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Flow area, Surface area
Specific heat at constant pressure
Specific heat at constant volume
diameter

Diameter

Energy

Gravitational acceleration
Specific enthalpy

Heat transfer coefficient
Ratio of specific heats
Conductivity

Length

Mass flow rate

Pressure

Heat transfer rate

Heat transferred

Heat

Specific gas constant
Entropy

Temperature

Specific internal energy
Overall heat transfer coefficient
Specific volume

Velocity

Specific work

Work

Length

Elevation

Efficiency

Dynamic viscosity
Kinematic viscosity
Density

Thrust

Temperature Difference

GENERAL CONSTANTS

Acceleration due to gravity: g =9.81 m/s’
Atmospheric pressure: p,., = 100 kPa
Density of water: Py = 1000 kg/m’
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NOMENCLATURE FOR REFERENCE EQUATIONS (SI UNITS)

m2

Jkg'C
Jkg'C
m

m

J

m/s*
Jikg
J/m**Cs

J/m’Cs

kg/s
Pa(N/m’)
Jis

Jkg

kg K
kg K

Jkg
J/m*°Cs
m’/kg
/s
Jikg

Ns/m?
m?/s
kg/m’

°C

Specific heat of air: ¢, = 1.005 kJ/kg°C
Specific heat of air: ¢, = 0.718 kJ/kg°C
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THERMODYNAMICS REFERENCE EQUATIONS o

Basic Thermodynamics

First Law: dE=0Q - OW

Enthalpy: h=u+pv

Continuity: PVA = constant

Flow Work: w=A(pv)

Energy Equation: zg+ V42 +u+pv+ Aw + Aq = constant

Entropy: As=28q/ T (reversible conditions)

Ideal Gas Relationships

Gas Law: pv=RT

Specific Heat at Constant Pressure: ¢,=Ah/AT

Specific Heat at Constant Volume: ¢, =Au/AT

Gas Constant: R=c¢,-¢,

Specific Heat Ratio: k=c,/c,

Isentropic Relations: py/ Py = (v /v = (T, / T
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FLUID MECHANICS REFERENCE EQUATIONS o
Fluid Mechanics

Continuity Equation: P VA, =P, VA, =M

Bermnoulli’s Equation: p/pg+z, + V2g=p/pgt+z,+ V,2g

Momentum Equation: F=p,A, - A, - PYA(V, - V)) (one dimensional)
Steam Turbines

Nozzle Equation: ~ h-hy= (V2-V)/2

Work: W = MI(Y, e = Ve sotd) + (Vorte = V') / 2
Gas Turbines

State Equation: pv=RT

Isentropic Equation: (T,/T) = (pfpy) * ¥

Enthalpy Change: h, - h, = (T, - T,) (ideal gas)

Nozzle Equation: h, -h,=(V,2- V) /2

Jet Propulsion

Thrust: T =MV - Viirerat)

Thrust Power: TV=M(Viet - Vaicra) Viirerat

Jet Power: P =M(Vie? - Virerrt) / 2

Propulsion Efficiency: N = 2Vairrat! (Vier + Viireran)

Wind Turbine

Maximum Ideal Power: P...=8pAV?/27
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Symbols USed in Tables

0 Specific heat capacity at constant pressure for zero pressure, kilojoules per
kilogram kelvin, kJ/(kg-K).* ‘
¢, specific heat capacity at constant volume for zero pressure, kilojoules per
. kilogram kelvin, kJ/(kg-K). .

h  specific enthalpy, kilojoules per kilogram, kJ/kg.

h, specific enthalpy at zero pressure, kilojoules per kilogram, kJ/kg.

k  isentropic exponent, —(dlogp/dlogv),.

p  pressure, megapascals, MPa.

p, relative pressure, pressure of semiperfect vapor at zero entropy multiplied by
10~, megapascals, MPa. . '

s  specific entropy, kilojoules per kilogram kelvin, kJ/(kg-K).

s, specific entropy of semiperfect vapor at 0.1 MPa; kilojoules per kilogram
kelvin, kJ/(kg-K). ~

t thermodynamic temperature, degrees Celsius, °C.

