7 MPa

v
P, =0.7MPa

Uy ZU g ouec = 8444 KI/k -
T, = 24°C 2 Slj@aucc g P = const. 0
S3 =S r@auec = 0.31958kl/kg-K
v, =0.23718m’ / kg
P, =0.1MPa
uy =251.84kJ/kg
T, =24°C

5o =1.1033kJ/kg-K

Analysis (a) From the closed system exergy relation,
Xy =@y =mi(uy —ug) =Ty (51 = 59) + Py (v1 =¥}
= (5kg){(274.01-251.84) kl/kg — (297 K)(1.0256-1.1033) kJ/kg - K

+ (100 kPa)(0.034875-0.2371 8)m3 /kg(LJ}
1kPa-m

=125.1 kJ
and
Xy =@y =mi(uy —1g) =Ty (s, =)+ Py (vy —v,)}

= (5kg){(84.44 —251.84) kl/kg - (297 K)(0.31958 —1.1033) ki/kg - K

+ (100 kPa)(0.0008261—-0.2371 8)m3/kg(&3j}
1kPa-m

=208.6 kJ

(b) The reversible work input, which represents the minimum work input Wi, ;, in this case can be determined from the
exergy balance by setting the exergy destruction equal to zero,

&0 (reversibk) _
Xin - Xout - Xdestroyed =AX,

system
— —
Netexergy trasfer Exergy Change
by heat, work,and mass destruction in exergy
W ein = X — X, =2086-125.1=83.5k]

Noting that the process involves only boundary work, the useful work input during this process is simply the boundary
work in excess of the work done by the surrounding air,

Wyin =Win =W, =W, —bB W, -V,)=PWV, -V,)-Fm(v| —v,)

surr,in
=m(P-Fy)(v, —v,)

= (5kg)(700-100 kPa)(0.034875 —0.0008261 m> / kg)( 1kJ

—3j =102.1kJ
1

kPa-m

Knowing both the actual useful and reversible work inputs, the exergy destruction or irreversibility that is the difference
between the two is determined from its definition to be

XdCStTOyCd = I = Wu’]’n _Wrev,in = 1021_83.5 = 18.6 kJ
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8-26

8-41 An insulated tank contains CO, gas at a specified pressure and volume. A paddle-wheel in the tank stirs the gas, and
the pressure and temperature of CO, rises. The actual paddle-wheel work and the minimum paddle-wheel work by which
this process can be accomplished are to be determined.

Assumptions 1 At specified conditions, CO, can be treated as an ideal gas with
constant specific heats at the average temperature. 2 The surroundings
temperature is 298 K.

Properties The gas constant of CO, is 0.1889 kJ/kg-K (Table A-1)

Analysis (a) The initial and final temperature of CO, are 1.2m’
2.13 kg
PV, 2m?
y el LA (100 kPa)(1.2m 3) =2982K CO,
mR  (2.13kg)(0.1889kPa-m” /kg-K) 100 kPa
PV, 120kPa)(1.2m>
T, =22 = (20 kPa)(1.2m’) =357.9K

mR  (2.13kg)(0.1889kPa-m? /kg-K)

Tpe = (T, +T5)/2=(298.2+357.9)/ 2 =328 K —> ¢, 4 = 0.684 kl/kg-K (Table A-25)

v,avg
The actual paddle-wheel work done is determined from the energy balance on the CO gas in the tank,

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 = AE system
_—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies
pr,in =AU = me,, (TZ _Tl )

or

Win = (2.13kg)(0.684kJ/kg - K)(357.9~298.2)K = 87.0kJ

(b) The minimum paddle-wheel work with which this process can be accomplished is the reversible work,

which can be determined from the exergy balance by setting the exergy destruction equal to zero,

70 (reversibk) _ _
Xin - Xout - Xdestroyed - A‘Xvsystem - VI/[’GV,il’l - XZ - Xl
Netexergy trasfer Exergy Change

by heat, work,and mass destruction in exergy

Substituting the closed system exergy relation, the reversible work input for this process is determined to be

Wrasin = (s 1) ~Ty (53 —50)+ By (S —o)]
= ey g (Ty =T) =Ty (55 —51)]
— (2.13kg)[(0.684 kI/kg - K)(357.9— 298.2)K — (298.2)(0.1253 kl/kg - K)]
=7.74 kJ

since

3579K
298.2K

T
S,—8;=c lnTz+Ran—2<:90 :(0.684kJ/kg-K)ln(

- ~v,av
¢ 1 Y1

) =0.1253kJ/kg-K
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8-49 Carbon steel balls are to be annealed at a rate of 2500/h by heating them first and then allowing them to cool slowly in
ambient air at a specified rate. The total rate of heat transfer from the balls to the ambient air and the rate of exergy
destruction due to this heat transfer are to be determined.

Assumptions 1 The thermal properties of the balls are constant. 2 There are no changes in kinetic and potential energies. 3
The balls are at a uniform temperature at the end of the process.

Properties The density and specific heat of the balls are given to be p = 7833 kg/m® and ¢, = 0.465 kl/kg.°C.
Analysis (a) We take a single ball as the system. The energy balance for this closed system can be expressed as
Ein - Eout = AE

i(
system
Net energy transfer Change in internal, kinetic, Ajr, 35°C
by heat, work, and mass potential, etc. energies Furnace T
— Oyt = AUy = m(uy — ;) SO0 C Steel ball  100PC

Qout = mcp(Tl _T2)

The amount of heat transfer from a single ball is

3 3
L) m:o.oozmkg

m=pV = P (7833 kg/m*?)
Qo =mc,(T) —T,) = (0.0021kg)(0.465 kJ/kg.°C)(900—-100)°C = 781J = 0.781k]J (per ball)
Then the total rate of heat transfer from the balls to the ambient air becomes
Ouut = Mg Qout = (1200 balls/h)x (0.781kJ/ball) = 936 ki/h = 260 W

(b) The exergy destruction (or irreversibility) can be determined from its definition Xyeswoyed = T0Sgen- 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 35°C at all times:

system

Sin_Sout + Sgen =AS
——

—— —
Net entropy transfer Entropy Change

byheatandmass  generation  in entropy
—QTL:‘+Sgen =ASigem > Sgen = QT‘;L“ +AStem
where
ASysiem =m(sy —51) =mc, ln% =(0.00210kg)(0.465 kJ/kg.K)ln% =-0.00112kJ/K
Substituting,
Soen = % +AS ygem = % —0.00112kJ/K =0.00142 kJ/K (per ball)

b

Then the rate of entropy generation becomes

Spen =8 Ay = (0.00142 kJ/K - ball)(1200 balls/h) =1.704 kJ/h.K = 0.000473 kW/K

gen gen
Finally,
X gestroyed = ToSgen = (308 K)(0.000473 kW/K) = 0.146 kW =146 W
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8-61 Steam expands in a turbine from a specified state to another specified state. The actual power output of the turbine is
given. The reversible power output and the second-law efficiency are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with time. 2 Potential energy change is negligible. 3
The temperature of the surroundings is given to be 25°C.

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

P, =6MPa | h; =3658.8kl/kg
T, =600°C | s, =7.1693 kl/kg -K

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

Analysis (b) There is only one inlet and one exit, and thus 7 = i, = . 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 - Eout = AE.‘system7I0 (sready) =0 80 m/s
N | S —
Rate of net energy transfer  Rate of change in internal, kinetic, 6 MPa
by heat, work, and mass potential, etc. energies 600°C
Ein = Eout . u/
(hy + V2 12) =W, +mi(hy +V312) ( STEAM —
. , VE-v; 5 MW
Substituting, 50 kPa
80 m/s)* —(140m/s) ( 1kI/k e
5000 kJ/s = i 3658.8— 2682.4 + SO ~ (140 m/s) ( e 2) 140 m/s
2 1000m~ /s

m=5.156 kg/s

The reversible (or maximum) power output is determined from the rate form of the exergy balance applied on the turbine
and setting the exergy destruction term equal to zero,

Y Y y 20 (reversibk) __ A Y 20 (steady) _
X in X out -X destroyed - system =0
-
Rateof netexergy transfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

rhl//l = I/i/rcv,out +7hl//2
Wevout = 1y =) = (b —hy) =Ty (s, = ) — Ake— Ape™]

rev,out
Substituting,

W Wout

rev,out —

= 5000 kW — (5.156 kg/s)(298 K)(7.1693 — 7.6953) kl/kg - K = 5808 kW

—mTy(s; —s;)

(b) The second-law efficiency of a turbine is the ratio of the actual work output to the reversible work,

W out

SMW

= =86.1%
5.808 MW

UIIZW

rev,out

Discussion Note that 13.9% percent of the work potential of the steam is wasted as it flows through the turbine during this
process.
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8-64 Combustion gases expand in a turbine from a specified state to another specified state. The exergy of the gases at the
inlet and the reversible work output of the turbine 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 temperature of the surroundings is given to be 25°C. 4 The combustion gases are ideal gases with constant specific
heats.

Properties The constant pressure specific heat and the specific heat ratio are given to be ¢, = 1.15 kJ/kg.K and k= 1.3. The
gas constant R is determined from

R=c,-c,=c,~c,/k=c,(1-1/k)=(1.15kI/kg-K)(1-1/1.3) = 0.265 kI/kg K

p P

Analysis (a) The exergy of the gases at the turbine inlet is simply the flow exergy,

p2 , 800 kPa
=hy —hy—Ty (s —5g)+——+gz° 900°C
Vi 1 —ho =To(sy —5¢) > 8z \/
where L
T P GAS | —3
s1 =S89 =¢, lnT——RlnP— TURBINE
0 0
1173K 800 kPa \v
=(1.15kJ/kg - K)ln —(0.265 kJ/kg - K)In
( g Bn—oek ¢ & K pa [
=1.025kJ/kg-K 400 kPa
650°C
Thus,

w, = (1.15kI/kg.K)(900 — 25)°C — (298 K)(1.025 kI /kg - K) +

(100 m/s)> ( 1kJ/kg

: = /82]:705.8 kJ/kg

(b) The reversible (or maximum) work output is determined from an exergy balance applied on the turbine and setting the
exergy destruction term equal to zero,

y y s &0 (reversibk) _ 4 v G0 (steady) _
Xin - Xout - Xdestroyed - A‘Xvsystem =0
(N —
Rateof netexergy trasfer Rateof exergy Rateof change
by heat, work,and mass destruction of exergy
X in = X out

m l/ll = VVrev,out +m l//2

Weyout = 1w =) = il (ly = 1) = Ty (s = 5,) — Ake — Ape™’]

where
V2 -1} 2 _ 2
ake =120 C2OWOTZAOOMT [ TR 195 kg
2 1000m? /s
and
T P.
s;-5;=c,In—=-Rln—=
1 1
— (LI5KI/kg-K)ln 25— (0,265 ki/kg- K)ln o0 kP2
1173 K 800 kPa

=-0.09196 kl/kg -K
Then the reversible work output on a unit mass basis becomes
Wrev,out = hy—hy + T (s, —s1)—Ake =Cp(T1 =T,)+Ty(s, —51)—Ake
= (1.15kJ/kg - K)(900 - 650)°C + (298 K)(—0.09196 kJ/kg - K) —19.2 kl/kg
= 240.9kJ/kg
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8-79 A rigid tank initially contains saturated R-134a vapor. The tank is connected to a supply line, and R-134a is allowed to
enter the tank. The mass of the R-134a that entered the tank and the exergy destroyed 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 refrigerant are (Tables A-11 through A-13)

=0.01672m° /kg

P =12Mpa) |~ (z@2MPe R-134a 1.6 MPa
sat. vapor Uy =Uggrompa = 253.81kJ/kg — 30°C —
' S1=Sg@i2mpa = 0.91303kl/kg-K
I 1ampa Y2 = Yr@ianm =0.0009166 m> / kg
2t i ' » }uz = @1 ampa = 125.94kI/kg R-134a
sat. liqu 0.1
Sat. vapor

P, =1.6MPa | h, =93.56 kl/kg
T,=30°C |5, =0.34554kl/kg-K

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

Mass balance:

my, —My, =Am - m; =m, —m

system
Energy balance:
Ein - Eout = AE system
%,—/
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc. energies

O, +m;h; =myuy —myu, (since W =ke = pe =0)

(a) The initial and the final masses in the tank are

v, 0.1m°
- :_1:—m3:5.983 kg
v 0.01672 m’/kg
V. 0.1m?
my =22 = m =109.10 kg

v, 0.0009166 m>/kg

Then from the mass balance

m, =m, —m, =109.10—5.983 =103.11 kg

The heat transfer during this process is determined from the energy balance to be
Oin =—m;h; +myuy —mu,
=—(103.11kg)(93.56 ki/kg) + (109.10)(125.94 kJ/kg)— (5.983 kg )(253.81 kl/kg)
=2573 k]
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(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jeroyed = 70S gen - The entropy generation Sge, in this case is determined from an 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 surroundings temperature Ty, at all times. It gives

system

Sin_Sout + Sgen =AS
——

| A —
Net entropy transfer Entropy Change

by heat and mass generation  in entropy
% +m;S; +Sgen = ASun = (M55 —mys) ) Substituting, the exergy destruction
b,in
— Q in
Sgen =MySy; —mySy —m;S; —
Ty

is determined to be

Qin
Xdestroyed :TOSgen :TO MmySy —MmySy —m;s; — T
0
= (318K)[109.10x 0.45315—5.983x0.91303 - 103.11x 0.34554 — (2573 kI)/(318 K)]

=80.3 kJ
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8-86 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 exergy destruction 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 @ 200 kea = 120.23°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,

P, =200 kPa } h=h e =62.98 kilkg

T, =15°C S1ES ansc = 0.22447 kJ/kg - K 600 kJ/min

P, =200 kPa } h, =2870.4 kJ/kg . /f

T, =200°C |5, =7.5081kJ/kg-K % MIXING

P, =200kPa| hy=h oc =335.02 kl/k CHAMBER 80° :

Tj =80°C }s3 3; sf@;igz C: 1.0756 kl/kg -gK - 200 kPa &
Analysis (a) We take the mixing chamber as the system, which is a H

control volume. The mass and energy balances for this steady-flow
system can be expressed in the rate form as

&0 (steady)

Mass balance:  my, =gy = Agygen, =0—— m; +m, =my
Energy balance:
: a _ : 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
E in = E out

’hhl +}’i12h2 = Qout +'h3h3
Combining the two relations gives Q.Out =mhy +myh, — (ﬁ’ll + i1, )h3 =m (hl —hy )+ 1y (hz —hy )
Solving for m, and substituting, the mass flow rate of the superheated steam is determined to be

_ Oou =1y = hy) _ (600/60 k/s) — (4 ke/s)(62.98 — 335.02)k

ke _0.429 kgls
hy — hy (2870.4 —335.02)kJ/kg

my

Also, 1ty =1ty +1in, =4 +0.429 = 4.429 kg/s

(b) The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = T0Sgen Where the entropy generation Sge, is determined from an entropy balance on an extended

system that includes the mixing chamber and its immediate surroundings. It gives

. . . . &0
Sin - Sout + Sgen - ASsystem =0
— [
Rate of net entropy transfer ~ Rate of entropy ~ Rate of change
by heat and mass generation of entropy
. . . B Qout S _0 S . s . Qout
M Sy + 1,8, — 38y +S8gen =0 > Sgen =mysy —mys; —mys, +——
b,surr 0

Substituting, the exergy destruction is determined to be

b,surr

y _ o _ . . . Qout
X destroyed = T0S gen —To[m333 —MmyS,; —MyS) +—J

=(298K)(4.429 x1.0756 —0.429 x 7.5081 — 4 x 0.22447 + 10/ 298)kW/K
=202 kW
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8-88 Water is heated by hot oil in a heat exchanger. The outlet temperature of the oil and the rate of exergy destruction
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.

