ENGRD 221 —Prof. N. Zabaras 10/25/2004

Homework 7 solutions

Problem 1: Exercise 7.20 in text

T = 240°C
20 bar
1-2, Constant pressure | v, = AV
N k2 (sothermal | vy = QY
%= | bar

of N

& dead state

v

Known: One kg of steam at 20 bar and 240 °C undergoes two different processes.

Find: For each process, determine the change in exergy.

Assumptions:
1. Thesystemisthe 1 kg of steam.

2. For the environment, To =20 °C, po = 1 bar.
3. The effects of motion and gravity are negligible.

Analysis:
Equation (7.10) when simplified yields,

Ez - El = m[(uz - ul) + R}(Vz _Vl) _To(sz - %)]
(a) From Table A-4, u; = 2659.6 kJ/kg, v, = 0.1085 m3/kg, s; = 6.4952 kJ/kg at 240 °C
and 20 bar. For each process, the volume is doubled. But mass also remains the same.
Therefore, v, = 2v, for each process.
(8) Constant pressure process: Interpolating in table A-4 at 20 bar with v,=0.217 m>/kg,
up = 3423.1 kJkg, s, = 7.8849 kJ/kg.

3

E, —E, = (1kg)|(3423.1—- 2659.6) K +100k—|\2I (0.217—-0.1085) M 293K (7.8849— 6.4952)k—J
kg m kg kg K

= 367.2 kJkg .

(b) Isothermal process: Interpolating in table A-4 at 240 °C with v, = 0.217 m%kg, u =
2689.96 kJ/kg, S, = 6.8476 kJ/kg.
E, -, = (1kg)[(2689.96 — 2659.6) -+ 100(0.1085) — 293(6.8476 — 6.4952) k] / kg

=-62.04 kJKg .
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Note: For (a) pressure is kept constant and temperature increases relative to To.
Thexergy increasesin this process. For (b), the temperatureis kept constant and pressure
decreasesrelative to p0. The exergy decreases in this process.

Problem 2: Exercise 7.21 in text

Brake lf""-!':?: N oter
= 2-1753 .
- Re rod iy
C= 4.9 I @, = QOou ..u:“i)(z’c Fﬁl‘)(m)
KK
- T = e°C I = loex radls
1=

= __1
Flywhee | &2 = 3000 RPM w, =0,
Tmom = 6.74 k&-m:'

Known: Datais provided for aflywheel braked to rest.

Find: Determine the final temperature after the flywheel is braked to rest and the
maximum theoretical rotational speed that could be attained by the flywhedl using the
energy stored in the flywhesl.

Assumptions:
1. For the system shown in thefigure W = Q = 0 and APE = 0.

2. The brake is modeled as an incompressible substance with constant specific heat c.
3. For the environment T, = 16 °C.
Analysis:
(&) With W = Q = APE = 0, the energy balance reduces to AU + AKE = 0, where AU is
the change in internal energy of the brake liner and AKE, the change in kinetic energy of
the flywhesdl.

1 051
mc(T,—T,) + O_Elmomwz]zo = T2—T1:—mC
rad )’ 2
0.5{1007 22| (6.74 kgm?)
B - K J1Nm ¢
(2.27 kg)|4.19—— all
kgK| 1kJ

Therefore, the final temperature of the brake lining is 324 K or (51 °C).

(b) One observes from the energy balance that energy is stored in the brake lining.
However, it is the exergy stored and not the energy stored that is significant in
determining the final rotational speed of the flywheedl. At the final state, the flywheel
being at rest, makes no significant contribution to the system exergy. The brake lining
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does contribute exergy, because T,=T,. The fina exergy is then found using the
incompressible substance relations
E,-E,= m[(uz _uo) + R)(Vz _Vo) —T (Sz - So)] =m [C(Tz _To) _C|n<T2 /To>]

_ 227kg|4.19—"_| 35K — 289In[324] = 18.67 kJ
kg K 289

In principle, the exergy at the final state can be used to bring the flywheel into motion as
the brake lining is restored to its initial temperature. Accordingly the maximum

theoretical rotational speed, w,,, must satisfy E, —E, =0.51___w?_

2(E,—E,)  [2(18.67kJ)|10°Nm||1kgms2|| 1rev || 60 s]|
A “\ 6.74kgn? | 1kJ || LN |[2r rad|[1min|

mom

= w =711 RPM

Problem 3: Exercise 7.30 in text

Known: A hot metal bar is quenched by immersing it in atank of water
Find: Determine the exergy destruction

System boundary

Assumptions:
1. As shown in the schematic, the metal bar

|

|
and water form a closed system. :
2. For the system, Q = W = 0 and the effects :
of motion and gravity are negligible. :
3. The metal bar and water are each |
modeled asii ncompr ble. ([ L ___J

4.T,=537°R(77°F) t

M(.l 1l bar: x
Analysis: Ty = 1900°R i =530°R
An energy balance of the system reducesto ~ m = -1 Bu/lo-°R ¢y = 1.0 Buu/Ib- °R
gy Sy u m,, = 0.8 1b m,, =20 1b

glve AUlwaIer + AUlme{al = O ............ (1)

Using assumption 2 and the fact that both metal and water have constant specific heats
over this temperature range, EQ. (1) is expressed as
IfT‘lN(CW/Cm)TWi + ranm
CWT _TWi + Cm —Tm :O :> T =
MG (Ty =T+ MG (T —T) N AT
After substituting all the given values, we get T; = 535 °R.

