1. (10 marks) A cylinder contains 1 kg of a certain fluid at an initial pressure of 20 bar. A
three-step cyclic process is carried out as below
I. Stepl-2: The fluid is allowed to expand reversibly behind a piston according to
PV % =C until the volume is doubled.
Il. Step2-3: The fluid is then cooled reversibly at constant pressure until the piston
regains its original position.
Ill. Step3-1: heat is then supplied reversibly with the piston firmly locked in position
until the pressure rises to the original value of 20 bar.

Required
a) (3 marks) Sketch the given cycle on a PV diagram.

AP (N/m’)

20 10°

Constgnt valume

» (ma)

Q.05 0.1

b) (2 marks) The net work done by the fluid, for an initial volume of 0.05 m® =

25 kJ.
¢) (2 marks) The pressure after step 1-2 is = 5 bar.
d) (1 mark) The work in step 1-2 is = 50.0 kJ.
e) (1 mark) The work in step 2-3 is = -25.0 kJ.
f) (1 mark) The work in step 3-1is = 0.0 kJ.

To solve consider the sequence of steps
I. Stepl-2: The fluid is allowed to expand reversibly behind a piston according to
PV 2 =C until the volume is doubled.
Known is the state at point 1 (P, = 20 bar, V; = 0.05 m?3). This is a polytropic process in which
work is given by

vv12=dev =j%dv _ |t L =—PyV? ER
Vv V, V, V, V,




W,, =-20x10° x 0.05° {i - i} =50000J.

0.10 0.05
The pressure at state point 2 can be obtained as
I:)1\/12 =Py 22

V2 :
P, =P -5 | =W, =20x10° (%] =5x10° Pa =5bar.
V, 0.10
Il. Step2-3: The fluid is then cooled reversibly at constant pressure until the piston
regains its original position.
This is an isobaric process for which

Wy, = [PAV =P, (V,-V,)

— 5x10° (0.05—0.10) = ~25000J.

Illl. Step3-1: heat is then supplied reversibly with the piston firmly locked in position
until the pressure rises to the original value of 20 bar.
This is an isochoric process in which W3, = 0.
The net work done during the whole cycle is area 1231
Wiipe =W, +Wo +W 5,
= 50000 — 25000 + 0 = 25000J = 25 kJ..
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2. (10 marks) Two boilers one with superheater and other without superheater are
delivering equal quantities of steam into a common main. The pressure in the boilers and
main is 20 bar. The temperature of steam from a boiler with a superheater is 350°C and
temperature of the steam in the main is 250°C. Determine the state of steam supplied by

the other boiler, and answer the following questions.

Boiler B,
with superheater
(20 bar, 350°C)
Main
(20bar,250°C) ¢
T~ BoilerB,
(20 bar)
a) (2 marks) The temperature of B2 is = 212.42 °C.
b) (2 marks) The quality of B2 is = 0.93

c) (2 marks) The specific enthalpy of Main boiler is = 2902.5 ki/kg.

d) (2 marks) The specific enthalpy of B1 is = 3137.0 ki/kg.
e) (2 marks) The specific enthalpy of B2is=__ 2668.0 ki/kg.

We know the state of boiler B1 and main boiler. Consequently, we resort to “superheated”
steam tables to obtain that

h(20bar, 250° C,main boiler) = 2902.5kJ/kg.

h(20bar,350°C,B1 boiler) = 3137.0 kJ/kg.
To solve for the state of B2, we need to start with energy balance on the system which yields
M ain hmain = mBlhBl + mszhsz
M an = Mgy + Mg,
We know that the two boilers produce equal quantities. Using unit flowrate for B1 as basis,
the energy balance becomes
2hn =hgy + g,
hBZ = 2hmain - hBl
hg, =2(2902.5) — 3137 = 2668 kJ/Kg.
Checking this value of enthalpy against the saturated steam tables at 2 MPa, reveals that it
falls between the saturated liquid and saturated vapor enthalpies. Therefore, the state of the
steam coming from B2 is a mixture of vapor and liquid at 212.42°C. The quality of the
stream can be obtained from the general equation for quality
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2N =Ngy +hg,
hg, =2h,,, —hg,
hg, =2(2902.5) —3137 = 2668 kJ/Kg.
« - h—h, _ 2668 —908.79 _
h, —h,  2799.5-908.79

0.93.
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3. (10 marks, a mark for each question) Choose the most correct answer:

1.

5)

6)

7)

8)

A definite area or space where some thermodynamic process takes place is known as
a) Thermodynamic system.

b) Thermodynamic cycle.

c¢) Thermodynamic process.

d) Thermodynamic law.