Analysis We take the cold water tubes as the system, which is a control volume. oil
The energy balance for this steady-flow system can be expressed in the rate form as 1710°C
; ; _ ; 70 (steady) _
Ein - Eout - AEsystem e =0 C’] 10 keg/s
Rate of net energy transfer  Rate of ch in int 1. kineti
byheat, work,and mass  potential,ctc.cnergies 70°C =—¢ =)
Ein = Eout Wat ( l}
: . . . ater
Oin + m.hl =mh, (since Ake = Ape = 0) 20°C o ))
Oiy =mc, (T, =T1) 4.5kg/s
" prz g . (12 tube passes)
Then the rate of heat transfer to the cold water in this heat exchanger becomes ‘

O =[1ic , Ty ~ T aier = (4.5 kg/s)(4.18 k/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 water is determined
from

Q = [n'wp (Tln _Tout )]oil - Toul = Tin - Q =170°C- D403 kW =129.1°C
e, (10 kg/s)(2.3 kJ/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:

. : d Al &0 (steady)
Sin - Sout + Sgen - ASsystem
s
Rate of net entropy transfer ~ Rate of entropy Rate of change
by heat and mass generation of entropy

MyS| + M35 —NyS, —Mi3S, + S, =0 (since O =0)

MyaterS1 T Mi1S3 ~ MyyaterS2 ~ Moil S4 +Sgen =0

Sgen = mwater(SZ _S1)+moil(s4 _S3)

Noting that both fluid streams are liquids (incompressible substances), the rate of entropy generation is determined to be

: . T. . T,
Sgen = MyaerC lnf-i—moﬂcp lnT—;‘
70+273 129.1+273
=(4.5kg/s)(4.18 kI/kg K) In——————+ (10 kg/s)(2.3 kl/kg.K) In —————— = 0.736 kW/K
(45 keg/sX KISy T (0keX e %

The exergy destroyed during a process can be determined from an exergy balance or directly from its

definition X jegroyed = 105 gen »

X gestroyed = ToSgen = (298 K)(0.736 kW/K) = 219 kW
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8-101 Hot exhaust gases leaving an internal combustion engine is to be used to obtain saturated steam in an adiabatic heat
exchanger. The rate at which the steam is obtained, the rate of exergy destruction, and the second-law efficiency are to be
determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 Air properties are
used for exhaust gases. 4 Pressure drops in the heat exchanger are negligible.

Properties The gas constant of air is R = 0.287 kJkg.K. The specific heat of air at the average temperature of exhaust gases
(650 K) is ¢, = 1.063 kJ/kg.K (Table A-2).

Analysis (a) We denote the inlet and exit states of exhaust gases by (1) and (2) and that of the water by (3) and (4). The
properties of water are (Table A-4)

T; = 20°C} hy =83.91kJ/kg Exh. gas
400°C o
x;=0 53 =0.29649 kl/kg. K — —> 350°C
150 kPa Heat
T, = 20000} h, =2792.0kJ/kg Exchanger
x4 =1 54 =6.4302 kl/kg K Sat. vap. Water
o < . o
An energy balance on the heat exchanger gives 200°C 20°C

tiv by + i by = i by + iy
sty (T, = Ty) = iy (hy — hs)
(0.8 kg/s)(1.063 kJ/kg°C)(400 — 350)°C = 1, (2792.0 —83.91)kJ/kg
i, =0.01570kg/s

(b) The specific exergy changes of each stream as it flows in the heat exchanger is

T 273)K
— ¢, In 12 = (0.8 kg's)(1.063 kl/kg K)ln OO+ 273K
T (4004 273)K

As =-0.08206 kJ/kg.K

a

Ay, =c, (I, =T) = TyAs,
= (1.063 kJ/kg.°C)(350 - 400)°C — (20 + 273 K)(-0.08206 kJ/kg K)
=-29.106 kl/kg

Ay, = hy—hy = Ty(s54—53)
=(2792.0-83.9D)kJ/kg - (20+273 K)(6.4302-0.29649)k]/kg.K
=910.913kJ/kg

The exergy destruction is determined from an exergy balance on the heat exchanger to be

~ X gost = W, AW, +1in, Ay, = (0.8 kg/s)(-29.106 kI/kg) +(0.01570 kg/s)(910.913) ki/kg = —8.98 kW
or
Xgosr = 8.98kW

(c) The second-law efficiency for a heat exchanger may be defined as the exergy increase of the cold fluid divided by the
exergy decrease of the hot fluid. That is,

m, Ay, (0.01570kg/s)(910.913 kl/kg)
A, —(0.8kg/s)(-29.106 kJ/kg)

0.614
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9-39 An ideal Otto cycle with air as the working fluid has a compression ratio of 9.5. The highest pressure and temperature
in the cycle, the amount of heat transferred, the thermal efficiency, and the mean effective pressure are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 ki/kg-K, R = 0.287 ki/kg-K, and
k=14 (Table A-2).

Analysis (a) Process 1-2: isentropic compression.

k-1
T, =T1(:—1j = (308 K)9.5)** =757.9 K
2

T, T v, Ty

P, P T 757.9 K
2¥2 _ 1% P, =2 _2p =(9.5) 22 (100 kPa) = 2338 kPa
2 b 308 K

Process 3-4: isentropic expansion.

k-1
T5=T, (:—4J = (800 K)9.5)* = 1969 K
3

Process 2-3: v = constant heat addition.

Pavs _ a0y p, =22 p, [ 299K V5338 kpa)= 6072 kPa
T, T, T, 757.9K
=% . 3
6 moPY_ (100 kPa)0.0006 m? ) 6788x10-kg

RT, (0287 kPa-m3/kg - K 308 K)
Qin =m(uz —uy)=mc, (T, -T, )= (6.788x10—4 ngO.?ls kd/kg - K (1969 — 757.9)K = 0.590 kJ
(c) Process 4-1: v= constant heat rejection.
Qout = M(Uy —Uy) =me, (T, —T, ) = —(6.788x10 kg |0.718 ki/kg - K {800 — 308)K = 0.240 kJ
Woet = Qi — Qout = 0.590 — 0.240 = 0.350 kJ

_ Wnetyout _ 0350 k\]

= = - 50.4%
Th =T T 0590 kI °
v
(d) Vmin :VZ = nI:ax
MEP = Wnet,out _ Wnet,out _ 0.350 kJ kPa-m?3 _ 652 kPa
V-V, @-1/1) (0.0006 m®J1-1/9.5)( kI
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9-43 A gasoline engine operates on an Otto cycle. The compression and expansion processes are modeled as polytropic.
The temperature at the end of expansion process, the net work output, the thermal efficiency, the mean effective pressure,
the engine speed for a given net power, and the specific fuel consumption are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with constant specific heats.

Properties The properties of air at 850 K are ¢, = 1.110 kJ/kg-K, ¢, =0.823 ki/kg-K, R = 0.287 kJ/kg:K, and k=1.349
(Table A-2h).

Analysis (a) Process 1-2: polytropic compression P
A 3
v n-1
T, :Tl[—lJ = (310 K)11)"** =636.5 K
Y2 Qin
n
P, = Pl(ﬁJ — (100 kPa)11)"* = 2258 kPa ™
v
) 4
Wy, = R(T, -Ty) _ (0.287k/kg-K)(636.5-3100K _ 41,4 kg K Ou
1-n 1-1.3 1
Process 2-3: constant volume heat addition >
v
P
T, =T, = |=(636.5 K)(Mj =2255K
P, 2258 kPa
Gin =Uz —U, =€, (T3 = T;)
=(0.823 ki/kg - K (2255 - 636.5)K =1332 ki/kg
Process 3-4: polytropic expansion.
v n-1 1 131
T, :T3(—3J = (2255 K)(—) =1098 K
vy 11
v n 1 13
P, =P, (—2] = (8000 kPa)(—] =354.2 kPa
v, 11
_ Ry —Ty) _ (0.287kI/kg - K)(1098 - 2255)K _, . o Kllkg
1-n 1-13
Process 4-1: constant volume heat rejection.
(b) The net work output and the thermal efficiency are
Wietout = Waq — Wy, =1106 —312.3=794 kJ/kg
w
iy =t T9KIKG_ ¢ 596 _ 59 695
Qin 1332 kJ/kg
(c) The mean effective pressure is determined as follows
3
o BT (0287 kPa - m3kg - K310 K) _ 0.8897 kg o
P, 100 kPa
v
Ymin = V2 :%
MEP = Whet,out _ Whet,out _ 794 kJ/kg kPa - m3 —982 kPa
vi-v, v-1/1) (08897 m¥kg)L-1/11)| kI
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(d) The clearance volume and the total volume of the engine at the beginning of compression process (state 1) are

r=V°+Vd 1
4

C

¥, +0.0016 m®
v,

c

V., =0.00016 m®

¥, =V, +V,; =0.00016 + 0.0016 = 0.00176 m?3
The total mass contained in the cylinder is

_ PV, (100kPa)/0.00176 m®)

m =0.001978 kg
" RT; (0287 kPa-m%/kg-K 310 K)
The engine speed for a net power output of 50 kW is
n= Zh = (2revicycle) S0kJfs 60,5 j =3820rev/min
M Wpet (0.001978 kg)(794 kd/kg - cycle) \ 1 min

Note that there are two revolutions in one cycle in four-stroke engines.
(e) The mass of fuel burned during one cycle is
m, M —m; 16 (0.001978kg) —m;

AF=—2 _
my m m;

m; =0.0001164 kg

Finally, the specific fuel consumption is

sfc=

j =267 g/kWh

me 0.0001164 kg 1000¢g (3600 kJ
mWp  (0.001978 kg)(794 k/kg) \ 1kg 1kWh
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9-53 An ideal dual cycle has a compression ratio of 14 and cutoff ratio of 1.2. The thermal efficiency, amount of heat
added, and the maximum gas pressure and temperature are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with constant specific heats.

Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg-K, ¢, =0.718 kJ/kg'K, R = 0.287 kJ/kg-K, and
k=1.4 (Table A-2a).

Analysis The specific volume of the air at the start of the compression is

P

RT . -m3/kg-
LI (0.287 kPa-m*/kg - K)(293 K) _1.051m%/kg

P, 80 kPa

and the specific volume at the end of the compression is
3
v, = v _105im7kg 0.07508 m®/kg
r 14 v

The pressure at the end of the compression is

k
P, = Pl(:—lj = Pr* = (80kPa)(14)™ =3219kPa
2

and the maximum pressure is
P, =P; =r,P, =(1.5)(3219kPa) = 4829 kPa

The temperature at the end of the compression is

k-1
T, =T [:—1J =T,r* = (293K)(14)-* =842.0K
2

P
and T, =T,| = |=(842.0 K)(w) ~1263K
P, 3219 kPa

From the definition of cutoff ratio
vy =, =r.v, = (1.2)(0.07508 m*/kg) = 0.09010 m*/kg

The remaining state temperatures are then

T, =T, (:—3] - (1263 K)(%j ~1516K
) .

v | 0.09010 -
T, =T3(—3J = (1516 K)( 1 1 ] =567.5K
U4 .

Applying the first law and work expression to the heat addition processes gives

Gin =Cy (T = Tp) +C (T3 = Ty)
= (0.718 kJ/kg - K)(1263—842.0)K + (1.005 ki/kg - K) (1516 — 1263)K
=556.5kJ/kg

The heat rejected is
Qout =Co (T4 —T;) =(0.718 kd/kg - K)(567.5—293)K =197.1kJ/kg

L Gow _, 1971K¥kg

0.646

Then, = =0.
Mth Qi 556.5 kJ/kg
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9-65 A six-cylinder compression ignition engine operates on the ideal Diesel cycle. The maximum temperature in the cycle,
the cutoff ratio, the net work output per cycle, the thermal efficiency, the mean effective pressure, the net power output, and
the specific fuel consumption are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with constant specific heats.

Properties The properties of air at 850 K are ¢, = 1.110 kJ/kg-K, ¢, =0.823 ki/kg-K, R = 0.287 kJ/kg:K, and k=1.349
(Table A-2Db).

Analysis (a) Process 1-2: Isentropic compression

k-1 -+ Qin
v
T,=Ty| 2| =(340K)19)"**** =950.1K A_
2 1( j ( )( ) 2 3

v

k
P, = Pl(:—lJ — (95kPa)(19)-**° =5044 kPa
2

The clearance volume and the total volume of the engine at the

beginning of compression process (state 1) are 4
v, +V, V. +0.0045m?* Qout
r= 19=
V. v 1

c c

v

v, =0.0001778 m*

v, =V, +V, =0.0001778+ 0.0032 = 0.003378 m*

The total mass contained in the cylinder is

_ PV, (95kPa)(0.003378m?)

m 3 =0.003288 kg
RT,  (0.287 kPa-m3/kg - K |340 K)
The mass of fuel burned during one cycle is
m-m 0.003288kg) —m
AF="a _ " 2=t 9)-m m, =0.0001134 kg
my My my

Process 2-3: constant pressure heat addition
Qin =M qyy 7. = (0.0001134 kg)(42,500 kJ/kg)(0.98) = 4.723 kJ

Qi =mc,, (T; = T,) ——>4.723 kJ = (0.003288 kg)(0.823 kJ/kg.K)(T; —950.1)K —— T, =2244 K
The cutoff ratio is

:T_3 = mi =2.362
T, 950.1K

Vi _0.003378m°
r 9

(b) Vv, = =0.0001778m®

V, = BV, = (2.362)(0.0001778 m*) = 0.0004199 m*
V=4,

P3 = Pz

PROPRIETARY MATERIAL. © 2011 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.




9-49
Process 3-4: isentropic expansion.

v )" 00004199 m? |
T,=To| 2| =(2244K) === _1084K
v 0.003378 m

K 1.349

% . 3

P,=P, (73] = (5044 kPa{%} =302.9 kPa
4 .

Process 4-1: constant voume heat rejection.

Qout =Mc, (T, — T, )=(0.003288 kg)(0.823 ki/kg - K {1084 — 340)K =2.013kJ
The net work output and the thermal efficiency are

Wietout = Qin — Qout = 4.723 - 2.013=2.710kJ

Whetout  2.710kJ

- =0.5737 =57.4%
Qn, 4723k

N =

(c) The mean effective pressure is determined to be

W 3
MEP = netout _ 2.710 kJ g kPa-m 847 kPa
V-V, (0.003378-0.0001778)m kJ
(d) The power for engine speed of 1750 rpm is
W, =W, 2 = (2.710 kilcycle) L0 (rev/min) (1 min ) ~39.5kW
2 (2revicycle) \ 60s

Note that there are two revolutions in one cycle in four-stroke engines.

(e) Finally, the specific fuel consumption is

m
sfe= Mt _0.0001134kg (10009 ( 3600 kJ) _151g/kWh
W,  2710klkg | 1kg N 1kWh
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9-94 A simple Brayton cycle with air as the working fluid operates between the specified temperature and pressure limits.
The effects of non-isentropic compressor and turbine on the back-work ratio is to be compared.

Assumptions 1 Steady operating conditions exist. 2 The air-standard assumptions are applicable. 3 Kinetic and potential
energy changes are negligible. 4 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 compression process,

P (k-1)/k T
Ty = Tl(_2] = (288 K)(12)*¥** =585.8 K 1
. b, 873K
ne = hys —hy _ Cp (Tos —Th) , =T, Tos—Th
hy—hy ¢ (T,=Ty) Ic 288 K-
585.8 288

=288+—=618.9K
0.90

For the expansion process,

P (k-1)/k 1 0.4/1.4
Ty =Tg| = = (873 K)(—J =429.2K
P, 12

hs—h, Cp(T3—T4)
h3 _h4s Cp(r3 _T4s)

Ty =T3—n7 (T3 —Tys)
=873-(0.90)(873-429.2)
=473.6K

nr =

The isentropic and actual work of compressor and turbine are
Weomps = Cp (Tos —Ty) = (1.005ki/kg - K)(585.8 - 288)K = 299.3 k/kg

Wegmp = Cp (T, —Ty) = (1005 kJ/kg - K)(618.9— 288)K = 332.6 ki/kg
Wy =Cp (T3 ~Taq) = (LO05 kI/Kg - K)(873 - 429.2)K = 446.0 ki/kg
Wiy =Cp (T3 ~T4) = (LOOS kI/kg - K)(873 - 473.6)K = 401.4 ki/kg

The back work ratio for 90% efficient compressor and isentropic turbine case is

~ Weomp  332.6ki/kg

= = =0.7457
Wryps  446.0ki/kg

Tow

The back work ratio for 90% efficient turbine and isentropic compressor case is

~ Weomps  299.3kJ/kg
Wy  401.4k/kg

Fow 0.7456

The two results are almost identical.
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9-100 A gas-turbine plant operates on the simple Brayton cycle. The net power output, the back work ratio, and the thermal
efficiency are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 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).

