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KENYATTA UNIVERSITY
UNIVERSITY EXAMINATIONS 201 172012
SECOND SEMESTER EXAMINATION F OR THE DEGREE OF BACHELOR
OF SCIENCE IN ENGINEERING
EMM 307 : ENGINEERING THERMODYNAMICS I1

DATE: THURSDAY 12™ APRIL 2012 TIME: 2.00 P.M. - 4.00 P.M.

INSTRUCTIONS

This Paper consists of FIVE Questions
Answer ANY THREE Questions
Steam Tables are provided

QUESTION ONE

(a) With the use of sketches (T-S and Line diagrams) discuss the following modifications to
the basic gas turbine

(1) Intercooling
(i) Reheat

(iii)  Heat Exchanger (7.5 marks)

(b) In a marine gas turbine unit a high — pressure stage turbine drives the compressor and a
low — pressure stage turbine drives the propeller through suitable gearing. The overall
pressure ratio is 6/1 and the maximum temperature is 700°C. The isentropic efficiencies
of the compressor, H.P. turbine, and L.P turbine, are 0.8, 0.83 and 0.85 respectively, and
the mechanical efficiency of both shafts is 98%. Calculate the pressure between turbine
stages when the air intake conditions are Ibar and 20°C. Calculate also the thermal
efficiency, work ratio and the shaft power when the mass flow is 50kg/s. neglect kinetic
energy changes, and the pressure loss in combustion.

Take C,= 1.005kJ/kgK and Y = 1.4 for compression process

Cp = 1.15kJ/kgK and Y = 1.33 for combustion and expansion processes
(12.5 Marks)
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QUESTION TWO

(a) State two main reasons that make the Carnot cycle unsuitable for steam plant
operation (1 Marks)

(b) A steam turbine is to operate on a simple regenerative cycle. Steam is supplied dry
saturated at 40 bar, and is exhausted to a condenser at 0.07 bar. The condensate is
pumped to a pressure of 3.5bar at which it is mixed with bleed steam from the turbine
at 3.5 bar. The resulting water which is a saturation temperature is then pumped to the

boiler. For the ideal cycle calculate, neglecting feed pump work,

i The amount of bleed steam required per kg of supply steam;
il The thermal efficiency of the plant;
. The specific steam consumption. (9 Marks)

(c) Steam is supplied; dry saturated at 40 bar to a turbine and the condenser pressure is

0.035 bar. If the plant operates on the Rankine cycle, calculate, per kg of steam:

i. The work output neglecting the feed pump work;
il The work required for the feed pump;
iii. The heat supplied;
iv. The Rankine efficiency;
V. The specific steam consumption (10 Marks)
QUESTION THREE

(a) Give two limitations of the first law of thermodynamics (1 mark)
(b) State Clausius statement for the second law of thermodynamics (1 Mark)

(c) Show that the air standard thermal efficiency for a diesel cycle is given by

1 1 (BY—1
1-25m {—é-:} (8 marks)
Where r = Compression ratio

y = Adiabatic index

S = Cut-off ratio
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(d) At the beginning of compression in ideal diesel cycle the gas has a temperature of
40°C and 90kN/m? respectively. The volume ratio is 16: 1. The maximum cycle
temperature is 1400°C. Determine for the cycle:

(1) Pressure and temperature at each of the cycle process points
(i)  Work done per kg of gas and the cycle thermal efficiency
(ili)  Work ratio (10 marks)

QUESTION 4

(a) Define the following terms

(1) Octane number
(ii) Flash point

(i) Fire point

(iv)  Ultimate analysis
(v) Proximate analysis

(vi)  Stoichiometric mixture (3 Marks)

(b) A sample of coal having the following composition by mass, Carbon 78%, Hydrogen

6%, Oxygen 8%, Sulphur 3% and Nitrogen 3% and the remainder is ash, is burnt in a
furnace with 55% excess air. The Temperature of the flue gasses entering the stack is
330°C from an atmospheric temperature of 18°C. Determine:
() The actual mass of air supplied per kg of fuel
(11) The percentage heat energy carried away by the flue gases
Take the calorific value of coal as 30mJ/kg and assume the combustion to be
complete. Heat energy carried away per kg of moisture is 3600kJ.

For the dry flue gasses take Cp = 1.05kJ/kg and air contains 23% Oxygen and
77% Nitrogen by mass. (9 Marks)

(c) A gas contains 15% CHy, 6% CO,, 36%"CO, 40% H,, 1% 05 and 2% N». Determine

the Stochiometric volume of air for the complete combustion of 1m?® of this as and
P g

also the products of combustion in m*/m?> of gas and as a percentage (8 Marks)
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QUESTION 5

(a)

(b)

©

The temperature of air at the commencement of compression in Otto-cycle is 25°C
and air receives 600kJ/kg during the constant volume heating process. If the
compression ratio is 9:1, what would be the maximum temperature of air in the cycle
and how much heat will be rejected per kg of air during the constant cooling process.
Sketch the PV diagram for this cycle and show the pressure at all salient points if the

minimum pressure in the cycle is 110kN/m?. Calculate also the thermal efficiency.
(9 Marks)

A gas turbine has an overall pressure ratio of 7/1 and a maximum cycle temperature
of 700"C. The turbine drives the compressor and an electric generator, the mechanical
efficiency of the drive being 97%. The ambient temperature is 18°C and the isentropic
efficiencies of the compressor and turbine are 0.84 and 0.82 respectively. Calculate
the power output in kilowatts for an air flow of 20kg/s. calculate also the thermal
efficiency and the work ratio. Neglect changes in kinetic energy, and the loss of

pressure in the combustion chamber. (9 Marks)