An open system is one in which

a) Heat and work cross the boundary of the system, but the mass of the working
substance does not.

b) Mass of working substance crosses the boundary of the system but the heat and
work do not.

c) Both the heat and work as well as mass of the working substances cross the
boundary of the system.

d) Neither the heat and work nor the mass of the working substances cross the
boundary of the system.

An isolated system

a) is a specified region where transfer of energy and/or mass take place.

b) is a region of constant mass and only energy is allowed to cross the boundaries.
c) cannot transfer either energy or mass to or from the surroundings.

d) is one in which mass within the system is not necessarily constant

Which of the following is an intensive property of a thermodynamic system?
a) Volume.

b) Temperature.

c) Mass.

d) Energy.

When two bodies are in thermal equilibrium with a third body they are also in thermal
equilibrium with each other. This statement is called

a) Zeroth law of thermodynamics.

b) First law of thermodynamics.

c) Second law of thermodynamics.

d) Kelvin Planck’s law.

The temperature at which the volume of a gas becomes zero is called
a) Absolute scale of temperature.

b) Absolute zero temperature.

c) Absolute temperature.

d) None of the above.

The value of one bar (in Sl units) is equal to N/m’.
a) 1x10°.
b) 1x10*.
c) 1x10°.
d) 1x10°

50f9




9) Which of the following is correct ?
a) Absolute pressure = gauge pressure + atmospheric pressure.
b) Gauge pressure = absolute pressure + atmospheric pressure.
c) Atmospheric pressure = absolute pressure + gauge pressure.
d) Absolute pressure = gauge pressure — atmospheric pressure.

10) A series of operations, which take place in a certain order and restore the initial
condition is known as
a) Reversible cycle.
b) Irreversible cycle.
¢) Thermodynamic cycle.
d) None of the above.
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0000000000
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00

Fill the circles completely.

Don’t fill more than one circle for each question. If there are more than one circles filled, you will get a zero for that
question.

No answers on the questions sheet will be accepted.

Use a black/blue pen not a pencil.
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4. Bonus worth 4 marks out of 30

Everyone has heard about the food chain, but few realize how inefficient it is in nature.
The energy conversion efficiency from sunlight to plant growth is only about 1.00%, the
energy conversion efficiency of the plants eaten by grazing herbivores is about 20.00% and
the energy conversion efficiency of the carnivores that hunt and eat the herbivores is only
about 5.00%. If the average daily solar energy reaching the surface of the Earth is 15.3
MJ/d-m?, then how much land is required to grow the plants needed to feed the
herbivores eaten by a large carnivore that requires 10.0 MJ/d to stay alive? What is the
overall efficiency of utilization of solar radiation?

Good to know (not part of the question): In 1932, Max Kleiber (1893-1976) published a paper, “Body
Size and Metabolism,” which included a graph that showed that an animal’s metabolic rate scales to the three-
quarter power of the animal’s mass, or BMR oM. Kleiber’s law has been found to hold across 18 orders of
size, from microbes to whales.

Metabolic rate (kcal/h)

Mass (grams)
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Solution
Since our hunting camivore requires 10.0 MJ of food per day, at a 5.00% food energy conversion rate, it must consume

10.0 MJ/d

OV _200.My/d
0.0500
of hethivore meat. The food energy conversion rate of the grazing herbivores is 20.0%, so they must consume

200. MJ/d

300 = 1000M)/d

in plant food. At a 1.0% energy conversion rate, the plants consumed by the herbivore require

1000 MJ/d

_ 5
Soloo = 100% 10°MJ/d

of solar energy. Since the average solar energy intensity on the surface of the Earth is 15.3 M]/d- m®, 100,000 MJ/d of solar

energy require an area of

100,000 M]/d

— _6540m°
153 MJ/d- m? Ehm
and since 1 acre = 4047 m?, then
- 2f lacre Y _ P
6540 m (m) 1.62 acres

of plant food is required to supply the food chain energy required to meet the 10 MJ/d needs on our carnivore.

