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Q1. (@) Briefly explain how the following methods used in a gas-turbine power plant increase the

thermal efficiency:

i) regenerator

ii)  intercooling between compressors
(6 marks)

(b) Air enters a gas turbine with single-stage compression and two-stage expansion with
reheating at 100 kPa and 27°C. The air enters both turbines at 927°C. The overall pressure
ratio is 9. Assume the isentropic efficiency of the compressor is 0.80 and both high-
pressure and low-pressure turbines is 0.85 respectively. The work output of the high-
pressure turbine is 350 kJ/kg. A regenerator with effectiveness of 0.85 is used in this plant

for aregeneration process. Determine,

i) the intermediate pressure between the turbine stages, kPa
ii)  thenet work produced by the plant, kJ/kg

iii)  the back work ratio, %

iv) thethermal efficiency of the plant, %

Show the cycle on a temperature-entropy (T-s). Use constant specific heats where
C, = 1.005 kJkg K and k = 1.40.
(19 marks)



Q2. (a)

(b)
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Explain briefly how reheating process could increase the thermal efficiency of an ideal
Rankine cycle. What would be the practical advantage of this process?

(6 marks)

A reheat steam power plant works with a boiler pressure of 12.5 MPa and condenser
pressure of 10 kPa. Steam enters the high-pressure turbine at a temperature of 550°C and
it exits the turbine at a pressure of 2 MPa and temperature of 300°C. The steam is
reheated at a constant pressure of 2 MPa to a temperature of 500°C. The steam then
expands in a low-pressure turbine and it exits the turbine with a dryness fraction of 95%.
All the pumps are assumed isentropic. The plant produces net power output of 11,000 kW.
Ignore pressure drops in both boiler and condenser and neglect changes in both kinetic

and potential energies. Determine the:

i) isentropic efficiencies of the turbines, %
ii) mass flow rate of the working fluid, kg/s

iii) thermal efficiency of the plant, %.

(19 marks)
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Q3. (@) Among the advantages of a two-stage cascade refrigeration system over a single-stage
system is a reduction in compressor work input and an increase in refrigeration capacity.
Show these effects on a sketch of a temperature-entropy (T-s) diagram and label the
diagram appropriately.

(5 marks)

(b) A two-stage cascade refrigeration system operates with condenser pressure of 1200 kPa
and evaporator pressure of 200 kPa. Refrigerant-134a is used as a working fluid. Heat
rejection from the lower cycle to the upper cycle takes place in a counter-flow heat
exchanger that is well insulated. The heat exchanger serves as condenser for the lower
cycle and as evaporator for the upper cycle. The lower cycle operates between pressure
limit of 200 kPa and 400 kPa while the upper cycle operates between pressure limit of 500
kPa and 1200 kPa. In both cycles, the refrigerant enters the compressor as a saturated
vapor and leaves the condenser as saturated liquid. The isentropic efficiency of the
compressor is 80 %. The rate of heat absorbed by the evaporator in the lower cycle is 25.7
kW. Show the cycle on a pressure-enthalpy (p-h) diagram and determine:

i) the mass flow rates of the refrigerant through the upper and lower cycles, kg/s
ii) thetotal power input to the system, kW
iii) the coefficient of performance of the system.

(20 marks)
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Q4. (a) Heat transfers by conduction and convection are respectively governed by Fourier's Law
and Newton's Law of Cooling.

i) Write the statement of these two laws and their corresponding mathematical
EXPressions.

i)  With the help of a suitable diagram and mathematical equations derived from
these two respective laws, discuss how these two laws can be shown to agree
with each other. (Please clarify)

(6 marks)

(b) Figure Q4 shows a vertical cylindrical steel tank with a hemispherical top cover and a
flat-plate bottom. The tank stores hot oil which is continuously heated by an electrical
element to maintain its condition at a constant temperature of 500°C. To achieve this

condition the electrical power required is 68 kW and this is too high and not acceptable.