T thermodynamic temperature, kelvin, K.

u  specific internal energy, kilojoules per kilogram, kJ/kg.

u, specific internal energy at zero pressure, kilojoules per kilogram, kJ /ke.

v specific volume, cubic meters per kilogram, m?/kg.

v, relative specific volume, specific volume of semiperfect vapor at zero entropy
multiplied by 10'°, cubic meters per kilogram, m®/kg. ' )

¢, specific Gibbs free energy of semiperfect vapor at 0.1 MPa, kilojoules per
kilogram, kJ/kg.

¥, specific Helmholtz free energy of semiperfect vapor at 0.1 MPa, kilojoules per

. kilogram, kJ/kg. o

*Units are defined and compared in Table 10.

SUBSCRIPTS

f  refers to a property of liquid in equilibrium with vapor
g refers to a property of vapor in equilibrium with liquid
i  refers to a property of solid in equilibrium with vapor
fg refers to a change by evaporation

ig  refers to a‘change by sublimation

(3]
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Table 2. Saturation: Pressures 02 dec-98-MEC-B3-417-8exam

P.13
Specific Yolume Inte
Temp l;& -y 5;&“ rnal Energg& - Enthalpy at Entropy
MPa C . llq;l'd Vag;r Liquid Evap. Vapor  Liquid Evap.  Vapor Usqa:id Evap.  Vapor
P t 10 1o Uy Uy u, h, by h, 8y Sp 8y
0006113 01 1.0002 206136 00 23753 23753 01 25013 25014 0000 9.1562 9.1562
0007 1.89 1.0001 181255 7.90 23700 23779 791 24969 2504.8 0288 9.0775 9.1064

0008 377 1.0001 159675 1581 2364.7 23380.6 15.81 24925 25083 0575 8.9999 9.0573
0009 545 1.0001 142789 22.88 23600 23829 2239 24885 25114 0829 89312 9.0142 :

0010 6.98 1.0002 129208 2930 23557 23850 2930 24849 25142 1059 8.8697 8.9756
118042~ 35.17 2351.8 23869  35.17 2481.6 25168 1263 8.8140 89408
108696 4058 2348.1 23837 4058 2478.6 2519.1 1460 8.7631 8.9091
100755  45.60 23447 23903  45.60 24757 25213 1637 8.7162 8.8799
93922 5031 2341.6 23919 5031 2473.1 25234 .1802 8.6727 8.8529

87980 5471 2338.6.23933  54.71 2470.6 25253 1957 8.6322 8.8279
82763 58.87 23358 23947  58.87 24683 2527.1 2102 85943 8.8044
78146  62.80 23332 23960  .62.80 24660 2528.8 2238 8.5586 8.7825

g5
(rj g
Sew
528
22

:
§. .
CErE

0018 1534 10010 74030  66.53 23307 23972  66.54 24639 25305 2368 85250 8.7618
0019 16.69 1.0012 70337 7009 23283 23984  70.10 24619 25320 2491 8.4931 8.7422
0020 17.50 10013 67004 7348 23260 23995 7348 24600 25335 2607 8.4629 87237
0021 1828 1.0014 63981 76.73 2323.8 24006  76.74 24582 2534.9 2719 84341 8.7060
. 0022 19.02 10016 61226  79.834 2321.7 24016  79.85 24564 25363 2826 8.4067 8.6892
£023 1973 10017 58705 - 82.83 2319.7 24026  82.83 24543 25376 2928 83304 8.6732
0024 2042 1.0019 56389 85.71 23178 24035  85.72 2453.1 25388 3026 83552 8.6579
0025 2108 10020 54254 8848 23159 24044 8349 2451.6 2540.0 J3120. 83311 8.6432
0026 2172 10021 52279 91.16 2314.1 24053  91.17 2450.1 25412 3211 83079 8.6290
0027 2234 10023 50446 9375 23124 2406.1 - 93.75 24436 25423 3299 82856 8.6155
0028 2294 10024 48742 9626 23107 2407.0 9627 24472 25434 3384 82640 8.6024