Analysis (a) For this problem, we use the properties from EES software.
Remember that for an ideal gas, enthalpy is a function of temperature )
only whereas entropy is functions of both temperature and pressure. Combustion

. chamber
Process 1-2: Compression

T, =40°C——>h, =313.6 ki/kg 2 MPa

T, =40°C

s, =5.749 ki/kg - K
P, =100 kPa Compress.
P, = 2000 kPa

100 kPa

}th =736.7 ki/kg

s, =S, =5.749 ki/kg.K LT sooc
hy —h -

ne =2 ggs 7678186 g114kikg
h, —h, h, —313.6

Process 3-4: Expansion

T, =650°C—>h, =959.2 ki/kg
h3 - h4s h3 - h4s

We cannot find the enthalpy at state 3 directly. However, using the following lines in EES together with the isentropic
efficiency relation, we find h; = 1873 kJ/kg, Ts = 1421°C, s3 = 6.736 kJ/kg.K. The solution by hand would require a trial-
error approach.

h_3=enthalpy(Air, T=T_3)
s_3=entropy(Air, T=T_3, P=P_2)
h_4s=enthalpy(Air, P=P_1, s=s_3)
The mass flow rate is determined from
PV, (100 kPa)(700/60 m® /)
RT, (0.287 kPa-m3/kg - K |40+ 273K)
The net power output is

We,, =m(h, —h,) = (12.99 kg/s)(811.4 — 313.6)k/kg = 6464 kW

nT =

m

=12.99kg/s

Wi out =M(hg —h,) = (12.99 kg/s)(1873 — 959.2)kJ/kg =11,868 KW
Wogt =Wy o —Wo i =11,868 — 6464 = 5404 kW
(b) The back work ratio is

~ Wein  6464kW
Wi 11868KW

o =0.545

(c) The rate of heat input and the thermal efficiency are
Qi = m(h; —h,) =(12.99 kg/s)(1873 -811.4)kJ/kg =13,788 kW

Woet 5404 kW

et _ = 0.392=39.2%
Q, 13788kw

Mih =
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9-116 A Brayton cycle with regeneration using air as the working fluid is considered. The air temperature at the turbine
exit, the net work output, and the thermal efficiency are to be determined.

Assumptions 1 The air standard assumptions are applicable. 2 Air
is an ideal gas with variable specific heats. 3 Kinetic and potential T
energy changes are negligible.

Properties The properties of air are given in Table A-17. 1150 K
Analysis (a) The properties of air at various states are

h, =310.24 k/kg

Ty =310K —> P, =1.5546

310 K+

P
P, :Fi P, =(7)1.5546)=10.88 ——> h,, =541.26 ki/kg
h25 B hl

A h, =hy +(hys —hy )/ 77¢ =310.24 +(541.26 —310.24)/(0.75) = 618.26 kl/kg
2711

Nc =

hy =1219.25 ki/kg
T, =1150 K ——>

P, =200.15

P, =—%P, =|=200.15)=28.59 —> h,, = 711.80 ki/kg

4 F)3 3 7

hs —h

7 :h3—h4 —— h, =hy =77 (hy —h,, ) =1219.25-(0.82)(1219.25 - 711.80) = 803.14 ki/kg
37 as

Thus,
T, = 782.8 K

(b) Whet =Wt out —Weiin = (h3 - h4 )_ (hZ - hl)
=(1219.25-803.14)— (618.26 —310.24)
=108.09 kJ/kg

hs —h
42 =618.26+(0.65)(803.14 - 618.26)
= 738.43 kilkg
Then,

Gin = hs —hs =1219.25-738.43 = 480.82 kJ/kg

Wy  108.09 ki/kg

- =22.5%
0 480.82 k/kg

M =
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9-129 An ideal gas-turbine cycle with two stages of compression and two stages of expansion is considered. The back work
ratio and the thermal efficiency of the cycle are to be determined for the cases of with and without a regenerator.

Assumptions 1 The air standard assumptions are applicable. 2 Air is an ideal
gas with variable specific heats. 3 Kinetic and potential energy changes are
negligible.

Properties The properties of air are given in Table A-17.

Analysis (a) The work inputs to each stage of compressor are identical, so are
the work outputs of each stage of the turbine since this is an ideal cycle. Then,
h; =300.19 kJ/kg

T=300K—=p 1386

P.
P, = ?2 P, =(3)1.386)=4.158 —— h, =h, =411.26 ki/kg

r2
1

T, =1200 K ——> P, - 238

P
P, =-LP, = (EJ(Z%): 79.33 — > hg = hy = 946.36 ki/kg
P " (3

Wein =2(h, —hy )= 2(411.26 —300.19) = 222.14 k/kg
Wr ot = 2(hs —hg )= 2(1277.79 - 946.36) = 662.86 ki/kg

Thus,

Wein 22214 KIkg 33.5%

It = =
" Wrow 662.86 kikg

1200 K+

300 K+

Qin = (hs —h, )+ (h; —hg)=(1277.79-411.26)+(1277.79 - 946.36) = 1197.96 ki/kg

Whet = Wt out —We in = 662.86 —222.14 = 440.72 kJ/kg

Wo 44072 kJkg

- = 36.8%
q,  1197.96 ki/kg

M =

(b) When a regenerator is used, r,, remains the same. The thermal efficiency in this case becomes

Uregen = &(hg —hy )= (0.75)(946.36 — 411.26) = 401.33 k/kg

W _ 440.72 kilkg _

= 55.3%
Qin  796.63 ki/kg

h =
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9-141 A turbofan engine operating on an ideal cycle produces 50,000 N of thrust. The air temperature at the fan outlet
needed to produce this thrust is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input.

Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, C, = 1.005 kJ/kg-K and k = 1.4 (Table A-
2a).

Analysis The total mass flow rate is

3
o, < BT _ Q287K m)@FIK) ) yey s, T | 3
P 50 kPa Gin
2 2 4
L_AV D’ Vi #(25m)* 200 m!s _ 676.1kgls )
5
Now,
' 1 Qout
h :E:M:M.Blkg/s s

° 8
The mass flow rate through the fan is

M =m—r, =676.1-84.51=591.6 kg/s

In order to produce the specified thrust force, the velocity at the fan exit will be

F= rhf (Vexit _Vinlet)

F
Veit =Vinter +—— = (200 m/s) +

50,000 N { 1kg-m/s?
m 591.6 kg/s

=284.5m/s
1IN

An energy balance on the stream passing through the fan gives

Cp O—4 _Ts) _ Ve%(it _Zviﬁlet
T5 _ -|-4 _ Veiitz_viﬁlet
Cp
_ g (2845mls) 2 _ (200 m/s)? ( 1kJ/kg j
2(1.005 k/kg - K) 1000 m?/s?
=232.6K
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9-142 A pure jet engine operating on an ideal cycle is considered. The velocity at the nozzle exit and the thrust produced
are to be determined.
Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
constant specific heats at room temperature. 4 The turbine work output is equal to the compressor work input.
Properties The properties of air at room temperature are R = 0.287 kPa-m*/kg-K, C, = 1.005 kJ/kg-K and k = 1.4 (Table A-
2a).
Analysis (a) We assume the aircraft is stationary and the air is moving

towards the aircraft at a velocity of V; = 240 m/s. Ideally, the air will T
leave the diffuser with a negligible velocity (V, = 0). 4
Diffuser: Qin !

. . . &0 (stead . .

Ein —Eout = AEsystem (eacy) —>Ejh =Eout 3

290 2
2 1 Qout
0=c,(T, -Ty)-Vy* /2 s
2 2
T, =T, + Y eoks (240 m/s) 1kIKG | _ g0 71
2c, (2)(1.005 ki/kg - K)| 1000 m?2/s?

k/(k-1) 1.4/0.4
P,=P T =(45 kPa 288.7 K =64.88 kPa
T, 260 K
Compressor:

P, =P, =(r, P, )=(13)(64.88 kPa)=843.5 kPa

P (k-1)/k
T,=T, [P—3j =(288.7 K)13)*** =600.7 K
2

Turbine:

Wcomp,in = Wturb,out I h3 - h2 = h4 - h5 B Cp (TB _T2 ) =C p (T4 —T5)

or Ts =T, -T;+T, =830-600.7 + 288.7=518.0 K
Nozzle:
(k-1)/k 0.4/1.4
P 45 kP
To=Ts|==|  =(830K|———or|  =359.3K
P, 843.5 kPa

: : - &0 (stead : :
Ein —Eout = AEsystem (seac) — Ejy =Egit

2 2&0
VG _V5 2
1000 m?/s?
or Vg =Veyir =.|(2)1.005 ki/kg - K)(518.0 — 359.3)K| ————— | =564.8 m/s
1 kJ/kg
The mass flow rate through the engine is
3
o :E _ (0.287 kPa - m?)(260 K) _ 1658 m3/kg
P 45 kPa
2 2
. AV, _ D V_lzyz(l.G m) 240 msls — 291.0kgls
|41 4 (41 4 1.658m /kg
The thrust force generated is then
F =MVt —Viner) = (291.0 kg/s)(564.8 — 240)m/s Lz =94,520N
1kg-m/s
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9-143 A turbojet aircraft flying at an altitude of 9150 m is operating on the ideal jet propulsion cycle. The velocity of
exhaust gases, the propulsive power developed, and the rate of fuel consumption are to be determined.
Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
constant specific heats at room temperature. 4 Kinetic and potential energies are negligible, except at the diffuser inlet and
the nozzle exit. 5 The turbine work output is equal to the compressor work input.
Properties The properties of air at room temperature are ¢, = 1.005 kJ/kg.K and k = 1.4 (Table A-2a).
Analysis (a) We assume the aircraft is stationary and the air is moving
towards the aircraft at a velocity of V; = 320 m/s. Ideally, the air will

leave the diffuser with a negligible velocity (V, = 0). T
Diffuser:
. . . 20 (stead . .
Ein —Eout = AEsystem 0 (eady) —>Ejp =Equt
V27 vy
hy+V212=h, +V} [2——0=h, —h, +-2 L
0=c,(T,-Ty)-V /2 q
v 2 2
T, =T, +-1 = 241K + (820 mis) Lk | 919k
2c, (2)(2.005 ki/kg - K)| 1000 m?2/s2

k/(k-1) 1.4/0.4
T .
P,=P|-% = (32 kPa 291.9K =62.6 kPa
T, 241 K

Compressor:
P; =P, =(r, (P,)=(12)(62.6 kPa) = 751.2 kPa

= (291.9 K)12)*#** =593.7 K

Turbine:
Weompin = Wiurbout — h3 - h2 = h4 _h5 — Cp<T3 _TZ): Cp(T4 _TS)

or T =T, —T3 + T, =1400 —593.7 + 291.9 =1098.2K

Nozzle:
(k-1)/k 0.4/1.4
P 32 kP
To =T, = —(400K) =22 | _se8.2K
P, 751.2 kPa

. . . 0 (stead .
Ein —Eout = AEsystem (eac) —E, =E

in out

J0
Ve -V
0=hg —hg +—2—2

1000 m?/s?

Vg = _[(2)1.005 kJ/kg - K §1098.2 —568.2 )K
o v, J(X oK) W

J =1032 m/s

(b) W, = M(Veyit —Vintet Maireranr = (60 kg/s 1032 —320)m/s(320 m/s _ kg | _ 13,670 kW
1000 m?/s®
() Qip =m(h, —hg)=mc, (T, —T,)= (60 kg/s)1.005 ki/kg - K {1400 -593.7)K = 48,620 ki/s

g :QJ: 48,620 kJ/s _1.14kgls
HV 42,700 kJ/kg
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9-145 A turbojet aircraft that has a pressure rate of 9 is stationary on the ground. The force that must be applied on the
brakes to hold the plane stationary is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The air standard assumptions are applicable. 3 Air is an ideal gas with
variable specific heats. 4 Kinetic and potential energies are negligible, except at the nozzle exit.

Properties The properties of air are given in Table A-17.

Analysis (a) Using variable specific heats for air,

Compressor: 3
q.
T, =290 K ——> h, =290.16 ki/kg ’ A
P, =1.2311 2
P, 5
P, =5 Py = (9)1.2311)=11.08 ——> h, =544.07 kl/kg
1 1
S

Qin = Mg x HV =(0.5 kg/s)(42,700 ki/kg) = 21,350 ki/s

Qi _21,350kJis
G = = 0 kgls

=1067.5 ki/kg

Gin =3 —h, ——> hy =h, +@;, =544.07 +1067.5=1611.6 kllkg—> P, =568.5

Turbine:

Wcomp,in = Werh,out — h2 - hl = h3 - h4
or
h, = h3 —h, +h; =1611.6 — 544.07 + 290.16 =1357.7 kJ/kg

Nozzle:

P,
P, =P, [P_SJ = (568.5)(%) =63.17 ——> h, =888.56 kJ/kg
3
. . . & d
Ein —Eout = AEsystem 0 (Gteady)
Ein = E'out
2&;0

V2 -V
O=hg —h, +-2 "4

or

1000 m?/s?
Vs =4/2(h, —hs ) = _|(2)1357.7 — 888.56 )k/kg ~Tikg =968.6 m/s

%}MON

Brake force = Thrust = M(Vyi —Viner )= (20 kg/s)(968.6 —0)m/s
1kg-mi/s
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9-121

9-154 The total exergy destruction associated with the Brayton cycle described in Prob. 9-116 and the exergy at the exhaust
gases at the turbine exit are to be determined.

Properties The gas constant of air is R = 0.287 kl/kg-K (Table A-1).
Analysis From Prob. 9-116, q;, = 480.82, qo,t = 372.73 kJ/kg, and

.
T,=310K — > s; =1.73498 ki/kg- K
h, = 618.26 ki/kg — > s5 = 2.42763 ki/kg - K 1150 KA
T,=1150 K — > s =3.12900 ki/kg-K
h, =803.14 kilkg ——> s; = 2.69407 ki/kg- K
h = 738.43 kilkg ——> s5 = 2.60815 ki/kg - K 310 K
S

and, from an energy balance on the heat exchanger,
hs —h, =h, —hy; ——h,; =803.14—(738.43—-618.26) = 682.97 kl/kg
— 55 =2.52861 kJ/kg-K
Thus,

P
— _ 2
Xdestroyed,lZ - Tosgen,lz - TO (52 ) TO [52 5 -Rin

= (290 K )(2.42763 —1.73498 — (0.287 kJ/kg - K)In =38.91 kJ/kg

Xdestroyed,34 =Tosgen,34 =TO (54 ) TO[SA - _4J
3
= (290 K )(2.69407 — 3.12900 — (0.287kJ/kg - K )In(1/7))= 35.83 kJ/kg

Xdestroyed, regen =Tosgen,regen =T, [(55 -S; )+ (56 — Sy )]=T0 [(55 - S2 )+ (Sg - 5401 )]
= (290 K )(2.60815 — 2.42763 + 2.52861 — 2.69407) = 4.37 kd/kg

P, #° _qi]

Ur,53 o
Xgestroyed,53 = 10Sgen,53 :To(ss —Sg B =Ty| S3 —S5 —RIn—
5 H

R

480.82 ki/kg

=(290 K 3.12900 — 2.60815 —
1500 K

J ~58.09 ki/kg

Ur,61 o P, 0 qout
Xgestroyed,61 = 10Sgen61 = To| S1 — Sg + N =To| S; —Sg —RIn— P —
R 6 L

= (290 K{1.73498 —2.52861+ =142.6 kJ/Kkg

372.73 kJ/kg]
Noting that hy = hg 290k = 290.16 kd/kg and T, =290 K —— s; =1.66802 kJ/kg-K , the stream exergy at the exit of
the regenerator (state 6) is determined from

5 @0
P =(h6 - ho)—To(Se —50)+V76 + 926&0

where

&0
P

Sg —Sp =S —S1 =Sg —S1 — RInF6 =2.52861-1.66802 = 0.86059 kJ/kg - K
1

Thus,
¢ = 682.97 —290.16 — (290 K )(0.86059 ki/kg - K) = 143.2 kJ/kg
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9-151

9-179 A gas-turbine plant operates on the regenerative Brayton cycle with reheating and intercooling. The back work ratio,
the net work output, the thermal efficiency, the second-law efficiency, and the exergies at the exits of the combustion
chamber and the regenerator are to be determined.