An exergy ba ance for this system reducesto give

AE= fll——Q)ﬁ p%' —E, = E,=—AE

Since energy is an extensive property, AE = AE|, ., + AE|, .- Using Equation (7.10)

/ /

Page 3 of 10



ENGRD 221 —Prof. N. Zabaras 10/25/2004
E,=—[[AU +RAV —T,AS], . +[AU +PAV —T,AS] ]

water

T T
=537°R[(20Ib)[1.0 S ]In5—35+(0.8lb)[0.1 Bt ]In5—35] - 46.4 Bty
b°R) 530 Ib°R) " 1900

Note: (1)Under the current assumptions the system isisolated. Eq. (1) indicates that the
energy is conserve. However, the total exergy of the system does not remain constant
since exergy is destroyed. (2) E4 can also be expressed as Ty o, where ¢ is the entropy
generated in the system. In example 6.5 of thetext, ¢ is calculated for the same system.

Problem 4: Exercise 7.43 in text

Known: A system undergoes arefrigeration cycle while receiving heat Qc at temperature
Tc and discharging Qu at Ty, where Ty > Te. Qn and Qc are the only heat transfers.

Find: (a) Show that Wy cannot be zero using exergy balance. (b) Obtain a specified
expression for coefficient of performance . (c) Determine Brax.

Qv

Assumptions:
1. The system undergoes arefrigeration cycle steady

2. Qy and Q¢ arethe only heat transfers
3. Ty and Tc are constant and Ty > Tc.
4. The environment temperatureis To. A

¢| wQﬂdC= Qﬂ_ QC..

Analysis. =G
(a) An exergy baance for the cycle reads . Q™ Te

0
A/E{:cle = [1_ .-:_-_0] Qc -

both zero. Introducing the energy balance, Weyge + Qc = Qn We get,

0
T
1— T_OJQH —[W— pQA/\‘/ |cycle]_Ed , Where AE_.and AV, are
H

cycle

T T
0= [1_1__0} QC - 1_T_O (QC +chcle) +chcle - Ed ’ (WhereW = 'chcle)
C H
TO TO TO
=== | Qe+ =W, —E4 ... 1
[TH TC QC TH cycle d ( )
. . 1 1 L :
Solving forE, and letting Weyee = 0, Ey =T, T T Q. <0 which is impossible.
H C

Therefore Weyqe Cannot be zero.
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TH Q cycl e 5
TCTH ° TH TO

bt
TH _Tc To (QH _Qc)

(c) From the result of (b), B increases asE, goesto zero, therefore G, = [T TC_I_ }
H ™ 'c

(b) Re-expressing Eq.(1), we have

T.Eq
TW,

cycle

Therefore, 3 = Q :[ Te ]1
cycle TH _TC

Problem 5: Exercise 7.71 of text

Known: Ammoniaand air flow on opposite sides of a counterflow heat exchanger and
operating at steady state. Operating data are given.

Find: (a) The change in flow exergy of each stream and (b) the rate of exergy destruction.

Ammonia il !
Py =14 bar (1)! '(2)  sat. liquid
T1=60°C —> T atl4bar
m =1 kg/s ! :
| : Air
4y '(3) Pz=1bar
1par A ! 3
<« - —
T,=335K i | r-1|;a3—300K

ssumptions: (1) The control volume shown is at a steady state (2) For the control volume
W, Q =0, and the kinetic and potential energy effects are negligible. (3) The air is
modeled as an ideal gas. (4) For the environment, To = 300 K and Py = 1 bar.