D029 2352 10026 47152  98.69 2309.1 24078  98.70 24453 25445 3466 82432 8.5898

0030 24.08 10027 45665 101.04 23075 24085 10105 24445 25455 3545 82231 8.5776
0032 25.16 1.0030 42964 105.56 23044 24100 105.57 24419 25475 3697 8.1848 8.5545
0034 2619 1.0032 40572 109.83 2301.6 24114 109.84 24395 25493 3840 8.1483 8.5327
0036  27.16 1.0035 383440 113.89 22988 24127 11390 24372 2551.1 3975 8.1148 85123
L0038 2808 1.0038 36527 117.76 22962 24140 117.77 24350 2552.8 4104 80826 8.4930

0040 2896 10040 34800 12145 22937 24152 12146 24329 25544 4226 8.0520° 84746
0042 2981 1.0043 33234 12499 22913 24163 12500 24309 25559 4343 8.0229 84572
0044 3062 10045 31806 12839 2289.1 24174 12839 24290 25574 4455 7.9951 8.4406
0046 . 3140 100483 30500 131.64 22869 24185 131.65 24272 2558.8 4562 7.9686 8.4243
0048 3215 10050 29299 13478 22847 24195 13479 24254 25602 A665 .7.9431 8.4096

0050 3288 1.0053 28192 137.81 22827 24205 137.82 2423.7 25615, 4764 7.9187 83951
L0055 3458 10058 25769 14494 22779 24228 14495 2419.6 25645 4997 7.8616 8.3613
0060 3616 1.0064 23739 151.53 22734 24250 15153 24159 25674 5210 7.8094 83304
0065 3763 10069 22014 157.66 22693 24269 157.67 24124 25700 5408 7.7613 8.3020
0070 3900 1:.0074 20530 163.39 22654 24288 16340 2409.1 25725 5592 7.7167 82758

0075 4029 10079 19238 168.78 2261.7 24305 168.79 2406.0 2574.8 5764 7.6750 82515
0080 4151 10084 183103 173.87 22583 24322 173.83 2403.1 25770 5926 7.6361 8.2287
0085 4267 10089 17099 178.69 22550 2433.7 17870 24003 2579.0 6079 7.5994 8.2073
0090 4376 10094 16203 18327 22519 24352 18329 2397.7 25810 - .6224 7.5648 8.1872
0095 44831 10098 15399 187.64 22489 24366 187.65 23952 25829 6362 75321 8.1682

010 4581 10102 14674 191.82 2246.1 24379 191.83 23928 25847 6493 7.5009 8.1502
011 4769 10111 13415 199.66 22408 24404 199.6” 23833 25880  .6738 7.4430 8.1163
012 C 4942 10119 12361 20691 22358 24427 2069z 2384.1 2591.1 £963 73900 8.0863
013 5104 10126 11465 213.66 22312 24449 213.67 23802 25939 7172 73412 8.0584
D14 5255 10134 10693 21998 22269 24469 219.99 2376.6 2596.6  .7366 72959 8.0325

015 5397 10141 10022 22592 22228 24487 22594 2373.1 2599.1 7549 72536 8.0085
016 5532 10147 9433 23154 22190 24505 23156 23699 26014  .7720 7.2140 -7.9860
017 5639 10154 8910 236.86 22153 24522 236.89 23668 26037 7882 7.1767 7.9649
018 5780 10160 8445 24193 2211.8 24538 .241.95 2363.8 26058  .8035 7.1416 7.9451
D19 5896 10166 8027 246.76 22085 24553 '246.78 2361.0 26078  .8181 7.1082 7.9263

020 6006 10172 7649 251.38 22054 24567 251.40 23583 2609.7 ‘8320 7.0766 7.9085
021 6112 10178 7307 255.81 22023 2458.1 255.83 23557 2611.6 8452 7.0464 7.8916
022 6214 10183 6995 260.06 21994 24594 260.08 23532 26133 8579 7.0176 7.8756
023 6312 10189 6709 264.15 2196.6 24607 264.13 2350.8 26150 8701 69901 7.8602
024 6406 10194 6446  268.09 21938 24619 268.12 23485 26166 8818 6.9637 7.8455
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Table 2. Saturation: Pressures 02 dec-98-MEC-B3-417-8exam

