THERMODYNAMICS
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University
Problem 1

In supercritical fluids, the “pseudo-boiling” temperature plays a role similar to the boiling temperature at
‘subcritical conditions. Namely, it has been observed that there exists a peak in the specific heat as the
temperature is increased at constant pressure above the critical point — often dubbed the pseudo-boiling
temperature. If one were to construct a line on P-T plot of these psendo-boiling temperatures, it forms the
so-called “Widom line.” Using a virial equation of state explicit in volume

Z=14 ) A0y
i=1
where A«(T) are infinitely differentiable functions of temperature; the definition of specific heat at

constant pressure:
(&)
Cp =57
oT/,,

and the thermodynamic relation for A

dh = c.dT + T(av d

show that an equation describing the Widom line can be constructed in terms of p, T, R (the gas constant),
cp,o (the specific heat at constant pressure in the zero-pressure limit), and A(T). Show all steps and
explain your reasoning.

{(Note that since A(T)’s are chosen to represent experimental data where there is only one extremum in ¢,
and it is a maximum, you do not need to show that the extremum found corresponds to a maximum.)

Problem 2

An inventor claims to have built a device that will take 0.001 kg/s of water from the faucet at 25°C and
100 kPa and produce separate streams of hydrogen and oxygen gas each at 400 K and 100 kPa. Itis
stated that the device operates in a 25°C room on 10 kW electrical power input. Evaluate this claim using
the laws of thermodynamics.

You can assume constant specific heats and use the following information: Mgz = 18 kg/kmol, E}?,HZO(L)
= -285,830 kI/kmol, 55501y 2081 = 69930 KI/kmol/K, &, i, = 29.03 kV/kmol/K, §5; 505 = 130.678
kI/kmol/K, &, g, = 29.68 kI/kmol/K, and 35; 5955 = 205.148 kJ/kmol/K.
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THERMODYNAMICS
Doctoral Qualifying Examination, May 2016
Mechanical Engineering Department, Columbia University
Problem 3

Suppose a container maintained at a constant temperature of 2500 K and constant pressure of 300 kPa
initially contains 1 mole of CO; and 1 mole of O;. Determine the equilibriom composition assuming that
only O, CO, and CO; are present.

!

crel v —w{\ (P v v . .
The equilibrium constant, K = (H X" ‘) (;—) , for 2C0; = 2C0O + O with Po= 100 kPa is
o
0.00128 at 2500 K.
Problem 4

Consider an adiabatic rocket engine where Hz and O; at 298 K at 100 kPa in stoichiometrically balanced
proportions and with negligible kinetic energy enter a constant-pressure combustor operating at 100 kPa.
After the flow passes through the combustor, the flow proceeds through a converging-diverging nozzle.
The combustion reaction proceeds to completion before the nozzle exit such that only H,O exits the
engine. If the nozzle exit area is sufficiently large that the exit pressure can be considered to be perfectly
matched to a space environment of negligible temperature and pressure, find the maximum velocity of the
exiting tlow at steady-state. You can assume that the flow behaves as an ideal gas mixture, Would this
velocity be achieved at sea level on Earth? Justify your answer using arguments based on both exergy
and compressible flow considerations.
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TABLE ALY (comtinted
fdeal Gas Properties of Varions Substances (5T Unitsy, Emtropies at 0.1-MPa (1-Bur)
Pressure, Mole Basis

Oxygen. Diatomie () Oxygen, Monatomic ()
' s = 0kl flamol F) o = 249 470 KA Kol
M= 31,999 kwhkmol M = 16,10 ke/Knol
J U = B) 5 Ut = Ty} )
K kJikmol kJ/kmol K kd/kmiol kJ/kmol K
{} —R6K3 {} —6725 (i
10} - 5777 173308 —451% 135947
200 —ZR6R 193 483 —2186 152,153
208 1y 205.148 £ 161059
300 54 205,32% 41 I61.194
406 3027 213873 2247 167.4310
300 bORG 220,693 4343 172,198
o{i0) Y245 226,450 b2 176060
700 12409 231465 RST0 179.310
80 15836 235920 10671 182116
900 19241 239.931 12767 184 585
FGu0 2270% 243,579 {486l 156,790
1100 26212 246.023 16950 ERE.T83
1200 29761 250,011 19039 190,600
1300 333458 252 87K 21126 1492.270
| IAUSR 255.556 3212 193816
500 40600 25K.068 25296 165,254
L 44267 ) 260434 27381 106 304
(708 47450 262,673 29464 107,862
L 80} S1674d 264,797 31547 (90083
{900 55414 266810 33630 2000179
2000 Sg176G 268748 35713 201.247
1200 Ll 271366 39878 203.232
2408 74453 275,708 44045 205045
3600 82215 2TRNIR 48216 206.714
2800 Q00RO 281720 52301 2082062
000 OR(H 3 284,460 56574 209,705
3200 L6022 287050 61767 201.0658
3400 HE LT 280,490 64971 212333
R0y 122245 201 826 SO0 213538
3800 130447 204,043 73424 214682
4400 138705 206,161 17675 215773
4400 £55174 3000133 K624 217812
G800 F72240 303,804 94873 219.69¢
200 189312 307.247 H¥3s92 23435
J6) 206618 310,423 FE239 223,066
O 224270 313,457 121264 224,507




TABLE A9 tvoninued )
Ideal Gas Properiies of Vavions Substances (5 Unirsy, Entroprios at §,1-8Pu ¢ 1-Bar)
Pressure, YHole Basis