State two purposes for the use of a Rankine cycle with reheat (2 Marks)
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NOTATION AND UNITS

& a m/s - velocity of sound .
€ é, ki/kg K, kJ/kmol K -specific, molar heat capacity at constant p
¢, &, kJ/kg X, kJ/kmol K -specific, molar heat capacity at constant p
g.d kl/kg, kJ/kmol - specific, molar Gibbs function h~Ts, F-Ty
- A% Agt kJjkmol ~molar Gibbs function of reaction, of formation
hK ki/kg, kJ/kxmol -specific, molar enthalpy (u +§. it pi?
Dmov &R kl/kmol - molar enthalpy of reaction, of formation
K K*® K% - - equilibrium constant, of formation
k kW/mK ~ thermal conductivity
A kg/kmol ~molar mass
p bar ~absolute pressure
Pr - ~Prandt] number {c ufk)
R.R kJ/kg K. kJfkmol K _specific, molar (universal) gas constant
53 kl/kg K, kI/kmol K —specific, molar entropy
T Kor°C -absolute temperature (K) or Celsius temperature (°C)
AT K ~temperature interval or difference
u i kJ/kg, kI/kmol - specific, molar internal energy
v, 0 Bu\xmv m3/kmol ~specific, molar volume (1/p, 1/p}
z m ~geometric altitude above sea level
¥ ~ratio of specific heat capacities (¢, /c, = €,/¢,)
by m ~mean free path
U kg/ms = Ns/m? -dynamic viscosity
v m¥/s -kinematic viscosity (u/p)
0.5 kg/m3, kmol/m? —mass, molar density (1/v, 1/5)
Subscripts
¢ -refers to a property in the critical state
f -refers to a property of the saturated liquid, or to a value of formation
g -referstoa property of the saturated vapour
fg  -referstoa change of phase at constant P
i

-refers to a property of the saturated sohid
~refers to a saturation temperature or pressure

w

Superscripts

- -refers to a molar property (i.e. per unit amount-of-substance)
= -refers to a property at standard pressure p® = | bar (the superscript o is often used)
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1033mH,0 = 1.0332kgf/em?
33901tH,0 = 14.696 Ibf/in?

il

I

760 mmHg
29592inHg

i

fi

Molar funiversal)gas constant: R = 8.3145 kJ/kmol K t
= |.986Btu/lb-mol R = 1545/ Ibf/Ib-mol R

Molar volume: ¥ = 22.41 m¥kmol at | atm and 0°C
359.0ft*/b-mol at | atm and 32°F

I

Composition of air.
vol. analysis grav. analysis
Nitrogen (N, — 2801 Ikg/kmol) 0.7809 0.7553
Oxygen {0, — 31.99%kg/kmol) 0.20953 02314
Argon {Ar—39.948kg/kmol) 0.0093 0.0128
Carbon dioxide (CO,—44.010kg/kmo}) 0.0003 0.0005

Specific gas constant R = 0.287) kl/kgK
= D068 6 Btu/lbR = 53.35 1t Ibf/Ib R

Molarmass /i = 28.96kg/kmol N
“ Seep. 16 for other properties

Forapproximate caleuiations with air:

vol analysis grav. analysis
Ny —28kg/kmol 0.79 0.767
O, — 32kg/kmol 0.21 0.233
Ny/O, 376 3.29

Muolar mass 5 29kg/kmol
Specific gasconstant R = 0,287 klkgK
0.0685 Bluflb R = S33 A 1bi/lb R

fl

]

¢, = 1.005kIkg K = 0.240 Bru/lb R
¢o=0718kIfkgK =0.1715Biu/lb R
e, == 140

Foads 7

m
|
|
m
L

The Srefan-Boltzmann constant; -
a=387 x 107 1 kWim' K = 0071 x 1078 Brw/h? h p#

* Fhe kilomole (kmol) is the amount of substance of 2 system which containg as many elementary entities as there are atoms
kg of carbon 12, ) ) , )

Thie elementary entities must be specified, but for problems involving mixtures of 2ases an
RO Aatoms.

. 3 .m: mu
i o — s
[bar] e [kixg i3

e
0.006112 0.01 9.155 9155
0.010 7.0 8.868 8974
0015 13.0 8.631 8827
0.020 17.5 8462 8723
0.025 VAR 8330 8642
0.030 24,1 8222 8576
0.035 26.7 8.130 8524
0.040 290 8051 8473
0.045 310 7980  gd431
0.050 32, 7918 8394
0.055 346 7.860 81360
0.060 36.2 7.808 8329
0.065 377 7760 8.30]
0.070 390 1715 8274
0075 40.3 7674 825
0.080 1.5 7634 8227
0.085 427 7.598 8206
0.0%0 43.8 7564 8186
0.095 44.8 7531 8167
0.100 458 7500 8149
0.12 49.4 7.389 R8s
0.14 526 7.294 03]
0.16 553 7.213 7985
0.18 57.8 7.140 7944
0.20 6.1 7075 7907
0.22 622 7016 7874
0.24 541 6962 7844
0.26 65.9 6913 71817
0.28 675 6866  7.791
0.30 69.1 6823  7.767
032 706 4,921 295 2470 295 2332 2627 0962 6783 7.745
0.34 720 4.649 302 2472 302 2328 2630 0980 6745 1725
0.36 734 4.407 307 2473 307 2325 0995 6709 7.708
0.38 747 {011 6675 7686
0.40 759 1026 6.643 7,669
0.42 774 1040 6612 7652
0.44 78.2 1054 65837 7636
044 79.3 1067  6.554 7.621
048 80.3 1079 6528 7.607
0.50 81.3 1.091 6.502 7593
0.55 837 L119 6447 7.561
0.60 86.0 1145 6386 7.531
065 | 88.0 1169 6335 7.504
0.70 80.0 1192 6.28¢ 7478
0.75 91.8 1213 6.243 7456
0.80 915 1233 g.20: 7.434
0.85 95.2 1.252 6182 7414
0.90 96.7 1270 6.124 7.394
0.95 98.2 1.287 6089 1.376
1.00 99.6 1.303  5.056 7.359
oy -_P 10°[N] ML m? Ll !
(KIke] - Delfeg] ™ Toar] * Tm] ¥ *| g | * 0T o [Tkg)