To reduce heat loss, al outside surfaces of the tank are proposed to be insulated by an
asbestos felt of thickness 60 mm and of thermal conductivity 0.07 W/m K. If the heat
transfer coefficient of all the exposed surfaces of the asbestos felt is 15 W/m? K,
determine the percentage (%) reduction in the electrical power consumed, to maintain the
oil at 500°C.

(19 marks)
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: Tam = 30°C

Steel Tank
| =2500 mm
r =600 mm
|
t=10mm
|
i k =50 W/mK
T, = 50°C | 50 W/m
Hot oil

Figure Q4



Saturated water—Pressure table
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Property Table - Water

Specific volume, Internal energy, Enthalpy, Entropy,
m3/kg klikg kJikg kJikg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.

Press., temp., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,

F kPa T °C Vi Vg Ug Ug Ug hy A hg 5 Sg 5
06113 0.01 0.001000 206.14 0.00 23753 23753 0.01 2501.3 25014 0.0000 9.1562 9.1562

1.0 6.98 0.001000 129.21 29.30 23557 2385.0 29.30 24849 25142 0.1059 8.8697 B.9756
1.5 13.03 0.001001 87.98 5471 23386 23933 5471 24706 25253 0.1957 8.6322 B.8279
2.0 17.50 0.001001 &7.00 7348 2326.0 23995 7348 2460.0 25335 0.2607 8.4629 B.7237
2.5 21.08 0.001002 54.25 8848 23159 24044 8849 24516 2540.0 0.3120 8.3311 B8.6432
3.0 24.08 0.001003 4567 101.04 2307.5 24085 101.06 24445 25455 0.3645 B8.2231 85776
4.0 2896 0.001004 34.80 121.45 2293.7 2415.2 12146 24329 25544 04226 B8.0520 B8.4746
5.0 32.88 0.001005 28.19 137.81 2282.7 24205 137.82 24237 25615 04764 79187 B8.3951
7.5 40.29 0.001008 19.24 168.78 2261.7 24305 168.79 2406.0 25748 05764 76750 B8.2515
10 4581 0.001010 1467 191.82 2246.1 24379 191.83 23928 2584.7 0.6493 75009 8.1502
Superheated water

T W u h s ¥ u h s ¥ u h s

C mikg klikg kJkg klikg - K m*kg klfkg klikg klkg - K | mikg klkg kJkg klkg - K

P =1.60 MFa (201.41°C) P = 1.80 MPa (207.15°C) P =2.00 MPa {212.42°C)

Sat. 0.12380 2596.0 27940 €.4218 0.11042 28598.4 2797.1 6.37%4 0.09¢63 2600.2 2799.5 6.3409
225 013287 26447 2857.3 6.b5l8 0.11673 2636.6 284€.7 6.4808 0.10377 2628.2 2835.3 64147
260 0.14184 2692.3 29192 &.6732 0.12497 2&86.0 2911.0 6.60€6 0.11144 2879.6 2902.5 66453
300 0.15862 2731.1 30348 €.8844 0.14021 2776.9 302%.2 6.8226 0.12847 27726 3023.5 6.7664
360 0.17466 2866.1 31454 7.0694 0.15457 2863.0 3141.2 7.01C0 0.13857 2859.& 3137.0 6.9563
400 0.19005 2950.1 32542 7.2374 0.16847 2947.7 325C.9 7.17¢4 0.15120 2945.2 32476 7.1271
500 0.2203 3119.5 34720 7.53%0 0.19550 3117.9 346%5.8 7.4825 0.17568 3116.2 3467.0 7.4317
600 02600 32933 36932 7.R080 0.2220 32921 36917 7.7kZ3 0.19%60 32909 3R90.1 77024
JOoO 02794 34727 3919.7 8.0835 0.2482 34718 3918.5 7.9983 0.2232 34709 3917.4 7.9487
800 0.3086 3658.3 41521 £.2808 0.2742 36676 4151.2 B8.22E8 0.2467 3657.0 4150.3 817656
900 0.3377 3850.5 4390.8 €.4835 0.3001 3849.9 439C.1 8.4386 0.2700 3849.2 4389.4 8.3895
1000 03668 4049.0 46358 £.6938 0.3260 4048.5 463L5.2 8.63%1 0.2923 4048.0 4634.0 8.5901
1100 0.3958 42537 4887.0 £.8837 0.3518 42832 488e.4 B8.8290 0.3166 42527 48359 87800
1200 04248 44642 51439 5.0843 0.3776 4463.7 5l143.4 9.00% 0.3358 4463.2 5142.9 89607
1300 04538 4679.9 54060 5.23264 0.£034 46795 54056 9.1818 0.3621 4679.0 5405.1 9.1329