. Specnﬁc V%]::.me Internal Energg& Enthalpy Entropy sI:L 14
MPs Q‘Ep Liqmd Vapor usééla Evap.  Vapor l};uLid Evap.  Vspor l?qﬁ'id Evap.  Yapor
P t 103'! 1037 u, Uy u, h, hh h, 8, Sy 8,

200 21242 11767 99.63 90644 16938 26003 90879 1890.7 27995 24474 38935 63409
205 21367 11789 9725 91211 1688.6 2600.7 914.52 1885.5 28000 24590 38728 63318
210 21450 11810 9498 917.67 16834 26010 920.15 18803 28005 24704 3.3524 63229
215 21610 1.1831 9281 923.15 16782 26014 92569 18752 28009 2.4317 38325 63141

21729 11852 9073 92853 16732 26017 931.14 18702 28013 24927 338129 63056

21845 11872 8875 933.83 16682 26020 93649 18652 28017 25035 3.7937 62972
21960 11893 8685 939.04 16632 26023 94177 18602 28020 25141 37749 62390
22072° 1.1913 8502 944.17 16584 26025 94697 18554 28023 25245 3.7564 6.2809
22183 11933 8327 94922 16535 26028 95209 18505 2802.6 25347 3.7382 62729
22292 11953 8159 95421 16488 26030 957.13 18457 28029 25448 37204 62651

220
225
230
235
240
245
25 22359 11973 7998 959.11 16440 2603.1 962.11 18410 2803.1 25347 37028 62575
26 22609 12013 7692 968.73 16347 26035 971.85 18316 28035 25740 3.6685 62425
27 22812 12051 7409 97809 1625.6 26037 98134 18224 28038 25927 3.6353 62280
28 23010 12090 7145 98720 16167 26039 99059 18134 28040 26109 3.6030 62139
29. 23202 12127 6399 996.10 16079 2604.0. 999.61 1804.5 2804.1 2.6285 3.5717 62002
30
31
32
33
34

23350 12165 66.68 100478 1599.3 2604.1 100842 17957 28042 2.6457 3.5412 6.1869 -
23572 12202 6452 101326 15909 2604.1 1017.04 1787.1 2804.1 2.6624 3.5116 6.1740
23751 12239 6249 1021.56 15825 2604.1 102547 1778.6 2804.1 2.6787 34827 6.1614
23924 12275 6057 1029.68 15743 26040 1033.72 17702 28039 26946 34544 6.1491
24054 12311 5877 1037.63 15663 26039 104182 17619 2803.7 27101 34269 6.1370

35 24260 12347 5707 104543 15583 26037 1049.75 17537 28034 27233 34000 6.1253
36 24423 12382 ° 5545 1053.07 15504 26035 1057353 1745.6 2803.1 27401 33737 6.1138 ..
37 24582 12418 5392 106058 1542.7 26033 1065.17 1737.6 28023 27546 33479 6.1025
38 24738 12453 5247 106795 15350 26030 1072.68 1729.7 28024 276838 33227 6.0915
39 24391 12487 5109 1075.19 15275 26026 1080.05 17213 28019 27828 32980 6.0807

40 25040 12522 4978 108231 15200 26023108731 1714.1 23014 27964 32737 6.070t
42 25331 12550 4733 109620 15053 26015 110148 1698.8 28003 28229 32266 6.0495
44 25612 12658 4510 1109.66 14909 2600.6 111522 16838 2799.0 -2.8435 3.1811 6.0296
46 25383 12726 4306 112273 1476.8 25995 112858 16690 2797.6 28732 31371 6.0103
48 26145 12792 4118 113543 14629 25984 114157 16545 2796.0 23970 3.0945 59916

50 26399 12859 3944 1147.81 14493 2597.1 115423 1640.1 27943 29202 3.0532 59734
52 26645 12925 3783 1159.87 14359 25958 116658 16260 2792.6 2.9427 30131 5.9557
54 26384 12991 3634 1171.65 1422.8 25944 1178.66 16120 2790.7 29645 2.9740 59385 .
56 27117 13056 3495 118316 1409.8 25929 119046 15982 2788.6 29858 29359 59217
58 27343 13122 33.65 119441 13969 25913 120202 15845 27865 3.0065 2.8988 5.9052