|4

Vs F 2
Foar] xgx 10% = 0.006112 x 0.0010002 x 10 0.0006112
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at #° = | bar and Ty = 298 15K

e Akl Afy
=B £ In K
lkg/Xmol] {kJ/kmol] [kd/kmol] ™ R
C (graphite) 12011 0 0 0
C (diamond) 12.011 1500 2870 -1.157
C (gas) 12011 714990 669370 270088
CHy {gas) 16.043 -74 870 ~50810 20.498
C;Hy (gas) 28,054 52470 68 350 -27.573
CO {gas) 28.0105 - 110530 - 137160 55331
CO; {gas) 44010 -3933520 -394 390 159.093
H {gas) 1.008 217990 2032%0 -82.003
H; (gas) 2016 0 0 0
OH {gas) 17.005 39710 35010 ~14.122
H;0 {lig) 180155 -285820 ~237 150 95.660
H;0 {vap) 180155 -241830 ~228 590 92.207
N {gas} 14.0065 472650 455500 ~183.740
M, {gas) 28012 0 0 0
NO {gas) 30.008 90250 86600 ~34.933
O (gas) 159585 245 170 231750 ~93.481
0Oy {gas) 31.99% 0 0 0

Reproduced from Rogers, G. F. C., and Mayhew, Y. R., Engineering Thermydvnamics, Work and Hear

Transfer (Longman, 1992).

22

) 00 250 300 400 430 600
b, 03748 v 04252 04745 05226 0.5701 06177 0.6641 0.8040
5 u, 2562 U 2644 2725 2804 2883 3963 3045 3300
(1518) | & 2749 ko 2857 2962 3065 3168 3272 3377 3702
s, 6322 s 7060 7271 7460 7633 7793 7944 8.351
v 03156 v 03522 03940 04344 04743 05136 0.5528 06697
6 u, 2568 u 2640 2722 2801 2881 2962 1044 3299
(1588) | hy 2757 ko 2851 2958 3062 3166 3270 3376 3701
3 s; 6761 s 6968 TI82 7373 7546 71707 7858 8,267
v, 02728 03001 03364 03714 04058 04397 04734 0.5737
7 up 2573 2636 2720 2800 2880 2961 3043 3298
(1650) | h, 2764 2846 2955 3060 3&4 3269 3374 3700
s, 6709 6888 7106 7298 7473 7634 7786 8.195
v, 0.2403 02610 02933 03242 03544 0.3847 04138 0.5018
8 u, 2577 2631 2716 2798 2878 2960 3042 3298
(1704) | k2769 2840 2951 3057 3162 1267 1373 3699
5y 6.663 6817 7040 7233 7409 7571 7733 8.132
v, 02149 02305 02597 02874 03144 03410 03674 0.4458
9 u, 2581 28 2714 2796 2877 2950 3041 3208
(1754) |k 2774 2835 2948 3055 3160 3266 3372 3699
5 6623 6753 6980 7.076 7352 1515 7667 8077
v, 0.1944 0206! 02328 02580 02825 03065 0.3303 0.4010
10 u, 2584 2623 2711 2794 2875 2957 3040 3297
(179.9) | h 2778 2829 2944 3052 3158 3264 3370 3698
T 6.586 s6695 6926 7024 7301 7464 7617 2028
0.1317 v 01324 03520 01697 01865 02029 0.219] 0.2667
15 w2595 w2597 2697 2784 2868 2052 3038 3294
(198.3) | K 2792 k2796 2925 3039 3148 3256 3364 3694
si 6445 s 6452 6711 6919 7002 7268 7423 7.838
b, 00996 ¢ 04115 01255 01386 01511 01634 0.1995
20 u, 2600 u 2681 2774 2861 2946 13030 1291
(2124) | K 2799 ! 2904 3025 3138 3248 337 3650
s, 6340 P 6547 6768 6957 7126 7283 7,701
v, 00666 ‘ 00706 00812 00905 00993 0.1078 0.1324
30 w2603 v 2646 2751 284S 2933 3070 3285
(2338) | h, 2803 h 2858 2995 3117 3231 3343 3682
s, 6186 6289 654} 6744 6921 7082 7,507
v, 0.0498 0.0588 00664 00733 00800 - 0.0988
40 u 2602 u 2728 2828 2921 3010 3279
(2503} | Ay 2801 p 2963 3094 3214 3330 3674
s, 6070 P 6364 6584 6769 6935 7.368
¢, 0.039 v 00453 00519 00578 0.0632 00786
50 u, 2597 u 2700 2810 2907 3000 3273
(2639) | h, 2794 A 2927 3070 3196 3316 3666
s, 5973 5 6212 6451 6646 6818 7,258
.. 0.0324 00362 00422 00473 00521 0.0652
. 0473 0. 0652
38 4, 2590 2670 2792 2893 2988 3266
(2156) | k2784 2887 3045 3177 3301 3657
5, 5890 5071 6336 6541 6719 7166
. v, 00274 | u[m/kg) 00295 00352 00399 0.0441 5
70 . 2581 [kJ/ke] 2634 2772 2879 2978 m%m%o
(2858) | h 2772 /(k]/xg] 2841 3018 31S8 3287 3649
s 5814 skIkg K] 5934 6231 6448 5632 7.088