Assumptions 1 The air-standard assumptions are applicable. 2 Kinetic and potential energy changes are negligible. 3 Air is
an ideal gas with variable specific heats.

Properties The gas constant of air is R = 0.287 kJ/kg-K.

Analysis (a) For this problem, we use the properties from EES software. Remember that for an ideal gas, enthalpy is a
function of temperature only whereas entropy is functions of both temperature and pressure.

Optimum intercooling and reheating pressure is

P, = /PiP, =+/(100)(1200) = 346.4 kPa T
Process 1-2, 3-4: Compression
T, =300 K—> h; =300.43 kd/kg
T, =300K
! s, =5.7054 kl/kg - K
P, =100 kPa
P, = 346.4 kPa
h,, = 428.79 k/kg

s, =; =5.7054 kd/kg.K S
o=t g0 4287930043\ 460 8gkikg

h, —h, h, —300.43
T, =350 K—h, =350.78 ki/kg
T, =350K

s3 =5.5040 ki/kg - K
P, =346.4 kPa
P, =1200 kPa
h,, =500.42 ki/kg

S, =S5 =5.5040 ki/kg.K

hs —h _
Ne=—2—2___5080= 500.42-350.78 h, =537.83kJ/kg

h, —h; h, —350.78

Process 6-7, 8-9: Expansion

T =1400 K——> hg =1514.9 ki/kg
Te =1400 K

s¢ = 6.6514 ki/kg - K
P, =1200 kPa

P, =346.4kPa

h,s =1083.9 kJ/kg
S; =Sg =6.6514 ki/kg.K

he — h; 0.0 1514.9-hy

80 = h, =1170.1kJ/kg
he — hye 1514.9-1083.9

nr =
Tg =1300 K—— hg =1395.6 kJ/kg
Tg =1300K

s = 6.9196 k/kg - K
P, = 346.4 kPa

P, =100 kPa

hgs =996.00 ki/kg
Sg = Sg =6.9196 ki/kg.K
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hg — hg 080 13956~ ho
hg — hgs 1395.6 — 996.00

hy =1075.9 ki/kg

Cycle analysis:
Wein =h, —hy +h, —hy =460.88 — 300.43 + 537.83 — 350.78 = 347.50 ki/kg

Wy o = hg —hy +hg —hg =1514.9-1170.1+1395.6 - 1075.9 = 664.50 ki/kg

_ WC,in _ 347.50

- _ =0.523
Wy  664.50

Tow

Woer = Wr o — Wejn = 664.50 — 347.50 = 317.0 kJ/kg

Regenerator analysis:

Eregen = o ~ o 0.75= —07>9~ g hy, = 672.36 ki/kg
hy — hy 1075.9 - 537.83

s, = 6.5157 ki/kg - K

Gregen = N — Ny = hs —h, ——>1075.9—672.36 = hg —537.83——> hy = 941.40 ki/kg
(b) Qir = hg —hg =1514.9—941.40 = 573.54 ki/kg

Wh 3170

= =0.553
q, 57354

M =

(c) The second-law efficieny of the cycle is defined as the ratio of actual thermal efficiency to the maximum possible
thermal efficiency (Carnot efficiency). The maximum temperature for the cycle can be taken to be the turbine inlet
temperature. That is,

T, . 300K
—1-Loy 3OK 5786
Mmax =273 75T 1400 K
and
ey 0.786

(d) The exergies at the combustion chamber exit and the regenerator exit are
Xg =hg =Ny —To(s6 —Sp)
= (1514.9-300.43)kJ/kg — (300 K)(6.6514 —5.7054)kJ/kg.K
=930.7 kJ/kg

X109 =hyg —Ng =T (810 —Sp)
— (672.36 —300.43)kJ/kg — (300 K)(6.5157 — 5.7054)k/kg.K
-128.8kJ/kg
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10-18

10-26 A 120-MW coal-fired steam power plant operates on a simple ideal Rankine cycle between the specified pressure
limits. The overall plant efficiency and the required rate of the coal supply are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6),

h =hsgiskpa =225.94 kl/kg

VI =V, @15 kpa =0.0010140 m’ kg T

Wp,in :VI(PZ _Pl)
= (0.001014 m3/1<gX9000 ~15 kPa)[&J

1 kPa-m?®
=9.11kJ/kg
hy =h + Whin = 225.94+9.11=235.05 kl/kg

P, =9 MPa | h; =3512.0 kl/kg
T, =550°C | s, =6.8164 kl/kg -K P

- =0.8358
S 7.2522

hy=h; +x4h,, =225.94+(0.8358)(2372.4)=2208.8 kl/kg

P, =15kPa }x _S4=S;  6.8164-0.7549
4=

S4 ZS3

The thermal efficiency is determined from

qin =h3 —hy =3512.0-235.05=3276.9 kl/kg
GQout =Na —hy =2208.8-225.94=1982.9 kl/kg

and

Gout 1982.9

=1- =0.3949
3276.9

Nn =1-
in

Thus,
Moverall =Mt X Meomp * Tgen = (0.3949)(0.75)(0.96) = 0.2843 = 28.4%

(b) Then the required rate of coal supply becomes

: W,
O, = ne 120000 KIs _ 1) 150 1y
Moverall 0.2843

and
o O, 422,050 kI/s
= -
N o 29,300 kJ/kg

=14.404 kg/s =51.9 tons/h
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10-33

10-41 A steam power plant that operates on a reheat Rankine cycle is considered. The condenser pressure, the net power
output, and the thermal efficiency are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the steam tables (Tables A-4, A-5, and A-6),

P, =12.5MPa }h3 = 3476.5 kl/kg | ;3 ¥
T, =550°C |53 =6.6317 kl/kg-K Boiler
4
P, =2 MPa .
hy, =2948.1 kl/kg | . 6
S4s =983 :
5
Ny = hy—hy N Condenser
T by —hy, T2 Pump
1
—hy=hs —nr (ha _h4s)
=3476.5—-(0.85)(3476.5—2948.1) .
=3027.3 kl/kg
P; =2 MPa | hs = 3358.2 kl/kg
Ty =450°C |55 =7.2815kl/kg-K
= 1 = (g1
xg =095~ T
P =2
5. =& h6s = (Eq 2)
6 5 s
hS _h6
e ——>hg=hs —ny(hs —hg, )= 33582 —(0.85)(3358.2 — /s, ) (Eq.3)
5 Mes

The pressure at state 6 may be determined by a trial-error approach from the steam tables or by using EES from the above
three equations:

Ps=9.73kPa, hs=2463.3 ki/kg,
(b) Then,
= hy@omspe =189.57 kilkg
Vi =V @10 kpa = 0.001010 m’/kg
Wpin =B~ R)/n,
(0.00101 m*/kg12.500-9.73 kPa{iJ/(OQO)
—14.02 ki/kg I kPa-m
hy=h +w,;, =189.57+14.02 = 203.59 k/kg

Cycle analysis:

Gin = (h3 —hy )+ (hs — hy) = 3476.5-203.59 + 3358.2 — 2463.3 = 3603.8 ki/kg
Gou = he —hy = 2463.3-189.57 = 2273.7 ki/kg
W,

net

=m(qi, — Gour) = (7.7 kg/s)(3603.8 - 2273.7)kJ/kg = 10,242 kW
(c¢) The thermal efficiency is

2273.7 kI/k
gy =1—dowt g S —0.369=36.9%
3603.8 kl/kg

9in
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10-41

10-52 A steam power plant operates on an ideal regenerative Rankine cycle with two open feedwater heaters. The net
power output of the power plant and the thermal efficiency of the cycle are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis
l
I
7 T
Boiler
8
— |
! | 10
6 |
9
fwh II fwh I Condenser
2

4
j5 13 : /
P III < P

(@) From the steam tables (Tables A-4, A-5, and A-6),

V| =V @ spa =0.001005 m’/kg
; 1kJ
Wworin =1 (P, —P1)=(0.001005 m /ngZOO—s kPa . =0.20 kl/kg
' Pa-m
=137.75+0.20 =137.95 kl/kg

h2 = hl + Wp[,in

P3 =0.2 MPa }h3 = hf@ 02 MPa — 504.71 kJ/kg

satliquid V3 =V @02 mpa =0.001061 m®/kg

1kJ
Wi =v3(Py — P )= (0.001061 m3/ng600—2oo kPa) ———
' 1kPa-m
=0.42 kl/kg
hy =hy+w ;5 =504.71+0.42 = 505.13 ki/kg

Ps =0.6 MPa }hs =hs@osmpa = 067038 kl/kg

satliquid Vs =V @ 06mpa =0.001101 m’/kg

1kJ
Worrrin = Vs (P — Ps )= (0.001 101 m3/1<gX10,000—600 kPa) ———
’ 1 kPa-m
=10.35 kJ/kg
he = hs +w 1 =670.38+10.35 = 680.73 kl/kg

P, =10 MPa | h, =3625.8 ki/kg
T, =600°C | s, =6.9045 ki/kg-K

P, =0.6 MPa

}hg =2821.8 kl/kg
Sg = S7

S9 =87 6.9045-1.5302
S 5.5968

hy =h, +xoh, =504.71+(0.9602)2201.6) = 2618.7 kl/kg

Py =0.2 MPa }xc, = =0.9602

S9 :S7
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Si0 =57 _ 6.9045 - 0.4762
S e 7.9176

g =h; +x0h g =137.75+(0.8119)(2423.0)=2105.0 ki/kg

=0.8119

P, =5kPa }xlo =

S10 =987

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater
heaters. Noting that Q =W = Ake = Ape =0,
FWH-2:
Eiy o = Al 0™ =0
E in = E out
D sk =Y h, ——> tighg +tighy =rishs —> yhy + (1= )by =1(hs)

system

where y is the fraction of steam extracted from the turbine (=11 / m5 ). Solving for y,

Chs—h,  670.38—505.13
Y e —h,  2821.8-505.13

=0.07133

FWH-1:
D ik = i h, ——> tghy + 1iyhy =sishy ——> zhy + (1= y = 2)hy = (1= y)hy
where z is the fraction of steam extracted from the turbine (=, / ri15 ) at the second stage. Solving for z,

y)=— " (1-0.07136)=0.1373
hy —hy 2618.7-137.95

Then,
Gin = hy — hs =3625.8—680.73 = 2945.0 kl/kg
Gou = 1=y —z)(hyg — Iy )= (1-0.07133-0.1373)(2105.0 ~137.75) = 1556.8 kl/kg
Wnet = qin - qout = 29450 - 15568 = 13882 kJ/kg
and

Wi = mwne = (22 kg/s)1388.2 ki/kg) = 30,540 kW = 30.5 MW
(b) The thermal efficiency is

1556.8 kl/k
gy =1-Jou _p_ § _47.1%
¢n  2945.0 Kl/kg
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10-43
10-53 An ideal regenerative Rankine cycle with a closed feedwater heater is considered. The work produced by the turbine,
the work consumed by the pumps, and the heat added in the boiler are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From the steam tables (Tables A-4, A-5, and A-6),
hy =hyg@a0kpa =251.42kJ/kg |

VI =V @ 20kpa =0.001017 m*/kg 4
Wp,in:UI(PZ_Pl) 1K
=(0.001017 m*/kg)(3000 — 20)kPa (ﬁj 5
1kPa-m
=3.03kJ/kg Boiler

hy = hy +w,;, =251.42+3.03 = 254.45kI/kg

Condenser

/

P, =3000kPa } h, =3116.1kJ/kg Y

T4 =350°C Sy = 6.7450 kJ/kg -K | Closed

P; =1000 kPa | fwh
hs =2851.9klJ/kg 3

S5 =54

S¢=S; _ 6.7450—0.8320
S fe 7.0752
he =hy +xgh,, =251.42+(0.8357)(2357.5) = 2221.7 kl/kg

=0.8357

Py =20kPa | x4 =
S6 = S4
For an ideal closed feedwater heater, the feedwater is heated to the

exit temperature of the extracted steam, which ideally leaves the
heater as a saturated liquid at the extraction pressure.

P, =1000 kPa } h, =762.51kJ/kg

X, =0 T, =179.9°C
hg = hy =762.51kI/kg
P, = 3000 kPa

hy =763.53kJ/kg
T, =T, =209.9°C

An energy balance on the heat exchanger gives the fraction of
steam extracted from the turbine (=715 / m1, ) for closed

feedwater heater:

D ik = i h,
Ihshs +"hzh2 = ";13}13 +’/i’l7h7
Yhs +1hy =1hy + yh,

Rearranging,
hy—h, 763.53-254.45

= =0.2437
hs—h;  2851.9-762.51

y=
Then,
Wrou = Rg —hs +(1=y)(hs —hg)=3116.1-2851.9+(1-0.2437)(2851.9 -2221.7) = 740.9 kJ/kg
wp i =3.03kJ/kg
Qin =h4 —hy =3116.1-763.53 =2353 kJ/kg
Also, Wy =Wy gy —Wpin = 740.9-3.03 = 737.8 kl/kg

Yo _ 7378 _ 4 3136

2353

M =

in
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10-102

10-100 An 150-MW steam power plant operating on a regenerative Rankine cycle with an open feedwater heater is
considered. The mass flow rate of steam through the boiler, the thermal efficiency of the cycle, and the irreversibility
associated with the regeneration process are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.