F=9.0MPa(303.40°C) P =10.0 MPai311.06°C) P =125MFai327 89°C)

Sat. 0.02048 25578 2742.1 5.6772 0018026 25444 27247 56141 0.013495 2505.1 2673.8 5.4624
325 0.02327 26466 2856.0 5K.B71Z 0019861 26104 2809.1 5.7568
350 0.025B0 27244 29566 6.0361 002242 2699.2 25234 59443 0.016126 26246 28262 5K.7118
400  0.029%93 Z848.4 31178 6.2854 002641 28324 30965 6.2120 0.02000 2785.3 3035.3 6.0417
450 0.03350 29552 32566 6.4844 002975 29434 32409 6.4190 0.02299 29125 319598 6.2719
500 0.03677 30852 33B6.1 6.6576 003279 30458 33737 6.5966 0.02560 3021.7 33418 64618
550 0.03987 31522 3511.0 6.Bl42 003564 31446 35008 6.7561 0.02801 31250 34752 6.6250
600 0.04285 3248.1 3633.7 6.9589 0.03837 3241.7 36253 6.9029 0.03029 32254 3604.0 6.7810
650 0.04574 33436 37563 7.0943 0.04101 3338.2 37482 7.0398 0.03248 33244 37304 6.5218
700  0.04857 34393 38765 7.2221 004358 34347 38705 7.1687 0.03460 34229 38553 T7.0536
B00 0.05409 36325 4119.3 7.4596 004859 36289 41148 74077 0.03869 3620.0 4103.6 T7T.2965
900  0.05950 3829.2 43648 7.6783 005348 3826.3 43612 76272 0.04267 3815.1 43525 7T.5182

1000  0.06485 4030.3 4614.0 7.8821 005832 40278 4611.0 7.8315 0.04658 40216 46038 7T.7237

1100 0.0701e 4236.3 4867.7 B.0740 006312 42340 4865.1 B.0Z237 0.05045 42282 4BEB.E 7.9165

1200 0.07544 44472 51262 B.255B6 006789 44449 51238 B.20685 0.05430 4435.3 511B.0 B.0937

1300 0.0B072 4662.7 5389.7 B.4284 007265 44605 5387.0 B.3783 0.05813 46548 53814 B.Z717
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Property Table— Refrigerant 134a