* See footnote on p. 6.
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) T g sy | U] Lkmol] (kIkmol] (kikmolK] [kifkmel] 4 T
e 4 2
x x oo e 045 450 500 60 00 g0
o - g i . [
Sroxyl( = 17, N e (N = 30.006 — .
ydroxyl(OH) A= 170075 Nitric Oxide (NO) A = 30006 — 0/10° 3 [m*/kg] 0786 0951 1076 1275 1591 1861 2100
225 sﬁ?iﬁ 716 28ES 3009 3303 3514 3390 40ss
P 9171 0 ~ 91711 0 9192 919 o - 91, ki/kg k) 33695616 5790 60O 6430 6729 6088
- 6138 5369 149.48 -~ 21086 | 100 - 6071 6902 176.92 - 23783 102 0601 D78 0917 1413 1413 2 9
~ 2975 4638 171.4% - 37271 200 -~ 2950 4613 198,64 ~ 42578 350 W 280 K0T 2951 3les  saps vﬁ. Mowm
) 2479 18360 -~ 54740 | 29815 0 2479 21065 ~ 62806 . SI8Y 5474 5677 5962 8361 be6T  6od)
54 2440 18378~ 55080 | 300 54 2440 21084 — 6311908 ) 419 s
3033 292 192.36 — 73909 | 400 3042 284 21943 ~ B4729 775 P% m%_m% wmowo mmmmo wm%m Wm%% Mowmo
8941 3953 20433 113660 | 600 9145 418 3378 ~ 129920 s 4RI 530 556 547k 4ok 6610 6373
14878 8227 201287 115420 | 800 15548 8896 24098 —177 240 . B - - ) !
20933 12818 21962 - 198690 | 1000 220 13915 24843 - 226200 w | 210 wmm 9330 067d 0868 1jal 13sa )56
R 1 2 2 282 3 3
27158 17181 22530 -243200 | 1200 29121 9143 2347 ~ 276540 . 4 Am% %,ﬁ ww.%a v@ww mﬁw w.mw Mwww
33568 21928 230.23 — 288760 | 1400 36 166 4526 260.14 ~ 328030 R LT N i o
401S0 26847 23483 ~335250 | 1600 43121 0018 264.93 ~ 380550 OO 0211 0343 0496 0693 0952 153 30
46890 31924 23859 _3RISRO | 1800 50559 $594 26918 ~ 433960 350k 1992 2152673 2008 3367 a9 199
$3760 37131 24222 - 430670 | 2000 57861 41232 1303 - 438 190 ¥ 21947765197 5633 6120 6459 o)
60752 42480 24555 479450 | 2200 85216 46924 27653 - 543150 £i10" 2 0191 0255 0365 0562 0809 0993 |52
67839 47BBS 24863 - 528870 | 2400 72609 2655 27935 ~ 598 780 400 | a 19350203 3514 2006 38 3677 3904
75015 53397 25150 ~578890 | 2600 80036 38418 28272 ~ 655030 s BT 45104947 547 801 6371 bad
82266 58985 25409 _£20460 | 2800 87492 6421 285.48 — 711860 -2 ;
89584 64640 25671 430540 | 3000 94977 003 Iwkos - 769220 aso | i w%%_“ w&% wmmw_ m%mw mm%@w mmw% W@w_,m
96940 70354 25409 ~732130 | 3300 102 480 75473 29048 ~§27070 s 4056 4368 4740 S30 3914 §290 4590
14386 76118 26134 784170 | 34m0 10000 BITII O 39279 ~ 885410 ) T oa
111 Red 81927 263148 —836670 | 3600 117550 7613 294,92 ~ 844 170 500 Wﬁ, w&w mm% mm Vm s w,m_@_ m%_m m%mm
118580 87783 26551 889550 | 3800 125100 93507 29696 - 1003360 s 4009 4279 As9a 3076 5k eai4 . 524
126 940 93680 267.45 —-942860 | 4000 132670 99417 29890 — 1062950 , , - T e - -
: 0168 0190 0324 033 0340 0663 ngoo
ke ke 550 18622030 2227 641 3300 3575 sa0s
nz Vapour{CH)) A= 16043 oo Ethviene Vapour(C,H il wowam«.l, s 3871 4218 4498 sq4v 5.731 6.144 #4862
mof h
#1072 0164 0187 0200 0395 0483 0437 747
1025 10025 0 ~ 10025 0 - 10519~ 10519 g ~ 10518 8001 h BN 2005 2184 O5T1 3iS)  3say g
~ 5659 7530 14939 - 21638 100 ~ 7192 8024 130.44 ~ 25236 s IO AN6K 4419 491 SEa 5077 440
~ 3368 503} 17247 - 37863 200 ~ 3803 5466 303.85 -~ 44573 107 0160 0176 0198 (267 0436 0
. 7 i 2 : . 17 A 2 4 572 0.685
9 2479 18615 - 348 298.13 0 2479 21977 - 65362 550 ) IBI7 1986 20S1 3514 3106 3517 1me0
87 2427 186.37 100 79 2415 21049 - 63767 . IO 4138 4360 4B4S 556 goi4 b6
3862 536 19725 . 75038 | 4B 4¥83 - 1357 33324 — 88412 G103 0157 7 ) 7 3
13129 8141 21588 ~116400 | 600 Eiir i .w 346 25824 ~ 137610 700 n _w,wo wo_u. MM m“ﬁ@ wmm wmww wmm.% mm.m
24673 18022 73241 - 61260 | 800 32849 36197 28047 - 191520 s V8B 4093 4312 A769  eava 5955 6300
J/AT9 29865 24745 209270 | 1000 50664 42350 30030 - 249640 1o - o e ol N e
) N X X 1R 2
53771 43293 26118 —260150 | 1200 70384 60276 31803 ~311510 750 I i xﬁu w@_m@ m“% m% WM w%m_m w%%% wm _ﬁ
69609 57969 27376 —313660 | 1400 91199 79558 33479 - 376780 s 3863 4064 4272 4705 5425 5899 425
88910 73607 28537 360590 | J&C0 V3180 99878 34804 ~445120 o DU . . A o
104960 89994 29553 _437720 | 1800 135970 121010 36236 ~516270 w10 B33 0ET 0178 0219 03 0451 psay
123600 106970 30575 —487900 | 2000 159390 42780 37469 ~ 589950 800 h 18151948 2091 2400 2083 3438 3997
; ~ o s 18424037 4237 4651 5361 5845 g o06
he molar enthalpies of reaction, AF*, on p- 21 are for a reference temperature of T = 298.15X and are - w.:o ; D148 01S8 0169 0200 0296 0396  04x4
srtually indepene . . : ' " : ! IB0S 1932 2066 2353 3916 3373 1786
virteally independent Q.. pressure. nc:mmmawaﬁm values Q?. Gibbs function of reaction, Ag may be 5 JAIE 3612 3805 3991 417 4se 5248 5746 610
found from values of equilibrium constant K using the relation s
- - /10 0.131 0138 0145 0.153 0.163 0 1R9 0.267 0.354 0434
BF% =g —08 = —RTInk® - (Suffixes P and R refer to products and reactants) 1600 h Mmﬂmow quw ,_%.,Wm Mouo 20482319 2860 3334 39y
The standard or thermodynamic equilibrium constant is defined by d A%E 3TN 3851 403 4493 5353 Sese 6.042