Analysis
I T
5
Boiler
6 $ 1y
7

y

T4 Open Condenser
fwh
2 1
3 1 Gout
Pl
s

(@) From the steam tables (Tables A-4, A-5, and A-6),

h] :hf@IOkPa :19181kJ/kg

Wolin = VI(PZ _R)/np
~(0.00101m/kg|500-10 kPa{lllj/(O.%)

kPa-m’
=0.52kJ/kg
hy =h+ Wholin = 191.81+0.52=19233kJ/kg

satliquid V3 =V @05 mpa = 0001093 m’/kg

WolLin = V3 (P4 - P3)/np
= (0.001093 m3/ng10,ooo 500 kpa{&}]/(o.%)

1 kPa-m
=10.93 kJ/kg
hy =hy+ WolLin = 640.09 +10.93 = 651.02 kl/kg

P, =10 MPa }hs =3375.1kl/kg

Ty =500°C [ 54 =6.5995 kl/kg - K
Sege — S 7 —
xp = So TS _6.5995-18604 o 0
b 0.5 MPa S 4.9603
6s = hes =hp +xg.h 4, =640.09 +(0.9554)2108.0)
Ses =S 6s f 65" fg
: =2654.1k)/kg
hs —h
Ir = hs_hé — hg = hs —77T(h5 _hes)
5~ Mes =3375.1-(0.80)3375.1-2654.1)

=2798.3 kl/kg
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S7s =Sy 6.5995-0.6492

Xoy = =0.7934
P —10KPa S fe 7.4996
SZS .. }h7s =h; +x5.h =191.81+(0.7934)(2392.1)
' =2089.7 kJ/kg

hs —h
nr :#—_) hy = hs —’77(h5 _h7s)

s =M =3375.1-(0.80)(3375.1-2089.7)

=2346.8 kl/kg

The fraction of steam extracted is determined from the steady-flow energy balance equation applied to the feedwater

heaters. Noting that Q =W = Ake= Ape=0,
Ein - Eout = AE‘vsysteméjo (sready) =0
Ein = Eout
Zmihi = Zmehe ——> tiighg + ity hy = rityhy ——> yhe + (1= y)hy =1(h;)

where y is the fraction of steam extracted from the turbine (=11 / 713 ). Solving for y,

hy —h,  640.09 -192.33

= =0.1718
he —h, 2798.3-192.33

y:

Then, ¢y, = hs—hy =3375.1-651.02 = 2724.1 k/kg
Gout = (1= )y — 1) = (1-0.1718)(2346.8 —191.81) = 1784.7 kJ/kg
Waet = Gin — Gour = 2724.1-1784.7 = 939.4 kl/kg

and

W 150,000 kJ/s
939.4 ki/kg

=159.7 kg/s

Whet

(b) The thermal efficiency is determined from

Gout 1784.7 kl/kg
My =1-—"%=1- >
2724.1kl/kg

in

34.5%

Also,

P, =0.5 MPa

s = 6.9453 kl/kg - K
hs = 2798.3 kl/kg

$3 =57 @05 mpa = 1.8604 kl/kg-K
Sy =8 =S;giokea = 0.6492 kl/kg-K

Then the irreversibility (or exergy destruction) associated with this regeneration process is

J0
iregen :Tosgen :TO[Zmese _Zmisi +% ]:TO[S3 —JVSe _(l_y)SZ]

=(303 K)[1.8604 - (0.1718)6.9453)—(1-0.1718)(0.6492)]
=39.25 kJ/kg
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11-19

11-26 A vapor-compression refrigeration cycle with refrigerant-134a as the working fluid is considered. The rate of
cooling, the power input, and the COP are to be determined. Also, the same parameters are to be determined if the cycle
operated on the ideal vapor-compression refrigeration cycle between the same pressure limits.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis (a) From the refrigerant-134a tables (Tables A-11 through A-13)
Tsat@200 kpa =—10.1°C
P, =200 kPa h, =253.05 kl/kg T
T,=-10.1+10.1= O“C}S1 =0.9698 kl/kg - K
P, =1400 kPa }
h,, =295.90 kl/kg
S1=5
Tsat@1400 Kpa =52.4°C
P, =1400 kPa
T, =52.4-4.4=48°C
h, =h; =120.39 kl/kg

}hS = N gasec =120.39 kl/kg

_ h25 - hl
lc = h, —h,
0.88 = 222:90=253.05 h, =301.74 kl/kg
h, —253.05

Q, =m(h, —h,) =(0.025kg/s)(253.05 - 120.39) =3.317 KW

O, =m(h, —hy)=(0.025kg/s)(301.74 —120.39) = 4.534 kW

W, =m(h, —h,)=(0.025kg/s)(301.74 — 253.05) =1.217 KW

cop= QL _331TkW
W, 1217kW

m

725

(b) Ideal vapor-compression refrigeration cycle solution
From the refrigerant-134a tables (Tables A-11 through A-13) T

P, =200kPa }hl =244.46 kl/kg

X =1 s; =0.9377 kl/kg - K
P, =1400 kPa

h, =285.08 kl/kg
S1=9%
P, =1400kPa

h, =127.22 ki/kg K W
X3 =0 / 4s 4 o

L

h, = hy =127.22 ki/kg

Q, =m(h, —h,) = (0.025kg/s)(244.46 — 127.22) = 3.931kW
Qy =m(h, —hy)=(0.025kg/s)(285.08 — 127.22) = 3.947 kW

W, =mi(h, —h,)=(0.025kg/s)(285.08 — 244.46) = 1.016 KW
COP :& :M =2.886
W, 1.016kW

n

Discussion The cooling load increases by 18.5% while the COP increases by 5.9% when the cycle operates on the ideal
vapor-compression cycle.
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11-35 An ideal vapor-compression refrigeration cycle is used to keep a space at a low temperature. The cooling load, the

COP, the exergy destruction in each component, the total exergy destruction, and the second-law efficiency 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 are (Tables A-11 through A-13)

T, =-10°C |h; =244.51 kl/kg

X =1 }sl =0.9377 kl/kg - K T
P, = Pa@s7.9oc =1600 kPa
S, =5,

P; =1600 kPa | hy; =135.93 kJ/kg

X3 =0 }33 =0.4791kl/kg-K
h, =h; =135.93 kl/kg

T, =-10°C

h, =135.93 kl/kg

}hz =287.85 kl/kg

}54 =0.5251kl/kg - K

The energy interactions in the components and the COP are

q, =h, —h, =244.51-135.93=108.6 kJ/kg
qy =h, —h, =287.85-135.93 =151 9 kJ/kg
w,, =h, —h, =287.85-244.51=43.33kl/kg

_l08.6kifkg _,

cop=JL _ ~2.506
W, 4333kl/kg

(b) The exergy destruction in each component of the cycle is determined as follows
Compressor:

Sgen1—2 =82 =8 =0

EXgest,1-2 = ToSgen1-2 =0
Condenser:

Syen23 =53 — Sy + 2—'* =(0.4791-0.9377)kl/kg - K + % =0.05124kJ/kg - K

H

EXgest23 = ToSgenns = (298K)(0.05124 kl/kg - K) = 15.27 kJ/kg

Expansion valve:

Sgens_s =S4 — S3 =0.5251-0.4791=0.04595kJ/kg - K

EXgest3s = ToSgenas = (298 K)(0.04595kI/kg - K) =13.69 kd/kg

Evaporator:

Sgend1 =S| — S4 $—L =(0.9377-0.5251) ki/kg - K — % =0.02201kJ/kg - K

L

EXgestat = ToSgenat = (298 K)(0.02201kJ/kg - K) = 6.56 kd/kg

The total exergy destruction can be determined by adding exergy destructions in each component:

E.Xdest,total = E.Xdest,l—z + Exdest,2—3 + E'Xdest,3—4 + I:;Xdest,4—l
=0+15.27+13.69 + 6.56 =35.52 kJ/kg
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(c) The exergy of the heat transferred from the low-temperature medium is

T 298
Exg =-0_ (1 - %] =—(108.6 kJ/kg)(l - %] =7.812kl/kg

The second-law efficiency of the cycle is

Ex
i =—2 =812 6 1803-18.0%
w, 4333

m
The total exergy destruction in the cycle can also be determined from

EXdest totat = Win — EXq, =43.33-7.812=35.52kJ/kg

The result is identical as expected.

The second-law efficiency of the compressor is determined from
X
X

n _ Mrecovered _ Wrev _ m[hZ - hl _TO (32 - S1)]
II,Comp — T - 5
expended Wact, in m(hZ - hl)

since the compression through the compressor is isentropic (S; = S), the second-law efficiency is

77H,C0mp =1=100%
The second-law efficiency of the evaporator is determined from

_ X recovered _ QL (TO — TL ) /TI_ -1 X dest,4-1
T, Evap = =

Xexpended m[h4 - hl _TO (54 - Sl)] X4 - X1
where
Xg =Xy =hy —h =Ty(s4 —5;)
=(135.93 —244.51) kJ/kg — (298 K)(0.5251-0.9377) kJ/kg - K
=14.37klJ/kg
Substituting,
X
Mt by =1~ ety 0504IKe _ 54454 495

X4 — X 14.37 kl/kg

11-28
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11-64 A two-stage cascade refrigeration system is considered. Each stage operates on the ideal vapor-compression cycle
with upper cycle using water and lower cycle using refrigerant-134a as the working fluids. The mass flow rate of R-134a
and water in their respective cycles and the overall COP of this system are to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible. 3 The heat
exchanger is adiabatic.

Analysis From the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13),
Tl :SOC } hl :hg@5°C :25101kJ/kg

sat.vapor | S; =Sg g sec =9.0249kJ/kg-K
T

P, =1.6 MP

2 4 } h, = 5083.4 kl/kg
Sy =35
P, =1.6 MPa

h, =h =858.44 kJ/k

sat. liquid } 3 f @1.6MPa &
hy, = h; =858.44kl/kg (throttling)
TS =-40°C } hS = hg @ —40°C =225.86 kJ/kg 3 20°C - T 5
sat. vapor S5 =Sg @ -40cc =0.96866kJ/kg-K / QL
Ps =400 kP

6 4 } he = 267.59 kl/kg s
S¢ =Ss
P, =400 kPa

hg =h, =63.94kJ/kg (throttling)
The mass flow rate of R-134a is determined from

Q. 20k)/s

), =mg(hs —h Mg = =
Qp =mg(hs —hg) R hy—hy (225.86-63.94)kl/kg

=0.1235kg/s

An energy balance on the heat exchanger gives the mass flow rate of water
Mg (hg —h;) =my, (h; —hy)
267.59-63.94

h —h
——m,, =g ——L=(0.1235kg/s) ———————=0.01523 kg/s
h, —h, 2510.1-858.44

The total power input to the compressors is

Wi, =mg(hg —hs)+m,, (h, —h)
= (0.1235 kg/s)(267.59 — 225.86) kJ/kg + (0.01523 kg/s)(5083.4 — 2510.1) kl/kg
=44.35k]/s

The COP of this refrigeration system is determined from its definition,

cop, =L = 20KUs g 459
W, 4435K)s

mn
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11-65 A two-stage vapor-compression refrigeration system with refrigerant-134a as the working fluid is considered. The
process with the greatest exergy destruction is to be determined.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes are negligible.
Analysis From Prob. 11-55 and the water and refrigerant tables (Tables A-4, A-5, A-6, A-11, A-12, and A-13),

S, =S, =9.0249kl/kg-K
s; =2.3435kJ/kg-K

s, =3.0869 kl/kg-K

S5 =S¢ =0.96866 kJ/kg-K
s; =0.24757kl/kg-K

Sg =0.27423kJ/kg - K

mg =0.1235kg/s

m,, = 0.01523kg/s

q. =hs —hg =161.92kJ/kg
qy =h, —h; =4225.0kJ/kg
T, =-30°C=243K

Ty =30°C=303K

Ty, =30°C=303K

The exergy destruction during a process of a stream from an inlet state to exit state is given by

X dest =T05gen =T0£Se =S _L+?i}

source sink

Application of this equation for each process of the cycle gives

. . A
X gestroyed, 23 = My To (53 =Sy t—
Th

42253'0j =33.52kJ/s

= (0.01523)(303 K)(2.3435 ~9.0249 +

X destroyed. 34 = My To (S5 —83) = (0.01523)(303)(3.0869 — 2.3435) = 3.43 kJ/s
X desroed. 78 = M To (85 —S7) = (0.1235)(303)(0.27423 — 0.24757) = 0.996 k/s

; . a.
Xdestroyed,SS = mRTO(SS —Sg — T
L

16122):1.051(]/5

=(0. 1235)(303)[0.96866 -0.27423 -
X destroyed, heat exch — TO [mw (Sl —S4 ) + mR (S7 —S¢ )]
= (303)[(0.01523)(9.0249 —3.0869) +(0.1235)(0.24757 - 0.96866)] =0.417kl/s
For isentropic processes, the exergy destruction is zero:
X destroyed, 12 =0
X destroyed, 56 =0

Note that heat is absorbed from a reservoir at -30°C (243 K) and rejected to a reservoir at 30°C (303 K), which is also taken
as the dead state temperature. Alternatively, one may use the standard 25°C (298 K) as the dead state temperature, and
perform the calculations accordingly. The greatest exergy destruction occurs in the condenser.
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11-116 An air conditioner operates on the vapor-compression refrigeration cycle. The rate of cooling provided to the space,
the COP, the isentropic efficiency and the exergetic efficiency of the compressor, the exergy destruction in each component
of the cycle, the total exergy destruction, the minimum power input, and the second-law efficiency of the cycle 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 are (Tables A-11 through A-13)

Tsat@lSOkPa =-12.7°C

P, =180 kPa h, =245.14 kl/kg
T, =-12.7+2.7=10°C|s, = 0.9483 kl/kg- K T
P, = 1200 kPa

h,. =285.32 kl/k
S1=% } > ¢

P, =1200 kPa)h, = 289.64 ki/kg

T, =60°C }Sz =0.9614 klJ/kg-K

Toa@i200kpa = 46.3°C / 4 QI'_ 1
P, = 1200 kPa hy = hygarrc =108.26 ki/kg

T, =463-63= 40°c} S; = Sygarec = 03948 kl/kg- K

h, = hy = 108.26 ki/kg

P, = 180 kPa

h, =108.26 kJ/kg

}84 =0.4228 kJ/kg-K

The cooling load and the COP are

Q, =m(h, —h,) = (0.06 kg/s)(245.14 —108.26)kJ/kg = 8.213 kW

(3412 Btu/hj

=(8.213kW) =28,020Btu/h

Qy =m(h, — hy) =(0.06 kg/s)(289.64 —108.26)k]/kg =10.88 kW
W, =m(h, —h,)=(0.06 kg/s)(289.64 — 245.14)k]/kg = 2.670 kW

cop=Qu _8213kW
W, 2.670kW

m

=3.076

(b) The isentropic efficiency of the compressor is

_hy—h;  285.32-245.14
h, —h, ~ 289.64—245.14

Tc =0.9029=90.3%

The reversible power and the exergy efficiency for the compressor are

Wrev = m[(hz - hl ) _TO (52 - Sl)]
=(0.06 kg/S)[(289.64 —245.14)kJ/kg — (310 K)(0.9614 — 0.9483)kJ/kg - K]
=2.428 kW

W, 2.428kW

TocC =\ T 2670 kW

m

=09091=90.9%

(c) The exergy destruction in each component of the cycle is determined as follows

Compressor:

S gen1_2 =M(S, —5;) = (0.06 kg/s)(0.9614 — 0.9483) kl/kg - K = 0.0007827 kW/K

EXgest1-2 = ToSgen.1.2 = (310 K)(0.0007827 kW/K) = 0.2426 kW
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Condenser:

M(s; —S,) +$—H= (0.06 kg/s)(0.3948 — 0.9614) kl/kg - K +%:0.001 114kW/K

H

S

gen,2-3 =

EXgest23 = ToSgen2-3 = (310 K)(0.001114 ki/kg - K) =0.3452 kW

gen,2-

Expansion valve:

S mM(s, — S3) = (0.06 kg/s)(0.4228 — 00.3948) kl/kg - K =0.001678 kW/K

gen,3-4 —
Exdestj_4 =TOS'gen,3_4 =(310K)(0.001678 kJ/kg - K) = 0.5203 kJ/kg
Evaporator:
Sgen,4—l =M(s; —S,) - ?—L =(0.06 kg/s)(0.9483 — 0.4228) kl/kg - K — % =0.003597 kW/K

L

EXgestat = ToS (310 K)(0.003597 ki/kg - K) =1.115 KW

gend-1 =
The total exergy destruction can be determined by adding exergy destructions in each component:

Exdest,total = Exdest,l-z + Exdest,2-3 + Exdest,3-4 + Exdest,4-1
=0.2426 + 0.3452 + 0.5203 +1.115
=2.223 kW

(d) The exergy of the heat transferred from the low-temperature medium is

. . T 310
Ex. =-0Q,|1-=|=—(8.213kW)| 1 - =—— |=0.4470 kW
Q QL( T ] ( )( 294}

L
This is the minimum power input to the cycle:

w = EXQL =0.4470 kW

in,min
The second-law efficiency of the cycle is

Wi 04470
=Ty 2.670

mn

=0.1674=16.7%

The total exergy destruction in the cycle can also be determined from

EX esttoral =Win — EXg_ =2.670—0.4470=2.223kW

Q

The result is the same as expected.

11-82
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13-31 The partial pressures of a gas mixture are given. The mole fractions, the mass fractions, the mixture molar mass, the
apparent gas constant, the constant-volume specific heat, and the specific heat ratio are to be determined.

