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Instructions

1. This is a 2 hour, closed-book examination.

2. Answer all questions in the space provided. If additional space is required, use the
back of the pages or the blank pages included.

3. Permitted aids include:

e Property Tables Booklet (Fundamentals of Thermodynamics, Borgnakke
and Sonntag, 7th ed) or a photocopy of this booklet

e one 8.5 in.X 11 in. crib sheet. (one side only)

e calculator

4. It is your responsibility to write clearly and legibly. Clearly state all assumptions. Part
marks will be given for part answers, provided that your methodology is clear.
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Question | Marks | Grade

1 17
2 20
3 18

TOTAL 55
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Question 1 (17 marks)

A compressor fitted with a water jacket and operating at steady state conditions takes in
air with a volumetric flow rate of 900 m3/h at 300 K and 95 kPa and discharges air at
590 K and 800 kPa. Cooling water enters the water jacket at 20 °C\, 100 kPa with a
mass flow rate of 1400 kg/h and exits at 30 °C' and essentially the same pressure. There
is no significant heat transfer from the outer surface of the water jacket to its surroundings
and kinetic and potential energy effects can be ignored. Properties can be assumed to be
constant with respect to temperature. The dead state is assumed to be Ty = 25 °C and
Py =1 atm.

a) Determine the rate of exergy input [kW] into the system.

b) Determine the change in flow exergy rate [kW] for the air stream.

¢) Determine the change in flow exergy rate [kW] for the water stream.
d) Determine the rate of exergy destruction [kW] in the process.
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Assumptions
1. steady state
2. KE=PE=O0
3. the boundary between the water jacket and the surroundings is adiabatic
4. air is modeled as an ideal gas
5. water is modeled as an incompressible liquid
6. To =298 K, Py, =1 atm

Part a)
From conservation of mass
M1 = Mo = Mygir and M3 = My = Maygter

From conservation of energy

Weomp = Mair(ha — h1) 4+ Myater (ha — h3)
The specific volume of the air at the inlet can be determined as
RTy (0.287 kJ/kg - K)(300 K)
P, 1kJ/ m3>
kPa

v = = 0.906 m®/kg

(95 kPa) (

The mass flow rate is

) %1 900 m?/h
o1 0.906 m?/kg
From Table A7.1 at T} = 300 K and T; = 590 K

= 993.03 kg/h = 0.276 kg/s

.
Myir =

h, = 300.47 kJ/kg

h, = 596.84 kJ/kg
For compressed water we know (we have assumed P, =~ Ps)
(h4 —h3) =¢(Ty—Ts) +v(Py— P3) = (4.18 kJ/kg - K)(30 —20) K = 41.8 kJ /kg
or from Table B.1.4 at P = 500 kPa

hy — hs = 41.8 kJ/kg

Therefore
. kg kJ kg 1h kJ
Weomp = (0.276 — | (596.84 — 300.47) — + ( 1400 — 41.8 —
s kg h 3600 s kg
= 98.05 kW <«

Since electrical work input is entropy free, the work of the compressor is the maximum,
reversible work input and therefore the rate of exergy input into the system.
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Part b)
The change in flow exergy rate in the air, from inlet to exit is

Mair (P2 — Y1) = Mair [(h2 — h1) — To(s2 — s1)]
where s°(T') can be obtained from Table A7.1

S — 81 = SO(TQ) — SO(TI) — Rln(Pz/Pl)
800
= (7.55861 — 6.86926 — 0.287 In <95>> kJ/kg - K

= 0.07783 kJ/kg - K

Therefore

mai'r‘(w2 - 7701) = mair[(hZ - hl) - To(Sz - 51)]
kg kJ
= 0.276 — (596.84 — 300.47) k— — 300 K x (0.07783 kJ/kg . K)
S g
= 76.35 kW «

Part c)
The change in flow exergy rate in the water, from inlet to exit is

mwater(wél - 77[)3) = m'water [(h4 - h'3) - TO(S4 - 83)]

where
=1 T,
_ — nl =2
S4 S3 C T3
kJ 30 + 273
= 4.18 In|{ ——
kg - K 20 + 273
= 0.14 kJ/kg - K
Therefore
water (0 — ) = (1200 F2) (1) 1u1.8 % 008 K x (0.14 kI /kg - K)
Myater 4 3 —_— h 3600 s . kg . g

= 0.031 kW <=
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Part d)
The rate of exergy destruction is given as

Xdes =1Tj Sgen
or from a simple exergy balance with the information we have already determined.