+*
KO o 3 {(p;/p®V" or InkK°® = M In{p,/p°\" See footnote on p. 6.

where v, are the stoichiomerric coefficients, those for the products and reactants being taken as positive
and negative respectively. The constant so defined is dimensionless.
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i ' Superheat (T-7.)
i N Saturation Values
T ¢, c, oo k ey P 50K w 100K
[x] [kIkeK] 10” [kg/ms] 10 TkW/mK] kgm’] 10" [m’s) . : N h P ; : . :
—— o I3 JR— 3
175110023 07152 1401 1182 1593 0744 | 2017 0586 ['C] [bar] [m/kg) [klike] (keK] | [klike] 0KeRT | [ki7kg) [kike K]
00 ] 10025 07154 1401 1329 1809, 0736 1,765 0.753 — :
225 010077 07156 1401 1.467 2.020 0728 1,569 0935 ~50 04089 2.675 ~444 13733 | —0.194 6159 | 14798 6592 15859  6.948
2501 10031 07160 1401 1.599 2.227 0.720 1412 1132 ~45 05454 2.008 -223 13316 | —0096 6057 | 14893 6486 15961 6819
3| 10038 07167 1401 s g2l T A e T35 0o ihe | @3 e | boss Sa3 | EES G3 lees eme
01 1gs 07178 1400 | 83 PR A A R s . -30 119 09633 447 14056 0188 5785 | 15170 6203 16263 6547
00 1m0 i 2,075 3003 0,697 1.009 2056 -28 1317 08809 536 14085 0224 5751 | 15207 6169 16303 6512
375 1 10106 07235 1397 2181 3186 0.692 09413 3317 ~26 1447 08058 626 14114 0261 5718 | 15243 6133 16342 647
400 | 10135 07264 1395 2286 3365 0,688 08524 2591 eww mem wwwmw mmw mmw mww wm% mww m%w WMMWW Mwm
0] 1p:e 0T 1 28 dea oS ) s e -2 1902 06237 $98 14200 | 0368 5623 | 15348 6039 | 16460 6379
3% 10398 07527 1381 2.849 4357 0630 | 06418 4439 ~18 2077 05743 988 14237 0404 5593 | 15382  6.008 16500  6.347
600 | 10511 07640 1376 3017 4.66] 0680 | 0.5883 5.128 ~16 2265 03296 1079 14253 0440 5563 | 15417 5978 16538 6316
850 | 10629 07758 1.370 3478 4954 0682 0.5430 5853 sm W.me mumww mmm mwmm mwwm Mwﬁm mwmw mww WMWWW MWMM
— Z. g . 3 . 3. . b .
700 | 10750 07879 1364 3332 3236 0684 | 05043 6.607 ~10 2908 04183 1354 1433.0 0544 5475 | 15517 5g91 16653 6227
750 | 10870 0.7999  1.359 3.482 5.509 0687 | 04706 7.395 ’
800 | 10987 08116 1354 3624 5374 0650 | 04432 8214 -8 3153 03879 1445 14353 0579 5447 | 15549 5863 16690 6199
850 | 11101 08230 1349 3363 £.030 0693 04153 9.081 -6 3413 03599 1536 14376 0613 5419 | 15582 5336 16728 6171
900 | 11209 08338 1344 31897 5276 0656 | 03922 9536 - W%W 03344 128 mew 0647 5392 15614 wmmw Wmmm.ﬂ wa
; - . . 2. . : 3. 564. . : .
00 13 0% 130 o2 &3 o | e 083 0 4295  0.2895 1812 14444 0.715 5340 | 13678 5736 16839  6.090
mmm MJS 0.8631 1333 427 6985 0704 | 0332 1272 2 465 0269 1904 1446.5 0749 5314 | 15709 5731 16875 6065
60| 11589 08718 1325 4396 7,209 0.707 03208 1370 4 4975 03517 1997 14435 0782 5288 | 15740 570 16912 6.040
0| L1670 08799 132 48! jaRT 07 0306 1T S 576 0abk | gies qens | onE M| o osem | s s
3501 Lo o 13 % 8 o | o e D 6149 02056 | 2278 14543 0881 5213 | 15831 563 17022 5967