Properties The molar masses of CO,, O, and N, are 44.0, 32.0, and 28.0 kg/kmol, respectively (Table A-1). The constant-
volume specific heats of these gases at 300 K are 0.657, 0.658, and 0.743 kJ/kg-K, respectively (Table A-2a).

Analysis The total pressure is

The volume fractions are equal to the pressure fractions. Then, Partial
Peop 125 pressures
Yoo = 5 =100 =0.125 CO,, 12.5 kPa

F;"‘a' e 0,, 37.5 kPa

Yoo =092 _°""°_0.375 N,, 50 kPa
P'[otall 100
P

Yoo = —2 _ 30 o0
F)total 100

We consider 100 kmol of this mixture. Then the mass of each component are

Mco2 = NcoaM oz = (12.5 kmol)(44 kg/kmol) = 550 kg
Mgy = NgyM g, =(37.5 kmol)(32 kg/kmol) =1200 kg
My = N2 M 2 = (50 kmol)(28 kg/kmol) =1400 kg

The total mass is
My, =My, + Mgy + My, =550 +1200 +1400 = 3150 kg

Then the mass fractions are

m

Mfegp = — 92 _ 550kg _ 1746
m, 3150kg
m

mfo, = oz _ 1200K3 _ 5 509
m, 3150kg

mfNz = M2 :M:0_4444
m, 3150kg

The apparent molecular weight of the mixture is

M, = _ 3150K9 _ 59 56 g/kmol

™ N_ 100 kmol

m
The constant-volume specific heat of the mixture is determined from
Cy =MFfeorCycop + MFosCy on +MnaCy N2
=0.1746x0.657 +0.3810x 0.658 + 0.4444 x 0.743
=0.6956 kJ/kg -K

The apparent gas constant of the mixture is

R, _8.314kJ/kmol K

=0.2639 kJ/kg -K
M 31.50 kg/kmol

m
The constant-pressure specific heat of the mixture and the specific heat ratio are
Cp =C, +R=0.6956+0.2639 =0.9595kJ/kg-K

c .
(_Cp _09595kikg-K _, o0

c, 0.6956ki/kg-K
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13-34 The masses, temperatures, and pressures of two gases contained in two tanks connected to each other are given. The
valve connecting the tanks is opened and the final temperature is measured. The volume of each tank and the final pressure
are to be determined.

Assumptions Under specified conditions both N, and O, can be treated as ideal gases, and the mixture as an ideal gas
mixture

Properties The molar masses of N, and O, are 28.0 and 32.0 kg/kmol, respectively. The gas constants of N, and O, are
0.2968 and 0.2598 kPa-m3/kg:K, respectively (Table A-1).

Analysis The volumes of the tanks are

. 3 .
" :[mRT) _ (2kg)(02968 kPa - m?/kg - K)(298K) _ 1o N
U Py, 550 kPa g N & 400
mRT (4 kg)(0.2598 kPa - m3/kg - K)(298 K) 25°C 25°C
v :( j _ (4kg)(0. g —2.065 m® 550 kPa 150 kPa
U P, 150 kPa

Vo =W, + Vo, =0.322m® +2.065 m® = 2.386 m*

Also,
m
Ny —oNe __2K9 7143 kmol
Z My, 28kg/kmol
2
m
Ng =0 __ 4K8 105 mol
Z Mg, 32kg/kmol
2
N, =Ny, +Ng. =0.07143 kmol + 0.125 kmol = 0.1964 kmol
2 2
Thus,

Pm

3
_ ( NRUT] _ (0.1964 kmol)(8.314 kPa - m*/kmol - K)(298 K) _ 204 kPa
m

v 2.386 m®
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13-29
13-55 The volume fractions of components of a gas mixture are given. This mixture is expanded isentropically to a
specified pressure. The work produced per unit mass of the mixture is to be determined.
Assumptions All gases will be modeled as ideal gases with constant specific heats.

Properties The molar masses of H,, He, and N, are 2.0, 4.0, and 28.0 kg/kmol, respectively (Table A-1). The constant-
pressure specific heats of these gases at room temperature are 14.307, 5.1926, and 1.039 kJ/kg-K, respectively (Table A-
2a).

Analysis We consider 100 kmol of this mixture. Noting that volume fractions are equal to the mole fractions, mass of each
component are

My, = Ny M, = (30 kmol)(2 kg/kmol) = 60 kg
Mye = NpeM e = (40 kmol)(4 kg/kmol) =160 kg 30% H,
My, = N o M o = (30 kmol)(28 kg/kmol) = 840 kg 40% He
. 30% N,
The total mass is (by volume)
My = My +Mye + My, =60+160+840 =1060 kg 5 MPa, 600°C
Then the mass fractions are
mf,, =2 _ _80K9 _ heegg
m, 1060kg
My, = e 100KG _ 1509
m, 1060 kg
mf,, = e _ 840Kg _ 7005
m, 1060 kg
The apparent molecular weight of the mixture is
M, =M _ 1060K3 46 66 kgikmol
N, 100 kmol

The constant-pressure specific heat of the mixture is determined from
=0.05660x14.307 +0.1509x5.1926 + 0.7925x1.039
=2.417kJkg-K

The apparent gas constant of the mixture is

R,  8.314kJ/kmol-K

R = =
M 10.60 kg/kmol

=0.7843 kJ/kg-K

Then the constant-volume specific heat is
¢, =C¢, ~R=2417-0.7843=1.633kJ/kg-K

The specific heat ratio is

c
So (2817 4 450

c, 1.633

v

The temperature at the end of the expansion is

(k=1) /K 0.48/1.48

P

T,=T,| 2 - (873 K)(—ZOO kPa j ~307K
P, 5000 kPa

An energy balance on the adiabatic expansion process gives
Wy =€, (T; —T,) = (2.417 ki/kg - K)(873-307) K = 1368 kJ/kg
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13-56 The mass fractions of components of a gas mixture are given. This mixture is enclosed in a rigid, well-insulated
vessel, and a paddle wheel in the vessel is turned until specified amount of work have been done on the mixture. The
mixture’s final pressure and temperature are to be determined.

Assumptions All gases will be modeled as ideal gases with constant specific heats.

Properties The molar masses of N,, He, CH,4, and C,Hs are 28.0, 4.0, 16.0, and 30.0 kg/kmol, respectively (Table A-1). The
constant-pressure specific heats of these gases at room temperature are 1.039, 5.1926, 2.2537, and 1.7662 kJ/kg-K,
respectively (Table A-2a).

Analysis We consider 100 kg of this mixture. The mole numbers of each component are

Ny =2 ___15K8___ 4 5357 o
My  28kg/kmol
m 5k 15% N,
Npe =—oHe =29 _3 55 kmol 5% He
My 4kg/kmol 60% CH,4
m 60 k 20% C,Hs
Nepg = —= 9 _375kmol (by mass)
My, 16 kg/kmol e
Ncone = Meaws 20Ky _ 0.6667 kmol 200 kPa
Mo 30 kg/kmol 20°C

The mole number of the mixture is
N, =Ny, + Nge + Nepa + Neppg =0.5357 +1.25+ 3.75+ 0.6667 = 6.2024 kmol

The apparent molecular weight of the mixture is
m

M =M _ 100 kg
"N 6.2024 kmol

=16.12 kg/kmol

m
The constant-pressure specific heat of the mixture is determined from
Cp =MFroCpnz +MFeCp e +MFepaCpca + MFeansCp cone
=0.15%1.039+0.05%5.1926 + 0.60x 2.2537 + 0.20x1.7662
=2.121kJ/kg-K
The apparent gas constant of the mixture is

_ R, 8.134kJ/kmol-K
M 16.12 kg/kmol

=0.5158 ki/kg - K

m
Then the constant-volume specific heat is
¢, =€, ~R=2121-0.5158 =1.605kJ/kg-K

The mass in the container is

P,V 8
L (200 kPai(lOm ) _13.23kg
RT;  (0.5158 kPa-m*®/kg-K)(293K)
An energy balance on the system gives
W.. .
Wepin = M, (T, —Ty) ——> T, =Ty + —100 = (203K) + 100k) =297.7K

(13.23kg)(1.605 ki/kg - K)

m*v
Since the volume remains constant and this is an ideal gas,

T :
P, = P, —2 = (200 kPa)M =203.2kPa
T 293K

1
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13-68 A piston-cylinder device contains a gas mixture at a given state. Heat is transferred to the mixture. The amount of
heat transfer and the entropy change of the mixture are to be determined.

Assumptions 1 Under specified conditions both H, and N, can be treated as ideal gases, and the mixture as an ideal gas
mixture. 2 Kinetic and potential energy changes are negligible.

Properties The constant pressure specific heats of H, and N, at 450 K are 14.501 kJ/kg.K and 1.049 kJ/kg.K, respectively.
(Table A-2h).

Analysis (a) Noting that P, = P; and ¢4 =2/,

RV, R4 T, =2iT1 = 2T, =(2)(300 K) =600 K
T2 T “ 0.5 kg H,
From the closed system energy balance relation, 1.6 kg N,
En —Ey = AEsystem l?())gok:za\
Oin — Wb,out =AU - (O,=AH ~ Q

since W, and AU combine into AH for quasi-equilibrium constant pressure processes.
Qin =AH = AH H, +AH N, = |_mcp,avg (TZ _Tl )JH2 + I.me,an (TZ _Tl )JN2
= (0.5 kg)(14.501 k/kg - K Y600 —300)K + (1.6 kg }1.049 k/kg - K }600 —300)K
=2679kJ

(b) Noting that the total mixture pressure, and thus the partial pressure of each gas, remains constant, the entropy change of
the mixture during this process is

&0
T P. T
ASy, =[m(s, _Sl)]H2 =mH2[Cp |n_|_—2— RIn—2 ] =mHz(cp InT—ZJ
H2 HZ

1 Pl 1
600 K
=(0.5 kg |14.501 kJ/kg - K)In
(05 kg g-KinZo e
=5.026 kJ/K
T P, T
ASy, =[m(s; —s;)]y, =mN2[cplnf—Rln—1 =my, cplni
N, N,
600 K
=(1.6 kg )\1.049 kJ/kg - K)In
(1.6 kg g-KlinZ oo

=1.163 kJ/K

ASyp =ASyy +ASy =5.026 kJ/K +1.163 kI/K = 6.19 kJ/K
2 2
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14-31

14-73 Saturated humid air at a specified state is heated to a specified temperature. The relative humidity at the exit and the
rate of heat transfer are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (M, =m,, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.

Analysis The amount of moisture in the air remains constant (@, = w») as it flows through the heating section since the
process involves no humidification or dehumidification. The inlet state of the air is completely specified, and the total
pressure is 200 kPa. The properties of the air at the inlet and exit states are determined to be

Pu = #1Py1 = # Pt @isec = (1.0)(L.7057 kPa) =1.7057 kPa
hgl = hg @15°C = 25283 kJ/kg

P, =P, — P, =200-1.7057 =198.29 kPa Heating
coils
RaTl
Vi =—— o
@ 100% RH -~ @

_ (0.287kPa-m® /kg-K)(288 K)
B 198.29 kPa

=0.4168m3 / kg dry air

20 m/s 200 kpa AIR

_0.622P,  0.622(L.7057 kPa)
"~ P,-P; (200-1.7057) kPa

o =0.005350 kg H,O/kg dry air

hy = ¢, Ty +@ihy; = (1.005 ki/kg -°C)(15°C) + (0.005350)(2528.3 ki/kg) = 28.60 ki/kg dry air

P,, =P, =1.7057 kPa
Py = Pat@aoec = 4.2469 kPa
P, 1.7057kPa

$y = =————=0.402=40.2%
Py 4.2469kPa
g2 =Ny @a0-c =2555.6 kilkg
Wy =,

h,=c pla+ a)zhg2 = (1.005 kJ/kg - °C)(30°C) + (0.005350)(2555.6 kJ/kg) = 43.82 ki/kg dry air
Then,

: D? . 2
U, =V, A, =V, ”4 = (20 m/s){@] =0.02513m%/s

V‘ 3
hl 0.02513m* /s — 0.06029 kg/s

v, 0.4168m3/ kg dry air

m

From the energy balance on air in the heating section,

Q,, =, (h, —h,) = (0.06029 kg/s)(43.82 — 28.60)kJ/kg = 0.918 KW
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14-35

14-78 Air is first heated and then humidified by wet steam. The temperature and relative humidity of air at the exit of
heating section, the rate of heat transfer, and the rate at which water is added to the air are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (i, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, = 23.5kJ/kg dry air

@, =0.0053kg H,O/kg dry air (= w,) i Sat. vapor
v, =0.809 m®/kg dry air ! Heating 4 v 100°C
) coils Humidifi
hy = 42.3kJ/kg dry air umidrer
w5 = 0.0087 kg H ,0/kg dry air 10°C MM AIR| = .
— 20°C
_ o _ _ 0% @ —— T
Analysis (a) The amount of moisture in the air remains 4¢3/ latm| |_- 60%
constant it flows through the heating section (@ = w»), e
but increases in the humidifying section (w3 > ®,). The @ @ @

mass flow rate of dry air is

_ ¥, 35m*/min

=——————=43.3kg/min
v, 0.809m°/kg

a

Noting that Q = W =0, the energy balance on the humidifying section can be expressed as

. . . 20 (stead
Ein — Eou = AE (steady) _ g

En,=E

in system

in out
Zmlhl = Zmehe E— mwhw + mazhz = I’hah3
(03— wy)hy, +hy =hg
Solving for h,,
h, =hg — (@3 —@;)hg @100c =42.3—(0.0087 —0.0053)(2675.6) = 33.2 kI/kg dry air
Thus at the exit of the heating section we have @, = 0.0053 kg H,O dry air and h, = 33.2 kJ/kg dry air, which completely
fixes the state. Then from the psychrometric chart we read
¢, =37.8%

(b) The rate of heat transfer to the air in the heating section is

Q,, =, (h, —hy) = (43.3kg/min)(33.2 - 23.5) ki/kg = 420 kJ/min

(c) The amount of water added to the air in the humidifying section is determined from the conservation of mass equation
of water in the humidifying section,

m,, =M, (&5 — ,) = (43.3 kg/min)(0.0087 —0.0053) = 0.15 kg/min
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14-38

14-82 Air is cooled and dehumidified at constant pressure. The amount of water removed from the air and the rate of
cooling are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =my, =m,). 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are

negligible.

Properties The inlet and the exit states of the air are completely specified, and the total pressure is 1 atm. The properties of
the air at various states are determined from the psychrometric chart (Figure A-31) to be

h, =79.6 kJ/kg dry air

, =0.0202 kg H,O/kg dry air } )\
v, =0.881m3/kg dry air Cooling coils
and —1q0 - 2go
¢, =1.0 Tzz_zllgo;) ST vy _tam o T E ::22850(:
2 > b, ¥=Condensate i

h, =51.0 ki/kg dry air ©) R ©)

@, =0.0130 kg H,0/kg dry air

Also. .~ Condensate
20°C removal
hW = hf @200c = 83915 k\]/kg (Table A'4)

Analysis The amount of moisture in the air decreases due to dehumidification (@, < @;). The mass flow rate of air is

Vi (10,000/3600) m® /s
v, 0.881m?/kgdry air

=3.153kg/s

al

Applying the water mass balance and energy balance equations to the combined cooling and dehumidification section,
Water Mass Balance:
hX rhW,i =2 mw,e I r'hala)l = r];].’;126‘)2 + rﬁw
m,, =M, (&, —w,) = (3.153kg/s)(0.0202 —0.0130) = 0.0227 kg/s
Energy Balance:
Ein — Eou'[ = AE'system Fotsteady) 0
Ein = E'out
Zr‘hihi = Qout +Zmehe
Qout = rhalhl - (maZhZ + rhth) =m, (hl - hz) - n.’]th

in

Quu = (3.153 ka/s)(79.6 — 51.0)kd/kg — (0.02227 kg/s)(83.915 ki/kg)

=88.3kW
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14-49

14-90 Atmospheric air enters the evaporator of an automobile air conditioner at a specified pressure, temperature, and
relative humidity. The dew point and wet bulb temperatures at the inlet to the evaporator section, the required heat transfer
rate from the atmospheric air to the evaporator fluid, and the rate of condensation of water vapor in the evaporator section
are to be determined.