60 27564 13187 3244 120544 13343 25897 121335 1571.0 27343 .+3.0267 2.8625 5.8892
62 27778 13252 3130 121625 1371.7 25830 122446 1557.6 2782.1 3.0464 2.8270 5.8734
64 27983 13317 3023 122685 13594 25862 123537 15443 2779.7 3.0657 27923 5.8580
66 28193 13382 2922 123726 1347.1 25844 124609 15312 27772 3.0845 2.7583 5.8428
68 28393 13448 2827 124749 13350 25825 1256.63 1518.1 27747 3.1030 27249 5.8279

70 28588 13513 2737 1257.55 13230 25805 126700 1505.1 27721 3.1211 26922 5.8133
72 28779 13578 2652 126744 13110 25785 127721 14922 27694  3.1389 2.6600 5.7989
74 28967 13644 2571 1277.18 12992 25764 128728 14794 2766.7 3.1563 26284 5.7847
76 29150 13710 2494 1286.78 1287.5 25743 1297.19 14666 2763.8 3.1734 25973 5.7107
78 29330 13776 2421 129624 12758 25721 130698 14539 27609 . 3.1902 25666 5.7569

80 29506 13842 2352 130557 12642 2569.8 131664 14413 27580 32068 25364 5.7432
82 29679 13908 2286 131478 12527 25675 1326.18 14287 27549 = 32230 25067 5.7297
84 29849 13975 2222 1323.87 12413. 25652 133561 14162 27518 32391 247713 5.7164
86 30016 14042 21.62 1332.86 12299 25628 134493 14037 2748.7 3.2549 24484 5.7032
88 30180 14110 2104 134173 12186 25603 1354.14 13913 27454 32704 24197 5.6902

90 30340 14178 2048 135051 12073 25578 136326 13789 2742.1 32838 23915 5.6772
92 30499 14246 1995 1359.19 11960 25552 137229 13665 27383 3.3009 23635 5.6644
94 30654 14315 1944 1367.78 11848 25526 138123 1354.1 27354 33159 23358 .5.6517
96 30807 14384 1895 137628 1173.6 25499 139008 13413 27319 33306 23084 5.6391
98 30958 14454 1848 138470 11625 25472 1398.36 1329.5.2728.3 3.3452 22813 5.6265

100 31106 14524 18.026 139304 11514 25444 140756 1317.1 27247 33596 22544 5.6141
102 31252 14595 17.588 140131 11403 25416 141619 13048 27210 33739 22278 5.6017
104 31396 14667 17.167 140951 11292 25387 142476 12925 27173 33880 22014 5.58%4
106 31538 14739 16.760 1417.64 11182 25358 143326 12802 27135 °3.4020 2.1752 5.5771
108 31677 14812 16367 142571 1107.1 25328 144170 12679 2709.6 34158 2.1491 55649
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98-MEC-B3 ENERGY CONVERSION AND POWER GENERATION
EXAMINATION PAPER ATTACHMENTS

DECEMBER 2002 NAME
QUESTION 1 STEAM CYCLE EFFICIENCY
l’ \\
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V80 - 1.8 MW

Pitch regulated wind turbine
with OptiSlip® and OptiTip®

ROTOR
Diameter: 80m .
Swept arpa: 5627 m
Speed of revolution:  15.7 RPM
Number of blades: 3
Power regulation: Pitch » Optisiip®
Rir brake: 3 scparate pitch settings
TOL0ER:

Hub height (appron): 60 -67-78m

CPERATIONAL DATR:

Cut-In wind speed: 4 m/s
Nominal wind speed: 16 m/s

Stop wing speed: 25m/s
GENERATOR:

Type: Asynchronous with Oplisiip*

Nominal output: 1.8 MW

Dperational data: 60 Bz
690y
1,800 -1,980 RPM

GEARBDH:
Type: Planot/paraliel gear
CONTROL:

Type: Microprocessor-based control
of all turbing functions with the
pption of remote monltoring.
Optistip® putput regulation and
OptiTip* pitch regulation of the blades..