o | s 0501 1319 4846 8054 0715 | 02715 (78S 126585 01926 272 1456 0514 5139 | 15360 sg1 17057 5943
1350 1 10945 05075 1318 4352 £253 0717 1 03615 1894 14 7.045 01805 2466 14578 0947 5165 | 15889 5338 17091 5920
1400 | 12005 08134 1314 5087 SIS 07y b2 2008 5405 010 | 39 L | Gom ol b 2% | s s
1500 12z 0gal 1l 32 iy o) omm o nx 20 8570 0.1494 2751 14626 1044 5095 | 15972 5521 17193 5854
150 13391 0oas 1,308 5.646 9.554 0726 | 0207 2720 29134 01405 2846 14639 1076 5072 | 16000 5.499 17228 5832
%00 | 12390 05499 1302 5329 5,899 0,728 0Isel 902 249722 0132 2941 14652 | 1108 5049 | 16027 5418 17263 5811
1900 | 12440 09569 1300 6008 1028 070 | ok 2 B 103 01h | 34 ey o L HT L jass s | imse 5o
20001 1350 osex 1208 - - - oues - 30 1167 01106 3231 14689 | 12w 2984 | 16105 5417 17359 5750
MWS 12619 09748 1295 - - - 0.1604 - 21237 0.1044 3328 14699 | 1235 496 [ 16130 5397 17393 573
2300 12660 D998 1203 - —- —- 0.1535 — 34 1311 o.oomm ! 3425 wwwow . 1267 4940 © 16154 mmuw w 17426 m,.:.w
I N L N SRR R N
: 2 Mwwmw w.wwww M.wwm - - - wwﬂm - 40 15.54 V 39 1al3 L 1360 4877 W 16224 3321 17519 5655
2% | 12803 g3 L2E - - I -t Z 1642 007388 | 3813 14738 | 1391 4856 | 16246 5302 17550 5637
2800 | 12881 10010 1287 - - Z 01261 - .. 4 1734 00746 | 3018 14742 1422 4835 N 16268 5284 17580 5619
.2800 12916 10045 1.28¢ - - - 01217 - . »m 18.30 o«w.\om _ 401.8 14745 1453 4814 | 16290 5266 17610 5.602
: Lo : 48 1929 0.0670 4119 14747 | 1484 4793 | 16311 5748 17640 5584
3000 1.2949  1.0078  1.285 - - - 0.1177 - 502033 00635 | 4219 14747 M 1315 4773 16331 5230 17668 5567
i
The values for air can also be used with reasonable accuracy for CO, N, and O, - Critical point 7, = 132.4°C, p, = 113.0 bar.
The values of the thermodynamic properties ¢, and c,onpp. 16 and 17 are those at zero pressure. The values Molar mass /7 = 17.030 kg/kmol: further properties of the liquid are given on p. 23.
for the gases are guite accurate over & wide range of pressure, but those for the VApours increase appreciably
with pressure.
ﬁ:m transport properties 1 oand k for air are accurste over 3 wide range of pressure, except at such low
pressures that the mean free path of the molecules is comparable to the distance between the solid surfaces
containing the gus. S ) ‘ o - 19 of 20
At high temperatures (> 1300K for air) dissociation becomes appreciable and pressure is a significant Mummmw 0
* variable for both gases and vapours: the valueson pp. 16and 17 apply only to undissociated states, \m
1 N

. te




0730 0z 28eq

e se yons ansadosd jo sa8uey>
+34]0AUT UIIYM SUONR|NDUD 133))® 10U OD pue Kinspqle aunb aup s317s WMED 1PY) DaIaqIIBULIBL 3q 1SN 1]

"2{gRY Rpy W Y1 JOJ UBSOYD SI AIRIS wnipp S1y g SRy junsaBiags) LowWWOod Ul spadde by

DUR 3y JO SIN[RA sanedsu OU JBY) ¥AINSUR Uyatym adtoyo © (M BN/ rH000 | = o Eaenpnr = D 08 UssoYd