8 0f9




Saturated water--Pressure table

Spec. Volume Internal energy, Enthalpy, Entropy.
deg-C m*"3/kg kJ/kg kJ/kg kJIkg'K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Press., temp., liquid, vapor, liquid, vapor, liquid, vapor, liquid, vapor,
p kPa Tsat@p v, vV, u; u, h, h, s; s,

06113 0.01 0001000 206.14 0 23753 0.01 2501 4 0.0000 9.1562
10 6.98 0001000 129.21 293 2385.0 29.30 25142 0.1059 8.9756

15 13.03 0.001001 8798 5471 23933 54.71 25253 01957 8.8279

20 17.50 0.001001 67.00 7348 23995 73.48 25335 0.2607 8.7237

25 21.08 0001002 5425 88.48 2404 4 88.49 25400 0.3120 8.6432

30 2408 0001003 4567 101.04 2408.5 101.05 25455 0.3545 8.5776

40 2896 0001004  34.80 121.45 24152 121.46 2554 4 0.4226 8.4746

50 3288 0001005 2819 137.81 24205 137.82 25615 04764 8.3951

75 40.29 0001008 1924 168.78 2430.5 168.79 25748 05764 8.2515

10 4581 0.001010 14.67 191.82 2437.9 191.83 25847 0.6493 8.1502

Units of P changed to MPa

1.00 179.91 0.001127 0.19444 761.68 25836 76281 27781 21387 6.5865
1.10 184.09 0001133 017753 780.09 25864 781.34 2871.7 21792 6.5536
1.20 187.99 0.001139 0.16333 79729 2588.8 798 65 27848 22166 6.5233
1.30 191.64 0.001144 0.15125 81344 2591.0 81493 27876 22515 6.4953
1.40 195.07 0.001149 0.14084 82870 25928 830.30 27900 22842 6.4693
1.50 198.32 0001154 013177 84316 2594 5 844 89 27922 2.3150 6.4448
1.75 205.76 0.001166 0.11349 876.46 2597.8 878.50 2796.4 2.3851 6.3896
2.00 21242 0.001177 0.09963 906 44 2600.3 908.79 27995 24474 6.3409
225 218.45 0.001189 0.08875 93383 2602.0 936 .49 2801.7 25035 6.2972
2.50 22399 0.001197 0.07998 959 11 2603.1 962 11 28031 25547 6.2575
3.00 233.90 0.001217 0.06668 1004.78 26041 100842 28042 2 6457 6.1869
3.50 242 60 0.001235 0.05707 104543  2603.7 104975 28034 27253 6.1253
4 25040 0.001252 0.04978 1082.31 26023 108731 28014 2. 7964 6.0701
5 263.99 0.001286 0.03944 1147.81 25971 115423 27943 29202 59734

Superheated steam tables (units are the same as in saturated table

p = 1.60 Mpa (201.41*°C) p = 1.80 Mpa (207.15°C) p =2.00 Mpa (212.42°C)

T v u h s v u h s v u h s
Sat.| 012380 25960 27940 6.4218 0.11042  2598.4 27911 6.3794 0.09963  2600.3 2799.5 6.3409
225\ 013287 26447 28573 6.5518 0.11673  2636.6 28467 6.4808 010377 26283 28368 6.4147
250 0.14184 26923 29192 6.6732 0.12497  2686.0 29110 6.6066 0.11144 26796 29025 6.5453
300| 0.15862 27811 30348 6.8844 0.14021 27769 30292 6.8226 012547 27726 30235 6.7664
350 0.17456  2866.1 31454 7.06094 0.15457  2863.0 3412 7.0100 0.13857 28598 3370 6.9563
400| 0.19005 29501 3264 2 7.2374 0.16847  2947.7 32509 7.1794 015120 29452 32476 71271
00| 0.2203 31195 34720 7.5300 0.19550 311749 34698 7.4825 017568 3116.2 3467 6 74317
600| 0.2500 32933 36932 7.8080 0.2220 32921 36917 7.7523 0.19960 32909 3690.1 7.7024
700| 02794 727 3919.7 8.0535 0.2482 718 39185 7.9983 0.2232 34709 39174 7.9487
800| 0.3086 36583 4152.1 8.2808 0.2742 36576 41512 §.2258 0.2467 3657.0 4150.3 8.1765
900 03377 38505 4390.8 8.4935 0.2001 38499 43901 8.4386 0.2700 38493 43894 8.3895

1000| 0.3668 4049.0 4635.8 8.6938 0.3260 4048.5 46352 .63 0.2933 4048.0 4634.6 8.5901
1100| 0.3958 42537 4887.0 8.8837 0.3518 42532 48864 8.8290 0.3166 42527 48859 8.7800
1200| 04248 4464 2 51439 9.0643 0.3776 44677 51434 9.0096 0.3398 44633 51429 8.9607
1300| 04538 46799 5406.0 9.2364 0.4034 4679.5 54056 9.1818 0.3631 4675.0 54051 9.1329
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