Analysis: (a) First we use mass and energy rate balances to determine rm, . From the mass

balance we have, m = m, =m and m, = m, = m, . From energy balance, and assumptions
0 0

(1) and (2), we have 0=Q -X\,, + m(h, —h,)+m,(h,—h,)

Inserting the enthal py values from tables A-14, A-15 and A-22 and solving for m,, we
h—h, 1 1542.89— 352.97
h, —h, 335.38—300.19
The change in flow exergy rate for ammonia

By, — By, =g, —e,) =m{(h, —h) ~Ty(s, — s)]
kJ | 1kW
kg K ‘1 kl/s

(Lkg/s)=33.81kg/s

have m, =

=-38.73 kW

=108 [1542 89— 352.97 — 300(1.2987 — 5.136)|——
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The change in exergy flow rate of the air streamis calculated as
E(,—Ey=m(e,—€;)= m[(h4 —h,) =Ty (s, _%)]
kJ | LKW

- 338149 - [335.38-330.19 - 300(1.8129 1. 70203)]9— Care

(b) At steady state the exergy rate baI ance for the counterflow as a heat exchanger reduces

to 0= Z ;?]Q L»f Pﬂ]m(eu e,) + 1M, (65— e ,) —Eq

Thus, E, =—(E,, —E,,)— (B, —E;) = 38.73 KW — 65.22 kW = —26.49 kW . Clearly, a

=65.22 kKW

negative value of Ed is not possible for this process. Thisimplies that this hypothetical
heat exchanger does not exist.

Problem 6(*): Exercise 7.92 of text

TNl Tp = 83°C

i = 1bar
5%-911111’5
| A =187 cm?

Known: Steady-state operating data are provided for a
hand held hair dryer.

Find: (a)Evaluate the power input. (b)Devise and
evaluate an exergetic efficiency.

Assumptions:
(1) The control volume shown in the accompanying

figureis at steady state.
(2) For the control volume, Q_, = 0and potential energy effects can be ignored.

(3) Airismodeled as air asan ideal gas.
(4) Environment temperature, T,= 295K (22°C)

Anaysis.

(a) The power W,, for the control volume in the accompanying figure can be eval uated
using mass and energy rate balances. At steady state, the mass rate balance reduces to
givern, =m, =m. Using this relationship between the mass flow rates together with
assumption 2, the energy rate balance reduces at steady state to give:

2 \y2
ch:r'r{hl—hﬁvl 2V2 ]

The mass flow rate mcan be evaluated from the expression
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18.7cm? (9.1mj(105Nj
_ AV, AV, _|(@00cm/my s m’

v, RT/p, 8314 Nm (356K)
28.97 kgK

M= 0.0167 kg/s

Then with specific enthalpy values from Table A-22, h; = 295kJkg and h, = 356.5 kJ/kg,
W,, is obtained as follows:

2 2

Vir, 0016749 205,21 _asgsk) BT/ ~OIm/sf | IN | 1|

S| kg kg 2 |Jkg -m/s ||1000N . m|
W, =0.0167°9| 61,31 0,03 | IW

s | kg kg |1k /s
W,, = -1.02 kw
The minus sign reminds us that an electrical power input is required to operate the hair
dryer.

(b) Since Q_, =0 and i, = rh,, the steady state exergy rate balance reduces as follows:

o2

This result shows that the exergy input, —\W,, , either goes into increasing the exergy of

1_%]Q.j _ch + m(efl_efZ)_Ed = _V%v = m(efz _efl)_Ed
i

the air stream, m(ef )= efl), or isdestroyed, E, . Thus, an exergetic efficiency can be

defined as
(e, —e,) ml(hz—h)—To(Sz—SaH \/22;\/12]
) (~We)
m[(m—n)—n(ss—sf—mn(pz/p1>)+\’22;v12]
i (~We)

With data from table A-22
(9.1)%> — (3.7)?

2(1000) | kJ| KW |
(1.02kw) kg|1k3 /|

(0.0167kg / s)|(356.5— 295.2) — 295(1.874—1.685— 0) +

E =

€ =0.091 (9.1%)
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In this device arelatively high potential for use electrical input is used to obtain a stream
of dightly warm air. Thelow value of the efficiency & emphasizes that the source and
end use are not well matched.

Problem 7: Exercise 8.6 of text

Known: Water isthe working fluid in an ideal Rankine cycle. The condenser pressure
and the turbine inlet state are specified.

Find:

(a) the net work per unit mass of

steam flow, (b) the heat transfer per T &
unit mass of steam flow through the V,
bailer, (c) the thermal efficiency, and
(d) the heat transfer to cooling water o
passing through the condenser per 4 % |
unit mass of steam condensed. Sondensar 1L

I3 A \ 4 Pump
s

= sat. i,
[\ ) E’r b k?&.i

Qin  P,7 18 MPa =180 bar

Assumptions:
(1) Each component of the cycleis W,

analyzed as a control volume at steady state. The control volumes are shown on the
accompanying sketch above by dashed lines.

(2) All processes of the working fluid are internally reversible.

(3) The turbine and pump operate adiabatically.

(4) Kinetic and potential energy effects are negligible.

(5) Saturated vapor enters the turbine. Condensate exits the condenser as saturated liquid.