JEIs WnIEp UL SARPEMON SR T1Y PUR LILY 3y} 10] 213y PaAsn §1 21718 WNED S oy = D.0P-
yatye 17 aimiezadwal B Q= iy o=Jy) D op- 3G 01 pasn saradord wueiafiygsl Jo) AMS Wep UL

ul

‘g7 "d wo vaald ae pmby 241 jo sarpadosd aauumy flows/BY 16021 = w4 SSEW 110]A

‘£z 'd uo uaald e pmbiy 3y Jo sansadoad 1ayun] ow/FY OOl = e ssRW JRIOW
o791 LLSYY | GEILT PROV 1705 1 19971 | L9eBY L9768 9610070 0SS Uy 007101
cegL S9OSR | ESILL YOULMY 8809°1  £6ISL | £6'90Y (SELE 997000 8IL 6L 00t
cogrl 9uvIy | TITLL EYLEY 16¥9 1 B0LY1 | POOTY SUGET 1 6Lr000 906'¢t $6
18901 SEE9w | BSTL 0% Lvy 19991 YREY L | OF'STY  6L'TPE 9v000 [S5-NAY 06
GpLLt AOTOY | BETLL 8BOYY 1LL91 10IEL | LLTLTy 91TLE 1058000 By 6L 19
1zilt TEOeY | OETLL U9 158971 SERUL | S8Ry 9vITe §¥o000 £TL9¢ 08
voiL ] pS8SE | 9stLl T8RP 1169°1  08SEL | 60°6ZF  C1IEIE 10SL000 €9 €1 SL
cpiit o 0S95H | BLELT  oTDYY 9Ce0 | TELLL | TLBTY  6T¥OL 998000 191z 0L
voLLL 6TWSE ] L6TL LSIEb $e80°1  880CL | 68'LTP LLSET 166000 168! $9
ZoiL 1 £eISH | TipLl LLIELY 97001 SPRTT | 69°9Ty  1S°LBT [EPII00 T18'ul 0%
50000 SyeYR | 9TRLL 69LE¥ 1e0L 1 DISTL | 0TIy 9¥eLTSITIOD Oyl s
Sl YRORy | 8EELL ySTY €001 BLETH L LvETy  191LT10ISI00 pLiel 05
1901 Clwwp | 6ppLL 9DCLY ZE0L RTIT L ESITy 16697 (5€L10°0 S65 L 137
gRil 1 cEivp| 09pLt €SOt g01L°1 €061 | 1pely  8U9ST | 866100 £orod oy
ChLLT TESTY] DLyl 6Ly | 9ziL1  €991°1 | wiLly 86'89T | ¥OEI0D LS8R 33
CORL 1 PRSIV TRYLT TSy Zotl ] pEpUL | bLply  £971¥TIS98T070 000L'L 0t
gLl OPTEY | ovevLl LYY 9Lt BBITL | €UTIY TERLT I TE0L00 §T59°9 st
-greLl 6IAIy | BOSLT IS6IY oLiLt 196071 | TYB0p  S¥LTT | 665E00 9iLs T
9C8l 1 TI9Ty | ISt LS9l polLl CILOY | €6'50F  9Y0LT | 80TR00 A% i
cggLl DETTY] THSLL o 9sTEly SlTLL v8pD1 | 91UPOP  LSLIT | IPEY00 'y ot
P800 S9BlY| TISLL 0S0MY 2701 THTOL | £€10F  SLIODT | PERSOD 996 £ g
[RELT SU9IR] L8801 OWLOY $97L°1 400001 | {¥'86E 400007 | STE900 1826'C 40
vzhL ] TOCIY] wiGL L STROV p67L 1 ¥SL60 | 6 S6L TUE6l|1LT800 SEiv'ec § -
9chl ] 1960 LPOLL  LOTIOY [ZEL1 S0S6D | 1ST6L  JL981 1 6¥6600 09007 ot -
TeeL 1 67°90p] €891 98L6L SOYL L 9SC6D | EYERT 91081 ) SSOTID £689 1 St~
pEpR ] 06TOY| 9TLLT  19WEL 90pL 1 £0060 | vHO8L L9CL1 ) STLYID TLiel (U
TR0R 1 eveeT | vLLLY BUIE [P0l BEL®D | LEERT STLOY|9YIRIO LE90 §T ~
(E1gl o LO9eC| 8T8LY T188¢ T1SL1 Oevw'D | LTOBL B80S | LLSTTO SEpP80 0t —
so7g 1 TT6RC| 096L 1 9518T PPOL L S9BLD | EOPLE  LEAFDE8O9CD 88150 or -
Sepe L BUI8C| STIRL BELE 408L°1  OEPLD | 9LL9T PIOL1|TES090 yy6l 0 0% -
9poR 1 LSSLEL PEERTT vPEeL S108 1  PRWI0 | ®PIS Dyl E8LL0T 16810 09 -
(0631 PR'BOC| THSRL  S619E oLz8’t 0£E9'0 | STSSE ToZIsot 00800 0L —
s7z61  07T9L] 01681 S5TSST $8S8°1 OLLSO | 606PE 1] oeezy OLE00 08 -
pI961  OLSST| ODEE1  LT6YE 69681 SOIS0 | SOENE PRESE SSI00 06 =
90107 STeve] 9riet  HUERE 6pe’ 1 OPOF0 | 1LY PPl 85000 001~
(3707 6TLPEL 556671 SUINE 91961 £5¥v0 | PTSEE 7E0PE 1p000 OETE0I-
@/ [/ Bl [M33/r¥ [y @/ bral Dd
5 y 5 Y i I By % d 1