Saturated refrigerant-134a—Pressure table

Specific wlume, Internal Enthalpy, Entropy,
m3kg energy, kllkg kJikg klikg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Press., Temp., liquid, vapor, liquid, vapor, liguid, Evap., vapor, liquid, vapor,
PMPa Tt °C ¥ Vg us ug b feg 11 S Sg
0.16 —15.62 0.0007435 0.1229 2966 21832 2978 208.18 23797 0.1211 0.9265
0.18 —12.73 0.0007485 0.1098 33.31 21994 33.45 206.26 23971 0.1352 0.9273
0.20 10.09 0.0007532 0.0993 36.69 221.43 36.84 204.45 241.30 0.1481 0.9253
0.24 -537 00007618 0.0834 4277 22407 4295 201.14 24409 01710 09222
0.28 -1.23 0.0007697 0.0719 48.18 226.38 48.39 198.13 246.52 0.1911 0.9197
0.32 2.48 0.0007770 (0.0632 £E3.06 228.43 53.31 195.35 24866 0.2089 0.¢177
.36 5.84 0.0007838 (0.0564 57.54 230.28 h7.82 192.76 25058 0.2251 0.€160
0.4 8.93 0.0007904 (Q.0b0¢ €1.69 231.97 62.00 190.32 25232 0.2399 0.€145
0.5 15.74 0.0008056 (.040¢ 70.93 235.64 71.33 184.74 256.07 0.2723 0.117
C.6 21.58 0.00081%6 (.0341 78.99 23874 79.48 179.71 259.19 0.2999 0.6097
Q.7 26,72 0.0008328 0.0292 86.19 241.42 8€6.78 175.07 261.85 0.3242 0.6080
0.8 3133 0.0008454 0.025k5 9275 24378 €342 17073 264.15 03459 0.S06k6
.9 3553 0.0008576 0.0226 98.79 245.88 €956 166.62 266.18 0.3656 0.6054
1.0 39.29 0.0008695 0.0202 104.42 247.77 105.29 162.68 267.57 0.3838 0.5043
1.2 46,32 0.0008828 0.0166 114.69 251.03 115.7&¢ 155.23 27069 0.4164 0.€¢023
Superheated refrigerant-134a
T v u h s v u h 5 v u h 5
°C m3/kg klkg klkg kl/kg- K| mikg kl/lkg klkg klkg- K | mkg klikg kllkg kilkg- K
FP=0.28 MPa (T, = —1.23°C) P=0.32 MPa (T, = 2.48°C) P =0.40 MPa (T, = 8.93°C)
Sat. 0.07193 226.38 246.52 0.9197 | 0.06322 228.43 248.66 0.9177 | 0.0508¢ 231.97 252.32 0.91415
0 0.07240 22737 247 64 09238
10 0.07613 235.44 256.76 0.956€ | 0.06576 234.61 255.65 0.9427 | 0.0511¢ 232.87 253.35 0.9182
20 0.07972 243.59 265.91 0.9883 | 0.06901 242.87 264.95 0.9749 | 0.05397 241.37 262.96 0.9515
30 0.08320 251.83 275.12 1.0192 | 0.07214 251.19 274.28 1.0062 | 0.05662 249.89 272.54 (0.9837
40 0.08660 260.17 284.42 1.0494 | 0.0/518 25961 28367 1.0367 | 0.05917 25847 ?82.14 1.0148
b0 008992 26B.64 293.81 1.078% | 0.07815 268.14 293.15 1.0665 | 0.06164 267.13 291.79 1.0452
60 0.09319 277.23 303.32 1.107% | 0.08106 276.79 302.72 1.0957 | 0.0640&5 275.89 301.51 1.0748
70 0.09641 285.96 312.95 1.1364 | 0.08392 285.66 312.41 1.1243 | 0.06641 284.75 311.32 1.1038
80 0.09960 29482 32271 1.1644 | 0.08674 294.46 32222 1.1525 | 0.06873 29373 321.23 1.1322
90 0.10275 303.83 332.60 1.1920 | 0.08953 303.50 332.15 1.1802 | 0.07102 302.84 331.25 1.1602
100 0.10587 312.98 342.62 1.2193 | 0.09225 312.68 342.21 1.1076 | 0.07327 312.07 341.38 1.1878
110 0.10897 322.27 3562.78 1.2461 | 0.09503 322.00 352.40 1.2345 | 0.07550 321.44 351.64 1.2149
120 0.11205 331.71 363.08 1.2727 | 0.09774 331.45 36273 12611 | 0.07771 33094 362.03 1.2417
130 0.07991 340.58 372.54 1.2681
140 0.08208 350.35 383.18 1.2941




Sat.
50
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P =0.50 MPa (Tsz = 15.74°C)
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P =10.60 MPa (Ts; = 21.58°C)

P =0.70 MPa (T = 26.72°C)

0.04086 253.64 256.07
0.04188 239.40 260.34
0.04416 248.20 270.28 0.9597
0.04633 256.99 280.16
0.04842 265.83 290.04
0.05043 274.73 299.95
0.05240 283.72 309.92
0.05432 292.80 319.96
0.05620 302.00 330.10
0.05805 311.31 340.33
0.05988 320.74 350.68
0.06168 330.30 361.14
0.06347 339.98 371.72
0.06524 349.79 382.42