Assumptions 1 This is a steady-flow process and thus the mass flow rate of dry air remains constant during the entire
process (m, =m,, =m,).2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are
negligible.
Analysis The inlet and exit states of the air are completely specified, and the total pressure is 1 atm. The properties of the
air at the inlet and exit states may be determined from the psychrometric chart (Fig. A-31) or using EES psychrometric
functions to be (we used EES)
Tgpr =15.7°C Y A
Ty =19.5°C Cooling coils
W .
h, =55.60 kJ/kg dry air . T,=10°C \QQMQQQMQMQQQ} 3 T, =27°C
o, =0.01115kg H,0/kg dry air $,=90% " (o e latm T $.=50%
v, = 0.8655m?® / kg dry air 24

¢
6

b ¥—Condensate
hy = 27.35 ki/kg dry air QO w—- @

, = 0.00686 kg H,0/kg dry air

10°C Condensate
The mass flow rate of dry air is removal
& Ve ACH (2 m?/change)(5 changes/min)

3 =11.55kg/min
V1 41 0.8655m

a

The mass flow rates of vapor at the inlet and exit are
m,, = @,m, = (0.01115)(11.55 kg/min) = 0.1288 kg/min
m,, = w,m, =(0.00686)(11.55 kg/min) = 0.07926 kg/min
An energy balance on the control volume gives
myh, = Qout +myhy +myhy,
where the the enthalpy of condensate water is
hWZ = h f@10°C = 4202 kJ/kg (Table A - 4)
and the rate of condensation of water vapor is
m,, = m, —m,, =0.1288—-0.07926 = 0.0495 kg/min
Substituting,
mahl = Qout + mahz + r'hwhwz
(11.55 kg/min)(55.60 kJ/kg) = Qout + (11.55 kg/min)(27.35 kJ/kg) + (0.0495 kg/min)(42.02 kJ/kg)
Qout = 324.4KJ/min =5.41kW
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0.050

0.045

0.040

0.035

0.030

0.025

0.020

Humidity Ratio

0.015

0.010

0.005

0.000

- Pressure = 101.3 [kPa]

T[°C]

Discussion We we could not show the process line between the states 1 and 2 because we do not know the process path.
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14-69
14-110 Two airstreams are mixed steadily. The temperature and the relative humidity of the mixture are to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be
h, =88.5kJ/kg dry air
@, =0.0187 kg H,O/kg dry air
v, =0.914 m3/kg dry air

@ 4o

40%
and L/s
| N o
h, =36.7 ki/kg dry air P=1atm s @
@, =0.0085kg H,O/kg dry air / AIR T3
v, =0.828m*/kg dry air 1L/s
Analysis The mass flow rate of dry air in each stream is @ ég;c
v . 3
g = 2= —20B8MTS 003087 ks
v 0.914m? [ kg dryair
v : ’
iy, = 22— QO0IMTTS 4 ho1008 kg

v, 0.828m?/kg dryair
From the conservation of mass,
Mg = My, +M,, = (0.003282+0.001208) kg/s = 0.00449 kg/s

The specific humidity and the enthalpy of the mixture can be determined from Egs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My @ —wy hh—hy

My, @3- hg—h
0.003282 0.0085-w, 36.7—h,
0.001208 @,—-0.0187 h,—885

which yields

@4 =0.0160 kg H,O/kg dry air

hy =74.6 kJ/kg dry air
These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric
chart:

T, =33.4°C

@3 =0493=49.3%
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14-70
14-111 Two airstreams are mixed steadily. The rate of exergy destruction is to be determined.

Assumptions 1 Steady operating conditions exist 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential
energy changes are negligible. 4 The mixing section is adiabatic.

Properties Properties of each inlet stream are determined from the psychrometric chart (Fig. A-31 or from EES) to be
h, =88.5kJ/kg dry air
@, =0.0187 kg H,O/kg dry air
v, =0.914 m3/kg dry air

@ 4oc

40%
and L/s
. w3
h, =36.7 ki/kg dry air P=1atm s @
@, =0.0085kg H,O/kg dry air / AIR T3
v, =0.828m*/kg dry air 1L/s
The entropies of water vapor in the air streams are @ égz/c

Sgl = Sg @ 40°C = 82556 k\]/kg . K
ng = Sg @15°C = 87803 k-.]/kg . K

Analysis The mass flow rate of dry air in each stream is

v, . 3

= O 0033 M7/ _0.003282kgls
v1 0.914m? /kgdryair
V' . 3

i, = Y2 Q00IMT/S 4001008 kgis

v, 0.828m?/kgdryair
From the conservation of mass,
My3 = My +M,, =(0.003282 +0.001208) kg/s = 0.00449 kg/s

The specific humidity and the enthalpy of the mixture can be determined from Egs. 14-24, which are obtained by
combining the conservation of mass and energy equations for the adiabatic mixing of two streams:

My _@p— _ h, —hg

My @3-y My=h
0.003282 0.0085-w; 36.7-h,
0.001208 ¢, —0.0187 h,—885

which yields
@3 =0.0160 kg H,O/kg dry air
h; =74.6 kJ/kg dry air

These two properties fix the state of the mixture. Other properties of the mixture are determined from the psychrometric
chart:

T, =33.4°C
¢y =0.493

The entropy of water vapor in the mixture is
Sq3 =Sg@azacc =8.3833kJkg-K

An entropy balance on the mixing chamber for the water gives
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14-71
AS-w =M,303S3 —My @, S; — My @8,
=0.00449x0.0160x8.3833—-0.003282x0.0187 x8.2556 —0.001208 x 0.0085x 8.7803
=5.426x10"° kW/K

The partial pressures of water vapor and dry air for all three air streams are
Pu = #1Pg1 = #1 Pt @ a0-c = (0.40)(7.3851kPa) = 2.954 kPa
P, =P, — P, =101.325-2.954 = 98.37 kPa
Pi2 =#2Pg2 = #: Pt @1soc = (0.80)(1.7057 kPa) =1.365 kPa
P,, =P, —P,, =101.325-1.365 = 99.96 kPa
Pz = #3Pys = #3Ps @33.4oc = (0.493)(5.150 kPa) = 2.539 kPa
P,s = P; —P,3 =101.325-2.539 = 98.79 kPa

An entropy balance on the mixing chamber for the dry air gives

AS.a = ma1(53 _Sl)+ma2 (53 _52)

T P T P
=my|c, 2RI |+ ,lc, In-2-RIn—2
Tl al TZ a2

3064 _ 0.287)1n 2872 1., 0.001208] (1.005) In 34 _ (0.287) In 2872
313 98.37

288 99.96
= (0.003282)(—0.02264) + (0.001208)(0.06562)
=4.964x107% kW/K

= o.ooszsz{(1.005) In

The rate of entropy generation is
Sgen =AS, +AS,, =4.964x107° +5.426x107° =10.39x10° kW/K
Finally, the rate of exergy destruction is

X gest = ToSgen = (298 K)(10.39x107° kW/K) =0.0031kW
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14-74

14-115 Water is cooled by air in a cooling tower. The relative humidity of the air at the exit and the water’s exit
temperature are to be determined.

Assumptions 1 Steady operating conditions exist and thus mass flow rate of dry air remains constant during the entire
process. 2 Dry air and water vapor are ideal gases. 3 The kinetic and potential energy changes are negligible. 4 The cooling
tower is adiabatic.

Analysis The mass flow rate of dry air through the tower remains constant (m,; = m,, =m,), but the mass flow rate of

liquid water decreases by an amount equal to the amount of water that vaporizes in the tower during the cooling process.
The water lost through evaporation must be made up later in the cycle to maintain steady operation. Applying the mass and
energy balances yields

Dry Air Mass Balance:
Zma,i =2 ma,e > mal = maz = ma

Water Mass Balance:

AIR 20°C
My =2XMye = Mg +Myo =M, + M0, EXIT w=0.014
m3_m4:ma(a)2_wl):mmakeup TTTTTT
Energy Balance: WARM /JQUOL\
I:;in - I:;out = AE.System 70(steady) - 0 WﬂERy @ D)
Ein = Eou 32°C ANAAA AN
Sh =Sm.h,  (sinceQ =W =0) 4 kgls
0=2Xmeh, -2 m;h;
0 = riry,hy, + Mz, — My hy —rghy X DAR
0=m, (hy —hy) + (M3 —Mpareup)Ns —Mshg \INLET
Solving for hy, 112'2”8
hy = shs i (h; —hy) o 20%
M3 = Mnakeup WATER 4.2 kgls

From the psychrometric chart (Fig. A-31), Makeup water

h; =20.4kJ/kg dry air
@, =0.00211kg H,0O/kg dry air
v, =0.819 m®/kg dry air
and
h, =55.7 kd/kg dry air
¢, =1=100%
From Table A-4,
hy =h¢ gspec =134.1kJ/kgH,0

AISO,  Myeup = My (@ —@y) = (4.2 kg/s)(0.014—0.00211) = 0.050 kg/s

Substituting,
_mghg —m, (h, —h;)  (4)(134.1)-(0.12)(55.7 - 20.4)
M3 — Mpakeup 4-0.050

h, = 98.31kJ/kg H,0

The exit temperature of the water is then (Table A-4)
T4 =Tae h; =98.31kJ/kg — 23.4°C
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15-8

15-18 n-Octane is burned with stoichiometric amount of air. The mass fraction of each product, the mass of water in the
products and the mass fraction of each reactant are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The reaction equation for 100% theoretical air is
CHyo

CgH,; +a,[0, +3.76N,]—>BCO, + DH,0+EN, e Products
. ombustion
where ay, is the stoichiometric coefficient for air. The coefficient ag, Air »| chamber >
and other coefficients are to be determined from the mass balances 100%
Carbon balance: B=38 theoretical
Hydrogen balance: 2D=18——> D=9
Oxygen balance: 284 =2B+D——>ay =0.5(2x8+9)=12.5
Nitrogen balance: agy x3.76=E——>E =12.5x3.76 =47

Substituting, the balanced reaction equation is
CgH g +12.5[0, +3.76N,|——>8CO, + 9H,0 + 47 N,

The mass of each product and the total mass are
My, = N My, = (47 kmol)(28 kg/kmol) =1316 kg
Mol = Meoa + My + My =352 +162+1316=1830kg

tota

Then the mass fractions are

mf.. = Mco2 :%20_1923
O M 1830kg
mf,, = Mo _ 162ke 5 haan
O m . 1830kg
m
mfy, = _1316ke 4 2199

My 1830k

The mass of water per unit mass of fuel burned is

Mpo  (Ox18) kg
Mcgmis  (1x114) kg

=1.421kgH,0/kg CgH;4

The mass of each reactant and the total mass are

Mesiig = NegmisM cgrrg = (L kmol)(114 kg/kmol) =114 kg
My = N M i, =(12.5x4.76 kmol)(29 kg/kmol) =1725.5 kg
Migtal = Megrrg + Myir =114 +1725.5=1839.5kg

Then the mass fractions of reactants are

m
mf gy = csis __114ke 6 650

Mea  1839.5kg

m,. .
mf, = ar__17255kg _; g3g,
Moa  1839.5kg
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15-16

15-27 Butane C4H;, is burned with 200 percent theoretical air. The kmol of water that needs to be sprayed into the
combustion chamber per kmol of fuel is to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The reaction equation for 200% theoretical air without the additional water is
C,H,, +2a,[0, +3.76N,]—>BCO, +DH,0+EO, +F N,

where ay, is the stoichiometric coefficient for air. We have automatically accounted for the 100% excess air by using the
factor 2ay, instead of ay, for air. The coefficient ay, and other coefficients are to be determined from the mass balances

Carbon balance: B=4

CHyg

Hydrogen balance: 2D=10——> D=5

yarog > Products
Oxygen balance: 2x2ay, =2B+D+2E Air —
—
200%
a, =E
th theoretical
Nitrogen balance: 2a4, x3.76=F

Solving the above equations, we find the coefficients (E = 6.5, F = 48.88, and a4, = 6.5) and write the balanced reaction
equation as

C,H,, +13[0, +3.76N,|——>4CO, +5H,0+6.50, +48.88N,
With the additional water sprayed into the combustion chamber, the balanced reaction equation is
C,H,( +13[0, +3.76N, ]+ N, H,0——>4CO, +(5+N,)H,0+6.50, +48.88 N,

The partial pressure of water in the saturated product mixture at the dew point is

P, Poacorc =19.95kPa

v,prod =Fs
The vapor mole fraction is

Pyprod  19.95kPa
P 100 kPa

prod

Yy = =0.1995

The amount of water that needs to be sprayed into the combustion chamber can be determined from

N 5+N
RS 0.1995 = B
4+5+N, +6.5+48.88

total, product

Yy = N, =9.796 kmol

N
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15-35
15-51 The higher and lower heating values of liquid propane are to be determined and compared to the listed values.

Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,0O, and N,. 3 Combustion gases are
ideal gases.

Properties The molar masses of C, O,, H,, and air are 12, 32, 2, and 29 kg/kmol, respectively (Table A-1).

Analysis The combustion reaction with stoichiometric air is

C;Hg () +5(0, +3.76N, )——>3CO, + 4H,0 +18.8N, CH
3418

—>

Products
—>

Both the reactants and the products are taken to be at the standard Combustion
reference state of 25°C and 1 atm for the calculation of heating values. Air chamber
The heat transfer for this process is equal to enthalpy of combustion.
Note that N, and O, are stable elements, and thus their enthalpy of
formation is zero. Then,

q=hc =Hp —Hg ZZNPHF,P _ZNRHF,R Z(Nﬁfo)coz +(NHF)H20 _(NHF )C3H8

The ﬁf of liquid propane is obtained by adding Hfg of propane at 25°C to ﬁf of gas propane (103,850 + 44.097 x 335 =
118,620 kJ/kmol). For the HHV, the water in the products is taken to be liquid. Then,

theoretical

he = (3 kmol)(—393,520 kJ/kmol) + (4 kmol)(—285,830 kJ/kmol)— (1 kmol)(-118,620 kJ/kmol)
=-2,205,260 kJ/kmol propane

The HHV of the liquid propane is

—he 2,205,260 kJ/kmol C;H
HHV = ¢ _ ==Y 2 =378 _ 50,010 kd/kg CqHg
M 44.097 kg/kmol C;Hg

The listed value from Table A-27 is 50,330 kJ/kg. For the LHV, the water in the products is taken to be vapor. Then,
he = (3 kmol)(=393,520 kJ/kmol) + (4 kmol)(=241,820 kI/kmol)— (1 kmol)(~118,620 kJ/kmol)
=-2,029,220 kJ/kmol propane
The LHV of the propane is then

LHV — —hc 2,029,220 kJ/kmol C5Hy
M 44.097 kg/kmol C;Hg

The listed value from Table A-27 is 46,340 kJ/kg. The calculated and listed values are practically identical.
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15-50

15-66 A mixture of propane and methane is burned with theoretical air. The balanced chemical reaction is to be written, and
the amount of water vapor condensed and the the required air flow rate for a given heat transfer rate are to be determined.

Assumptions 1 Combustion is complete. 2 The combustion products contain
CO,, CO, H,0, O,, and N, only.

Properties The molar masses of C, H,, O,, N, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, 28 kg/kmol, and 29 kg/kmol,
respectively (Table A-1).