Exergy in = Exergy out

Wcomp = ma’ir (¢2 - '(/)1) + m'water (w4 - ¢3) + Xdes

X4 = 98.05 — 76.35 — 0.031 = 21.67 kW <
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Question 2 (20 marks)

A steam power plant operates as an ideal reheat Rankine cycle.

Midterm Exam W11

Steam enters the high

pressure turbine at 8 M Pa and 500 °C' and leaves at 3 M Pa. Steam is then reheated
at a constant pressure to 500 °C' before it expands to 20 kPa in the low pressure turbine.
Assume that heat is being added to the boiler from a high temperature source at 1800 K
and the condenser is transferring heat to a temperature sink at 300 K. Determine:

a) the total work output of the turbines, [kJ/kg]
b) the thermal efficiency of the cycle
c) the entropy generation at each of the heat transfer devices, [kJ/(kg - K)]

High Pressure Low Pressure

Turbine Turbine
Steam Generator @ = W,
qRH
2z @ ®
‘ "
TER@ | =
1800 K | en e
—— <«
S T 800k
Q.
@ Condenser
A
W, Pump
Assumptions
1. steady flow, steady state
2. KE=PE=0
3. ideal Rankine cycle, internally irreversible
State T (°C) P (kPa) v (m®/kg) h (kJ/kg) s (kJ/kg-K) Comments

1 20 0.001017 251.38 0.8319 saturated water
2 8000 259.50 0.8320
3 500 8000 3398.27 6.7239 Table B.1.3
4 3000 3104.0 6.7239 S4 = S3
5 500 3000 3456.48 7.2337
6 20 2384.7 7.2337 Se = Ss
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Part a)

State point 1 is assumed to be a saturated liquid in an ideal Rankine cycle, therefore from
Table A-5

hy = hjazo kpa = 251.38 kJ/kg
and
V1 = Vja@20 kPa = 0.001017 m?/kg
and
S1 = S2 = Sf@20 kPa = 0.8319 kJ/kg - K

The work of the pump is given as

1kJ

wp = v1(P,—Py) = (0.001017 m®/kg)(8000—20)kPax | —————
1 kPa-m3

) = 8.12kJ /kg

hy = hqy + w, = 251.38 4 8.12 = 259.50 kJ/kg
At the entry to the high pressure turbine, from Table B.1.3
P; =8 M Pa hs = 3398.27 kJ/kg
T3 = 500 °C s3 = 6.7239 kJ/kg - K

Assuming an isentropic high pressure turbine, we note that s4 = s3 and that s, >
Sf@3 MPa, therefore state point 4 is in the superheated region.

Py, =3 MPa
hy = 3104.0 kJ/kg
sS4 =83 =6.7239 kJ/kg - K

At the entry to the low pressure turbine, from Table A-6
Ps =3 MPa | hs = 3456.48 kJ/kg

Ts = 500 °C | s5 = 7.2337 kJ/kg - K

Assuming an isentropic low pressure turbine, we note that s5 = s¢ and that s¢ < Sfa20 kPa:
therefore state point 6 is under the dome.
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se¢ — sy  7.2337 — 0.8319

Ps = 20 kPa Tre = = = 0.9046
Sg— 8¢  7.9085 — 0.8319
kJ
Sg — S5 = 7.2337 h6 = hf + we(hg — hf)
kg - K — 251.38 + (0.9046)(2609.7 — 251.38) = 2384.7 kJ/kg

The total turbine work output is

wy = (hs—hy)+(hs—hg) = (3398.27—3104.0)+(3456.48—2384.7) = 1366.1 kJ/kg <

Part b)

The heat input to the cycle is given as

g = (hs — hy) = 3398.27 — 259.50 = 3138.77 kJ/kg
qru = (hs — hy) = 3456.48 — 3104.0 = 352.48 kJ /kg

Qin,total = qu + qra = 3491.25 kJ/kg

The net work output is given as
Wpet = wr — wp = 1366.1 — 8.12 = 1357.98 kJ/kg

and the cycle efficiency is given as

Wnet  1357.98 kJ/kg

— = 38.9% «
Qin 3491.25 kJ /kg

’r’:

Part c)

Performing an entropy balance between state point 2 and state point 3 we get

82+q7H+8gen:S3
TH S
A°3
and |
Sgen = 83 — SS9 — E qH gen
kJ  3138.77 kJ/kg 'S,
= 6.7239 — 0.8319 —
kg - K kg - K 1800 K
= 4.148 =

kg - K
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Similarly on the reheat coil, we can perform an entropy balance between state point 4 and
state point 5

34+%i+sgen:35
AY5
and |
q = S
spen = 05— 04— I8 q.5> Seen
kJ  352.48 kJ/kg 's,
= 7.2337 — 6.7239 —
kg - K kg - K 1800 K
= 0.3140 =
kg - K