- w0 w 01

"1 - 1) 1eayiadng

son(BA UOLTIMES

{epe] ueRBUPY) L4-1THD — uByIa0ionyEId ]

y6ELD 8505 86690 08T 06950 06950 (yesl EvEsd 6L100°0 sty T
66£L0 01057 $969°0  LYTET 9L09°0 +EESO 66161 §S691 $yZ00°0 616t Ol
TIvL0  LE'8YT p669°0  TTTEL STE90D 8050 L5907 TS'LS $LLO00 159t SO1
pIPLD  OB'LFT €IOL0  t6'lEl E¥P9°0  E6LYD 10oiT L8yl 068000 yr'ee 001
SEpLD  LP9VT LPOL0  0CHET 12690 €8SY°0 pe 1T (T0pL 954000 L50T §6
SEpL0 EOSHT L90L0  Ev0LT 1659°0  68LP70 08Iz PRIEN 975000 68°LT 06
SSPLO 05ERT #8000 6L6LT 9£99°0 POIYO pOgIT L6STL 109000 86T 68
£9rL0 98°IVT 660L°0  1T8LT £L990 LIOPO £z 68611 785000 soeT 08
owto €10Vt CIILD  689LC T0L90 $58L0 6zzIz STEll ILL000 8807 SL
LLPLD  TEBET STIL0  SPSTT 97L9°0 989¢°0 i1z S1LO £L800°0 98'81 OL
PePLO TV 9CILD  68'ELT Lyi90 1T5E0 gp017  5¢7101 $8600°0 6691 $9
06PL0  SPYEL opiLo  ETLLT $9.9°0 8GEL0 97607 PL'SH 11100 97’5l 09
96pL'0  T¥TEL 951L0  8YOTT 78090 L61ED 6'L07 LT06 ST100 99°¢l S§
£05L°0  EU0ET 991L0  ¥o8IT L6150 LEOE0 ISASTAR LR 4 100 61T 05
(REYA I 1144 SLILG  PL9IT 11890 LL8TO L8P0 1L6L 5100 pRO1 SY
61500 868LT §RIL0  oLwiT §789°0 8ILIO 07E0T 650 78100  L096 OF
67640 £LETT 961L0 LTI 6£89°0 65510 Sp10T 55769 90700  LLY8 St
opsL0 PPITT 807L0  £9°01T £585'0 66£7°0 79'661 6599 SEZ00  6v¥L O
TSSL0  116IT ozILo  0S8GT 69890 6L770 £LL61 OL'6S 69700 9159 ST
$95L0  SL9IT §LTL0  TL90T $889°0 8LOL0 SLSHL LBYS 80£0°0  EL9S 0T
08sL0  SEWIT 15740 0% 10690 S161°0 gLe6t 010 $sE00  viey St
865L0  T6HIT 897L0  SEICT 12650 TSLIO yi161 LESY 60¥00  fEZYy Ol
$19L0 Ly60T 68IL0 95661 9690 L8510 99'681 69°0V SLYO0 99t S
1P9L0 66907 HeLo st 99690 0Ivi0 £5°L81 $09¢ $5500  980¢C O
999L0  6¥'¥O0L 9¢eLD 06961 16690 152170 ges81 SPIL 05900 0197 5
S69L0  LE10T §9¢L0 €561 0zoL0 08010 61(81 L89T 9900 1617 Ol
RTLLD  ¥YE6l 1680  §1°061 16040 90600 (6081 €7z | 01600 9T81 Sl
$9LL0 68961 EpL0 SLL8! L80L0 1EL0D frgLt TeLl | 8800 6081 OT
SO8LD  LEPEI gLpLo  £C58L LTIL0 TSS00 gyorl Lt ziglo  LeTl st
158L0 94161 LISL'0 087781 DLILD 1LE00 oryLl 9878 p6510 PO O
7060 81681 895L°0  SY08Y 61TL0 L8100 06'1Ll YV y$610  1LOBO St
656L0 09981 £29L0 0O'8LY pLZLO 0 09'691 0 61970 LIY9O OF
£Z0R'C 10981 $89L°0  HSSLY SEELO 06100~ 8TL91 Qvy — L2080 v¥0S0 SV
(6080 V81 £5LLD  LOELL 10vL0  $8€00— SEP91 BLR 1€8¢°0 G160 05
1180 ¥88Ll 0€8L0 090L1 §LpL’0 T8S00— 79791 vitli— 0l6v0 86610 S§
65780 9THLL §16LD S17891 8S5L0 €8L00— 67091 6¥LI— 6L€9°0 T9TLO 09
$5e80  89¢tL! 20080  DLSI! 69900 88600 9615t 181~ 7iy8'0 08910 §9
gsv80  T1ILL 01180 9T'esl 6vLLO BBILO— g5t €197~ Lt Lo ol
gLSRO L5891 97780 809! 198L0 T1P10— EEst Ep0L - 8¢Sl 6LROC SL
90L8°0 Y0991 15680 6851 §REL'D 1E910~ OISt TLwE— g€1T L1900 08
15880 891 £6y8°0 867551 7180 96810~ fLRYL DUBL— LEOE  $T¥W0 S8
0106C 20191 6v98°0  65(51 pL780 980T0— 9yorl BLEY— 9iy'y ¥8I00 06
se160 55851 ofggn LTSt py80  ELETO- WWyvl 95y $85°9 18100 S6
3Ip60 01951 61060 638Vl 87990 L9510~ 00Trl PRIS— 00101 81100 001
{34/ [B4/r3] [8y/,wl [ea) [D.]
< y s y ¥ ’s i Yy y *a d 1z

i

M0t

,

A6

SaNTe A UOLBIME
A

{1--1)eayadng

Cwswro Bl | Do By N,
H

:

© (71 ue1aBLgRy) Yo' 4D ~euByIaW0IONYIPOIOIYA]