WSEIGHT: (RPPROX.)
(69 m) (67 m) (718 m)

Nacelle: 631t 63t 631

Rotor: 38t 38t 38t

Output [ kiU ]
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Ideal for moderate wind conditions

The V80-1.8 MW is particularly well suited for installation in
areas with moderate to high wind conditions, and thanks tb
OptiSlip®, the turbine can adapt to wind conditions in almost
any location. In this way, Vestas continues to strive for excellence
by taking firm steps towards the full exploitation.of wind energy.

Advanced Vestas techinology
The Vestas VB0-1.8 MW is based on the wellknown technology.
from the V66-1.65 MW turbine. The turbine is a three blade 60
Hz pitch-regulated wind turbine with OptiSlip® and OptiTip®
The turbine’s rotor diameter is 80 meters —and the turbine can
be delivered with tower heights of up to 78 meters.

Power curve
Rir density 1.225 kg/m®
2,088
1,500 //
1,088 /
508
/ [—wvse-1.8 Mw
a 1 1 [ 1 g i 1]
0 S 18 15 28 25
IWind spead, [ m/s ]
0.6
o_s -
for propelier-
type windmills A/—\
& 04
g - twobiade type
% 03- *Savonlus rotor
5 Amerkean Darrievs rotor
3 o2 mltitlade
& type
01 o Duteh four
o 1\ 1 ! ) ! L
(R 2 3 4 5 6 7

Ratlo of blade tip speed to wind speed



P.17

02 dec-98-MEC-B3-417-8exam -

PA¥]  L've0l
YTy 1o wowul
3500w e {uAIs0AJ Y WU
[R2 i
B NG e = (& o
- fuaeg 2e9 !ﬁ!a&»& .l..,“w.;m_ “ ”
a9 weels (3=l 1 F A . .
Gertony . " B RS B el
Ueys Jegeng =y USYS I / o :
beyoweysiapg 1y twmgsyeqsfiyy 1 .. - - T .
B, RS NN~ === 2B
roy 11 ~——e . » s o e
F " J—I.‘.l-lﬂn.l.. T—— . . . : e
rE R R AR
SIu0)tuNl .cm ammmgg —.Llul._.v&:oe.u * v . e H . o .||.|l”.|u||o
_JORINNG ”.L WL QXYY .o . ~ ..ll.l.C od
7T sonswio)tual aecbin . 't -
PIA AN . ;o.o“!-o. Buipying fusyouy wepng = A u!“.qm_ Y & : Hm.r. Hw...
HIM-GH T Buysnapinding a1a noqabreianddg v, = =
. : . .0, . s'oLil
LA ooy Fyedng jing
(1o ORIt (] yEas3) weq_ nSoagnampA

N £ jujod
Wa*&?:m

December 2002 Page 17 of 18

. (aeqw og11 "aBooumny ) weq

a|BUBYI00A}Y-0]88}8BRIY UBA jjusinepsiem/sAemidiepm UORHIS Jemod :m:o.::. u0]}0e8-8801D

INVId ¥IM0d OUAAH I ¥ NOLLSENO



Boiler
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280.0 T 235.6 T 193.0 T 158.7 T
1231.4 & - .1019.8 H 1 829.5 E 1 631.4 H [155.7 7| £
278.9 T 235.6 T 181.9 T
DC 5.67 DC 5.67 OC 5.6T 656.98
N PD"
BAR ABS. 241.2 T 198.5 1 164.3 T A=
KG/HR ‘ o )
DEG C- 1043.4 H - 846.6 H 694.6 H 128
KJ/KG

HP Feedwater Heaters

Feedwater Pun

QUESTION 2 BELLEDUNE HEAT BALANCI

December 2002 Page 18 of 18



GEN.OUTPUT 430000 xi-
CONOITION [37.3 MBAR 0.0%Hu
HePRES.PF |412kPa(g) 0.85PF

HEAT RATE
G - " | THERMAL EFF.
STESM RATE.
te Low : Cd Inlet Temp.=7.2°C
Pressure LP 1 LP Generator
Turbine ‘ 4 FROM BFPT-
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l . 50140 G
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