Analysis:
First, fix each of the principal states.
State 1. p1=18 MPa, sat. vapor - hy = 2509.1 kJKkg, s; = 5.1044 kJ/kgK

S, = St»

State 2: p,=6kPa, =5 2 X, = =0.5869, h,=1569.4 kJkg

ngZ
State 3: ps=6kPa, sat. liquid > hs = 151.53kJ/kg
5
State4: hy=hs+ Vs(Pa-ps) —151.53* 1 |1.0084x10 - (180 0.06)bar o (N E] 20|
kg kg | lbar ||1000Nm|

h, =151.53+18.11=169.64kJ / kg

(a) The net work developed per unit mass of steam flow is:
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W, v W
ooe _ W (1 b))~ (h, — ) =(2500.1-1569.4) — (169.64— 151.53)
W cle
ot _ 921 59 kJ /kg
- =921.59K) kg

(b) Therate of heat transfer per unit mass of steam flow through the boiler is:
% =(h,—h,)=2509.1-169.64 = % = 2339.46 kJ / kg
(c) Thethermal efficiency is:

W, /th 92159
Q,/m  2339.46

(d) Therate of heat transfer to cooling water passing through the condenser is:

n= = 1=0.394(39.4%)

% =(h,—h,)=1569.4-15153 = Q—n;“ =1417.9KkJ /kg

Problem 8: Exercise 8.14 of text

Known: A Rankine power plant, using Seawater  Seawater
Ammonia as the working fluid has been ot [ '"iao F
proposed to utilize the naturally occurring

temperature gradient within the ocean to
provide electrical power.

Find: (a) the thermal efficiency and compare it
to that of areversible power cycle operating
between reservoirs at the sea-water W,
temperatures (b) the net power output, and (c)

the sea-water flow rates through the boiler and

condenser. :

! Wswpumps
Assumptions: (1) Each control volumeis at ? %, = 2.55x10 %8/l
SIeady state, and ch =0. (2) kinetic and Seawater  Seawater

inat 46°F out at 47.7°F

potential energy effects can be neglected. (3) the

sea-water has properties of pure water assumed to be an incompressible liquid with ¢ =
1.0 Btu/Ib°R . (4) Theisentropic efficiencies of the turbine and pump are 80 % and 75 %
respectively. (5) The evaporating temperature of ammoniainside the boiler is 75 °F and
the condensing temperature of anmoniainside the condenser is 50 °F.

Analysis:
The evaporating temperature of ammoniain the boiler and condensing temperature in the
condenser are based on the sea-water temperatures in the boiler and condenser

respectively.
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First, fix each of the principal states.
State 1. T1 =75 °F, sat. vapor = h; = 629.20 Btu/lb, s; = 1.2048 Btu/Ib°R,
P1 = Psa@r = 140.60 |b/in?.

S;s — S,

ng 2

State2: T, =50°F, Ss=5 2> X, = =0.9625, hys=604.81 Btu/Ib°R,

P2 = Psx@r1 = 89.242 Ib/ir?.

The isentropic efficiency of the turbine is 80%. Therefore, h, =h, —7; (hl — th>

=609.7 Btu/Ib.

State 3: p3 = py, sat. liquid = h, = 97.55 Btu/Ib

State 4: ps = p,

Ibf [144ir?|| 1Btu |
in?| 1ft2 ||778ft-Ibf |

h,, = h, +v,(p, — p;) = 97.55 Btu/1b+ (0.02564 ft* / 1b)(140.6 — 89.242)

= 97.79 Btu/lb.

The isentropic efficiency of the pump is 70%. Therefore h, = h, + (h,, —h,) /7,
=97.87 Btu/lb

(8) For the ammonia passing through the boiler, the heat transfer from the seawater is
% =(h —h,)=629.20—97.87 =531.33 Btu/Ib

Similarly, for the ammonia passing through the condenser, the heat transfer to the
seawater is Q—r?;“ =(h,—h,)=609.7—97.55=512.15 Btu/Ib

Q _, 51215

Thus, the thermal efficiency is n=1—
Q, 531.33

= 0.0361=3.61%

For areversible cycle with Tc =506 °Rand Ty =540 °R, 7, = 1—_|-|__—C =0.063= 6.3%
H

(b) The mass flow rate of ammoniais:

W 82x10°Btu/hr
h—h,) (629.2—609.7) Btu/Ib
Therefore, —W, = i, i (h, —h,) =1.346x10" Btu/ h.

The net power output is given by, W, =W —W, —W, —5.515x10° Btu/h

S.W. pumps

= 4.205x10" b/ hr

I‘hamn'\oni a—
(

(c) Taking the boiler control volume overall:
Y _ 7
., — M onia (N —1y) _ 4.205x10"(531.33) _8.94x10° Ib/h
C(Tyin — Tuout) 1(80—77.5) -
Similarly for the condenser, we have
m' _ 7
n"]swcondensor = nia(hz h?’) = 4205)&0 (51215) :1267)(1010 |b/h
h C(Tw,in _Tw,out) 1(477_ 46)
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