0.9117
0.9264

0.9918
1.0229
1.0631
1.0825
1.1114
1.1397
1.1675
1.1949
1.2218
1.2484
1.2746

0.03408

0.03581
0.03774
0.03958
0.04134
0.04304
0.04469
0.04631
0.04790
0.04946
0.05099
0.05251
0.05402
0.05550
0.05698

238.74

246.41
2bb.45
264.48
273.54
282.66
291.86
301.14
310.53
320.03
329.64
339.38
349.23
359.21
369.32

259.19 0.9097

267.89 0.9388
278.09 0.9719
288.23 1.0037
298.35 1.0346
308.48 1.0645
318.67 1.0938
328.93 1.1225
339.27 1.1505
349.70 1.1781
360.24 1.2053
370.88 1.2320
381.64 1.2584
392,52 1.2844
403.51 1.3100

0.02918

0.02979
0.03157
0.03324
0.03482
0.03634
0.03781
0.03924
0.04064
0.04201
0.04335
0.04468
0.04599
0.04729
0.04857

241.42

24451
253.83
263.08
272.31
281.57
290.88
300.27
309.74
319.31
328.98
338.76
348.66
358.68
368.82

261.85

265.37
275.93
286.35
296.69
307.01
317.35
327.74
338.19
348.71
359.33
370.04
380.86
391.79
402.82

0.9080

0.9197
0.9539
0.9867
1.0182
1.0487
1.0784
1.1074
1.1358
1.1637
1.1910
1.2179
1.2444
1.2706
1.2963

P = 1.20 MPa (T, = 46.32°C)

P =1.40 MPa (T, = 52.43°C)

P =160 MPa (T, = 57.92°C)

0.01663 251.03
0.01712 254.98
0.01835 265.42
0.01947 275.59
0.02051 285.62
0.02150 295.59
0.02244 305.54
0.02335 315.50
0.02423 325.51
0.02508 335.58
0.02892 345.73
0.02674 355.95
0.02754 366.27
0.02834 376.69
0.02912 387.21

270.99
275.52
287.44
298.96
310.24
321.39
332.47
343.52
354.58
365.68
376.83
388.04
399.33
410.70
422.16

0.9023
0.9164
0.9527
0.9868
1.0192
1.0503
1.0804
1.1096
1.1381
1.1660
1.1633
1.2201
1.2465
1.2724
1.2880

0.01405

0.01495
0.01603
0.01701
0.01792
0.01878
0.01950
0.02039
0.02115
0.02189
0.02262
0.02333
0.02403
0.02472
0.02541
0.02608

2b3.74

262.17
272.87
283.2¢
293.55
303.73
313.88
324.05
334.25
344.50
354.82
3656.22
375.71
386.2¢
396.96
407.73

273.40 0.9003

283.10 0.9297
29531 0.9658
307.10 0.9997
318.63 1.0319
330.02 1.0628
341.32 1.0927
352.59 1.1218
363.86 1.1501
375.15 1.1777
386.49 1.2048
397.89 1.2315
409.36 1.2576
420.90 1.2834
43253 1.3088
44424 1.3338

0.01208&

0.01233
0.01340
0.01435
0.01521
0.01601
0.01677
0.01750
0.01820
0.01887
0.01953
0.02017
0.02080
0.02142
0.02203
0.02263

256.00 2756.33

0.8982

258.48 278.20 0.906%
25989 291.33
280.78 303.74 0.9813
291.39 316.72
301.84 327.46
312.20 339.04
322.53 350.53
332.87 361.99
343.24 373.44
353.66 384.91
354.15 396.43
374.71 407.99
385.35 419.62
396.08 431.33
406.90 443.11 1.3212

0.9457

1.0148
1.0467
1.0773
1.106%
1.1357
1.1638
1.1912
1.2181
1.2445
1.2704
1.2960