The heat loss at the condenser is given as

qr = (he — hy) = 2384.7 — 251.38 = 2133.32 kJ/kg

An entropy balance over the compressor between state point 6 and sate point 1 gives

36+sgen:86+q7L
T,
i
and
61 S =->
en — - gen
Sg S1 S¢ + T, I qL
v
kJ  2133.32 kJ/kg S;
= 0.8319 — 7.2337 +
kg - K kg - K 300 K
= 0.7093 =

kg - K
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Question 3 (18 marks)

A vapor compression refrigerator using R-134a as the working fluid requires 500 W of
electrical power to drive the isentropic compressor. Both the evaporator and the condenser
are assumed to be 100% effective, that is to say the low temperature TER and the saturated
vapor leaving the evaporator are both at —5 °C and the high temperature TER and the
saturated liquid leaving the condenser are at 40 °C'. The dead state is assumed to be
To = 25 °C and Py = 1 atm. Determine:

a) the rate of heat transfer in the evaporator and the condenser, [kJ/kg]

b) the COP of the cycle

c) the change in availability in the cold temperature space and the high temperature
space [kJ/kg]

d) the second law efficiency for the refrigerator

e) the total cycle exergy destruction , [kW]

T, @ 40 °C

P
saturated liquid

5 condenser <TI |

expansion W 500 W
< =
valve ‘ ¢
A |
compressor
@ evaporator @
saturated vapor

P

T, @-5°C
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Assumptions
1. isentropic compressor
2. KE=PE =0
3. internally irreversible

4. throttling valve is adiabatic

State Point 1: The exit of the evaporator is assumed to be at a saturated vapor. From Table
BhatT = —-5°C

h, = 395.34 kJ/kg and s; =1.7288 kJ/kg - K

State Point 3: Similarly the exit of the condenser is assumed to be a saturated liquid. From
Table B.5 at T' = 40 °C

hs = 256.54 kJ/kg and s3 =1.1909 kJ/kg - K
State Point 2: If we assume that the compressor is isentropic then
s1 =82 = 1.7288 kJ/kg - K

Since the pressure at state point 2 is the same as at state point 3, we will need to find
temperature and enthaply from Table B.5.2 through a double interpolation

at P = 1000 K Pa and s = 1.7288 kJ/kg - K

h = 424.69 kJ/kg and T = 44.04 °C
at P = 1200 KPa and s = 1.7288 kJ /kg - K

h = 428.51 kJ/kg and T = 51.47 °C
Interpolate between these two values give

hy = 425.01 kJ/kg and Ty = 44.7 °C
State Point 4: Assume that the throttling valve is adiabatic

hs = hy = 256.54 kJ/kg

Part a)
The rate of heat transfer in the evaporator and the condenser is given as

qr = hy— hy=395.34 kJ/kg — 256.54 kJ /kg = 138.8 kJ/kg < Part a

qu = hs — hy =425.01 kJ/kg — 256.54 kJ/kg = 168.47 kJ/kg <= Part a
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Part b)
The work of the compressor is given as

w, = hy — hy = 425.01 kJ/kg — 395.34 kJ /kg = 29.67 kJ/kg

138.8 kJ/k
cop =" = [kg

= —————— = —4.68 < Partbd
w. 29.67 kJ/kg

Part c)
The change in availability in the cold space is

Ay = (—qz) (1 To (—138.8 kJ/kg) |1 _ 29815 ) 553 kJ/kg < Part
— (_ _ %) = (—138. — = 15. artc
g a T, g —5 4 273.15 g
Note: we use —qr, because heat is leaving the cold space
The change in availability in the hot space is
To 298.15

AvYyg = (qu) <1 — T) = (168.47 kJ /kg) (1 — ) = 8.07kJ/kg < Partc
H

40 4 273.15

Note: we use qr because heat is entering the hot space

Part d)
The second law efficiency is given as

15.53 kJ /k
N2nd = E = —/ g = 0.523 < Partd
we.  29.67 kJ/kg

Part e)
The total cycle exergy destruction is given as
. 1
1= —= Tosgen
™m

where Sgey, is obtained from an entropy balance on the system which yields

qr dH
0= ———— Sgen
T TH+9

, 168.47 138.8
i = (298.15 K) —

it =) =6.07 kJ/kg
40 + 273.15 —5+273.15

The exergy destruction is then given by

. W\ 0.5 kJ/s
I=mi=|—|i= X6.07 kJ/kg = 0.1023 kW <« Parte
w, (425.01 — 395.34) kJ/kg