Analysis (a) The balanced reaction equation for stoichiometric air is
0.4C,Hg +0.6CH, +a,[0, +3.76N,|——>1.8CO, +2.8H,0 +a, x3.76 N,

The stoicihiometric coefficient ay, i1s determined from an O, balance:

a, =18+14=32 CsH, CHa
=1.8+1.4=3.
o Aip | Combustion CO,, H,0,
ir -
— 5| chamber N,
Substituting, 100% theoretical

0.4C,Hg +0.6CH, +3.2[0, +3.76N, |——>1.8CO, + 2.8 H,0 +12.032 N,
(b) The partial pressure of water vapor is

N . .
p=—120p 2.8 (100 kPa) = 23 kmol
Nt 1.8+2.8+12.032 16.632 kmol

(100 kPa) =16.84 kPa

The dew point temperature of the product gases is the saturation temperature of water at this pressure:
Tap =Tsa@i684kpa =56.2°C (Table A-5)

Since the temperature of the product gases are at 398 K (125°C), there will be no condensation of water vapor.

(c) The heat transfer for this combustion process is determined from the energy balance E;, —E_,, = AE applied on

system

the combustion chamber with W = 0. It reduces to
~Quu = Y Np(if + R =R"), =S Nglhf +h-R°),

The products are at 125 °C, and the enthalpy of products can be expressed as
(h-h°)=c,aT

where AT =125-25=100°C =100 K . Then, using the values given in the table,

—Q, = (1.8)(=393,520 + 41.16 x 100) + (2.8)(—241,820 + 34.28 x 100) + (12.032)(0 + 29.27 x 100)
— (0.4)(~103,850) — (0.6)(~74,850)

=—1,246,760 kJ/kmol fuel
or Quut = 1,246,760 kJ/kmol fuel
For a heat transfer rate of 97,000 kJ/h, the molar flow rate of fuel is
Qout _ 97,000 kJ/h

=0.07780 kmol fuel’h

N fuel —

Qo 1,246,760 kJ/kmol fuel
The molar mass of the fuel mixture is

M et =0.4%x44 4+ 0.6 x16 =27.2 kg/kmol
The mass flow rate of fuel is

Meue = Nt M et = (0.07780 kmol/h)(27.2 kg/kmol) = 2.116 kg/h
The air-fuel ratio is

ApoMar __(32x4.76x29) kg
Mey (0.4x44+0.6x16)kg

=16.24 kg air/kg fuel
The mass flow rate of air is then

My, =M AF = (2.116 kg/h)16.24) = 34.4 kg/h
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15-73 A high efficiency gas furnace burns gaseous propane C3Hg with 140 percent theoretical air. The volume flow rate of
water condensed from the product gases is to be determined.
Assumptions 1 Combustion is complete. 2 The combustion products contain CO,, H,O, O,, and N, only.

Properties The molar masses of C, H,, O, and air are 12 kg/kmol, 2 kg/kmol, 32 kg/kmol, and 29 kg/kmol, respectively
(Table A-1).

Analysis The reaction equation for 40% excess air (140% theoretical air) is
C;Hy +1.4a,[0, +3.76N,|——> BCO, + DH,0 + EO, + F N,

where @y, is the stoichiometric coefficient for air. We have automatically accounted for the 40% excess air by using the
factor 1.4ay, instead of ay, for air. The coefficient ay, and other coefficients are to be determined from the mass balances

Carbon balance: B=3
Hydrogen balance: 2D=8——D=4 C.H ’ Q
3Hg
Oxygen balance: 2x1.4ay, =2B+D+2E 555" Combustion | progucts
0.4ay =E . chamber [—»
Nitrogen balance: l.4ay x3.76 =F Alr,
40% excess

Solving the above equations, we find the coefficients (E = 2,
F =26.32, and a4, = 5) and write the balanced reaction equation as

C,Hg +7[0, +3.76N,]——>3CO, +4H,0+20, +26.32N,

The partial pressure of water in the saturated product mixture at the dew point is
P Poat@aorc =7.3851kPa

v,prod =Fg
The vapor mole fraction is

Pyprod  7.3851kPa
P 100 kPa

prod

=0.07385

Yy =

The kmoles of water condensed is determined from

Y, = Nuaer 0.07385 = 4= Ny N, =1.503 kmol
Ntotal,prodm 3+4-N, +2+26.32
The steady-flow energy balance is expressed as
NfelHr = Qpuer + Nt Hp
where Qg = Qo _ 3LOSOKI _ 5, g9 1yym

0.96

Tfurnace

Hg =h?, — Thopaasec +26.32Mga0s0c
= (~103,847 kJ/kmol) + 7(0) + 26.32(0) = —103,847 kJ/kmol

Hp =3Ncoraasec +#Mmoa@asec +2Noaaasec +26.32hyagasc + Ny, (h ?HZO(liq))
= 3(=393,520 kJ/kmol) + 4(-241,820 kJ/kmol) + 2(0) + 26.32(0) +1.503(~285,830 kJ/kmol)

=-2.577x10° kJ/kmol
Substituting into the energy balance equation,

NfuelH R = quel + Nfuel Hp
N 1o (—103,847 kJ/kmol) = 32,969 kJ/h + N ¢, (—2.577x10° kJ/kmol) —> N ¢, = 0.01333 kmol/h
The molar and mass flow rates of the liquid water are
N, =N, N = (1.503 kmol/kmolfuel)(0.01333 kmol fuel/h) = 0.02003 kmol/h
m, =N,M_ =(0.02003 kmol/h)(18 kg/kmol)=0.3608 kg/h
The volume flow rate of liquid water is
Vi =V @asec )My, =(0.001003 m>/kg)(0.3608 kg/h) =0.0003619 m*/h =8.7 L/day
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15-80 Propane is burned with stoichiometric and 50 percent excess air. The adiabatic flame temperature is to be determined
for both cases.

Assumptions 1 Steady operating conditions exist. 2 Air and combustion gases are ideal gases. 3 Kinetic and potential
energies are negligible. 4 There are no work interactions. 5 The combustion chamber is adiabatic.

Analysis Under steady-flow conditions the energy balance E;, —E = AE .., applied on the combustion chamber with
Q=W =0 reduces to

SNpl; +n =0 ), = SN i -00), — NG (7 R0 ) =SNG
since all the reactants are at the standard reference temperature of 25°C. Then, for the stoicihiometric air
C;Hg +a4 (0, +3.76 N,)——3CO, +4H,0+ay x3.76 N,

where ay, is the stoichiometric coefficient and is determined from the O, balance,

ath = 3 + 2 = 5 .
C;3Hg &
Thus, —
25°C | Combustion [ Products
C,Hg +5(0, +3.76N,)—>3CO, +4H,0 +18.8N, nip | chamber [T,
From the tables, 100% T
e HZQSK theoretical air
f
Substance kd/kmol kJ/kmol
C3Hs (g) -103,850
0, 0 8682
N, 0 8669
H,0 (g) -241,820 9904
Co, -393,520 9364
Thus,
(3)(- 393,520+ Ry —9364)+ (4)(- 241,820 + Fyype, —9904)+ (18.8)(0 + Py, — 8669)= (1)(~ 103,850)+ 0+ 0
It yields 3heey + 4hyao +18.8hy, =2,274,680 kJ

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-
hand side of the equation by the total number of moles, which yields 2,274,680/(3 + 4 + 18.8) = 88,166 kJ/kmol. This
enthalpy value corresponds to about 2650 K for N,. Noting that the majority of the moles are N,, Tp will be close to 2650 K,
but somewhat under it because of the higher specific heat of H,O.

At 2500 K:

3heoy + N0 +18.8Ny, =3x131,290 + 4 x 108,868 +18.8 x 82,981
=2,389,380 kJ (Higher than 2,274,680 kJ)

At 2450 K:

3heoy + 4hio +18.8hy, =3x 128,219 + 4 x 106,183 +18.8x 81,149
=2,334,990 kJ (Higher than 2,274,680 kJ)

At 2400 K:

3heoy + 4hyao +18.80y, =3 x125,152 + 4% 103,508 +18.8 x 79,320
=2,280,704 kJ (Higher than 2,274,680 kJ)
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At 2350 K:

3heoy + 4hipno +18.8hy, =3x 122,091+ 4 x 100,846 + 18.8 x 77,496
=2,226,580 kJ (Lower than 2,274,680 kJ)

By interpolation of the two results,
Tp = 2394 K = 2121°C

When propane is burned with 50% excess air, the reaction equation may be written as
C;3Hg +1.5xa, (0, +3.76N,)——3C0O, +4H,0+0.5xa,0, +1.5xay x3.76N,

where ay, is the stoichiometric coefficient and is determined from the O, balance,

1.58, =3+2+0.58, —> a, =5 C3Hs 7

Thus, 25°C | Combustion [ Products

Air chamber To
C;Hg +7.5(0, +3.76N,)——>3CO, +4H,0 + 2.50, + 28.2N,

50% excess air o
25°C
Using the values in the table,
(3)(-393.520 + o, —9364)+ (4)(— 241,820 + Ay —9904)+ (2.5)(0 + P, —8682)
+(28.2)(0 + Py, —8669)=(1Y-103,850)+ 0+ 0

It yields 3hegy + N0 +2.5h, +28.2hy, =2,377,870kJ

The adiabatic flame temperature is obtained from a trial and error solution. A first guess is obtained by dividing the right-
hand side of the equation by the total number of moles, which yields 2,377,870/(3+4+2.5+28.2) = 63,073 kJ/kmol. This
enthalpy value corresponds to about 1960 K for N,. Noting that the majority of the moles are N,, Tp will be close to 1960 K,
but somewhat under it because of the higher specific heat of H,O.

At 1800 K:

3heoy + 4hineo + 2.5, +28.2hy, =3x 88,806 + 4 x 72,513 + 2.5x 60,371 + 28.2x 57,651
=2,333,160 kJ (Lower than 2,377,870 kJ)

At 1840 K:

3heey + 4hio + 2.5, +28.2hy, =3x 91,196 + 4 x 74,506 + 2.5 x 61,866 + 28.2 x 59,075
=2,392,190kJ (Higher than 2,377,870 kJ)

By interpolation,
Tp = 1830 K = 1557°C
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15-89 Ethylene gas is burned steadily with 20 percent excess air. The temperature of products, the entropy generation, and
the exergy destruction (or irreversibility) are to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis (a) The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,O, N,, and
some free O,. Considering 1 kmol of C,Hy, the combustion equation can be written as

C,H,(g)+1.2a,(0, +3.76N,)— 2CO, + 2H,0 + 0.2a,0, + (1.2)3.76)a;, N,

where ay, is the stoichiometric coefficient and is determined from the O, balance,

l1.2ay, =2+14+0.2a, ——> ay=3 C,H, f
Thus, 25°C 4 combustion [ Products
. hamber
C,H,(g)+3.6(0, +3.76N,) — 2CO, + 2H,0 + 0.60, +13.54N, Air | ¢ Te
20% excess air L

Under steady-flow conditions, the exit temperature of the product gases :
can be determined from the steady-flow energy equation, which reduces 25°C

to
SNl ), = e =8

since all the reactants are at the standard reference state, and for O, and N,. From the tables,

hy N98 k

Substance kJ/kmol kJ/kmol
CaHy (9) 52,280

o, 0 8682

N, 0 8669
H,0 (g) 241,820 9904
Co, -393,520 9364

Substituting,

(2)(-393,520+ o, —9364)+ (2)— 241,820+ hy; o —9904)
+(0.6)0+ho, —8682)+(13.54)0-+ Py, ~8669)=(1)(52,280)

or, 2heo, +2hy o +0.6hg +13.54hy =1,484,083 kJ

By trial and error,
Tp = 2269.6 K

(b) The entropy generation during this adiabatic process is determined from
Sgen =Sp = Sg = ZNPEP _ZNRER

The C,H, is at 25°C and 1 atm, and thus its absolute entropy is 219.83 kJ/kmol-K (Table A-26). The entropy values listed
in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total pressure of 1 atm, but the
entropies are to be calculated at the partial pressure of the components which is equal to P; = Y; Py, Where y; is the mole
fraction of component i . Also,

Si = N;§; (T, Pi): Ni(gio(T’ Po)—Ry ln(Yi P ))
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The entropy calculations can be presented in tabular form as

15-75

N; Yi 57(T,1atm) RyIn(y;Pr) N;S;
C,H, 1 1.00 219.83 --- 219.83
0, 3.6 0.21 205.14 -12.98 784.87
N, 13.54 0.79 191.61 -1.96 2620.94
Sr = 3625.64 kIJ/K
CO, 2 0.1103 316.881 -18.329 670.42
H,O 2 0.1103 271.134 -18.329 578.93
0, 0.6 0.0331 273.467 -28.336 181.08
N, 13.54 0.7464 256.541 -2.432 3506.49
Sp = 4936.92 kI/K
Thus,
Spen =Sp —Sg =4936.92-3625.64 =1311.28 kJ/kmol-K

and

gen

(©) X gestroyed = ToS gen = (298 KN1311.28 ki/kmol-K C,H, )=390,760 kJ (per kmol C,H, )
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15-95 Methyl alcohol is burned steadily with 200 percent excess air in an automobile engine. The maximum amount of
work that can be produced by this engine is to be determined.

Assumptions 1 Combustion is complete. 2 Steady operating conditions exist. 3 Air and the combustion gases are ideal
gases. 4 Changes in kinetic and potential energies are negligible.

Analysis The fuel is burned completely with the excess air, and thus the products will contain only CO,, H,O, N,, and some
free O,. Considering 1 kmol CH30H the combustion equation can be written as

CH;OH +3a,, (0, +3.76N, )——CO, + 2H,0 + 28,0, +3a,, x3.76N,

Qout

where ay, is the stoichiometric coefficient and is determined CH.OH
from the O, balance, 3

25°C Products

0.5+3ay, =1+1+2a, —>ay, =1.5 =l

200% excess air

25°C

Thus,

CH;OH +4.5(0, +3.76N, )—— CO, + 2H,0 + 30, +16.92N,

Under steady-flow conditions the energy balance E;, —E; = AE ., applied on the combustion chamber with W =0

reduces to
Qo :Z NP(HF +H_HO)P _Z NR(Hfo +H—HO)R

Assuming the air and the combustion products to be ideal gases, we have h=h(T). From the tables,

H; H298K H350K
Substance

kJ/kmol kJ/kmol kJ/kmol
CH;OH -200,670
0, 0 8682 10,213
N, 0 8669 10,180
H,0 (g) -241,820 9904 11,652
CO, -393,520 9364 11,351

Thus,

—Quy = (1(=393,520+11,351-9364) + (2)— 241,820 + 11,652 — 9904)
+(3)0+10,213 -8682)+(16.92)(0 +10,180 — 8669) — (1Y 200,670)
= 663,550 kJ/kmol of fuel

The entropy generation during this process is determined from
Q < < .9
TSUIT TSllIT

The entropy values listed in the ideal gas tables are for 1 atm pressure. Both the air and the product gases are at a total
pressure of 1 atm, but the entropies are to be calculated at the partial pressure of the components which is equal to P; = y;
P, Where Y; is the mole fraction of component i. Then,

Si =N;§; (T, Pi): Ni(gio(T’ Po)_ R, ln(Yi Pn ))
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The entropy calculations can be presented in tabular form as

N; Yi 57(T,1atm) RyIn(y;Ppy) N;S;
CH;0H 1 - 239.70 - 239.70
0, 4.5 0.21 205.04 -12.98 981.09
N, 16.92 0.79 191.61 -1.960 3275.20
Sg = 4496 kJ/K
CO, 1 0.0436 219.831 -26.05 245.88
H,0 (g) 2 0.0873 194.125 2027 428.79
0, 3 0.1309 209.765 -16.91 680.03
N, 16.92 0.7382 196.173 -2.52 3361.89

Sp = 4717 kJ/K

Thus,
663,550

S,.. =Sp —Sg + Qo _ 4717 - 4496+
T

gen

= 2448 kJ/K (per kmol fuel)

surr
The maximum work is equal to the exergy destruction

W, = X = ToSuen = (298)(2448 kI/K) = 729,400 kJ/K (per kmol fuel)

gen
Per unit mass basis,

~729,400kJ/K - kmol
s 32 kg/kmol

= 22,794 kJ/kg fuel
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