Carbon Dioxide (OO
i) e = 393522 K1 kil
W= 44.0] ko/kmal

Carbon Vonovide ¢ ()

i

e = — VIES2ZT KA/ Kml

W o= 28.00 ka/kmuol

r (= gy} W = T} N
[N kol KFKmoel K kI kol kJ/Emal k
0 —456:4 3] —RnTi (4]
HLY —~ 6457 [ECRIHL — 8372 fas H52
2} — X153 [ 976 —2R6E ERG.G24
298 1] 213,794 0 197651
300 HU 214.024 54 197.831
400 4003 225314 2477 206 240
RIY 8ins 334002 032 AR R
HLRY 174906 RE XL T B ER 83
700 17754 25LTA2 12021 IER0R7T
R00 228k 237 406 iA174 337277
G{H) 2RO 263.646 18397 231074
100 33397 264,204 21686 234 538
L1on IRKNE REE B RATIRY] 23770
(¥ 4473 R LM 2RA2T RETITL
IR{IY A8 BN JIR6T 243458
1400 53895 288,190 33843 246036
1300 B1704A 292 104 I8RAZ 248 424
1800 BTS04 205 954 42388 250,707
L7000 TIAR RUD Yo 15045 25T H66
{RO TU4I 302 uau 49514 J3E013
Fuon 54 J0a 207 A3108 RRTRS
20 91439 308 294 36743 258716
I 103562 315070 &4012 262182
2400 A7 320,384 I 2655361
2600 1INOTS 507 TRATY RESL AT
REJIE [40435 3XIRNT Sa7 274
RNy 152533 KXENWI RS A REERN
1203 165321 338194 1362 276312
3410 X 341.98% 108440 IM2TY
3600 190304 345570 F15938 286,422
I8N0 AR AL RERRL ) F23454 282454
A0t REMTINS] IR 2T § 3OURYG IR4 KT
1400 24042 358 b EIEARpLS IRT.ORY
4800 2664585 363812 {61285 294 293
3200 202112 368939 ITasi0 x4 337
60 317870 373711 195782 297167
U 33TH2 ITHING HTI08 DU RE
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TABLE A9 (contimicd b
Fdeal Guas Propertiox of Varvioas Substanees (5T Units), Eniopies ar 6. 0-MPa ¢1-Bar)
Pressure, Yole Basin

Water (H, ) HydroxybiCGHY
i) s = —241 826 kd /Kl 1) oy = 38987 K /Kol
M = 18015 kg/kmal M = 17007 kg/kmol
T (Bt = Fiyuy) A (Bt — froy) W
Kk kIl kl/kmel K kFEKmal kJ/kmol K
(i —4Jund 0 9172 U
1(}) —6617 152,386 —6140 149,591
200 — 3282 | 75 488 2975 171.592
298 0 LRE.E3S it 183.700
300} 62 (89,043 35 EB3 804
400 3450 198,787 34 192466
500 6922 206,532 300 199.066
600 10404 213051 8443 204,448
700 14160 218730 11902 209.008
800 (8002 223,826 14881 212.984
906 21937 228 460 L7889 216.526
1060 26000 232739 20935 219735
11010 301910 236732 24024 222 680
| 200 34506 24485 27159 225,08
1300 3894 | 244.035 30344 227955
£400 43491 247 406 33567 230.347
1500 48149 250,620 JoH3R 232.604
L0 52007 233.600 IS 234.741
1 700 57757 256,631 43502 236.772
| 83 62693 254452 SHRU() J3IR707
FOU0 (7706 262,167 30311 240,556
2000 TLIHE 264,764 5376l 242 320
200 831533 264 Fi6 a0751 245,654
- 24010 93741 274312 &TR4D 248.743
2600 104520 278.625 TS0ER 250.614
2800 115463 2H2.680 R2208 254301
3000 26544 286,504 RUSKS 256,825
3206 137756 200,120 G6u60 259.205
- 34000 140073 293,350 104388 261.456
3600 160484 296,812 {1ia6d 263,592
AR0OG 171981 2000|149 119382 265.625
4000 183552 302887 1264940 267.563
4400 206892 308 448 142165 271,191
4800 230436 J13.573 157522 274.531
3200 2542 L6 318328 173602 277.629
S600 278161 332764 1RB54GE TS
600 302293 326926 204309 283.227




TABLE A% tconfinted )
fideal €av Properiies of Vaviows Subatiences (5P Owiesd, Fatropies at 01 Pa ¢ 1-Barj
Fressrre, Vole Busis

Hydrogen ¢y
i
I’;.}ﬁr& = FR)kmol
M = 2006 kefkmod

Hydresen, Monatomic (1)

—1F

h],,‘.‘"h‘ = 217999 K/ knad
W= LR ka/kmol

7 - Ky w (7 = e ¥
K Kkl kb kmol & Rl kb kmol K
U — NART ] —6j07 i
i (K1 — 3467 1727 ~dEty URRYED,
200 — 27 o din - MG Hi e
08 4 130678 4] H4.7i6
300 53 L3LESG af 184,845
400 2961 13902148 2117 1201825
300 SHRA 145738 410 123463
aiM} N7 PSR 6274 P20 053
TEM} PE730 ES5.6l4 33 fir 457
BOO 14681 154,554 14835 135.233
K 17657 3,060 12510 137.681
1060 20663 166225 PA5KY {38871
o0 23T Pt 1Y GG P41 852
[ 20 RETEN 171,79y IR746 143 6
300 00T 74004 225 P45 324
14003 33073 176.637 2203 146 565
{300 36281 178,840 24952 148299
{600 533 180.946 27060 149.640
700 AR PR M R R 1 503,90H)
ERIND A6 lon Ixd Rdo I 153 URY
1900 JUs32 [RG.670 136 P53
20430 52042 188419 35375 154,279
22My SO865 141.719 3533 156.260
2400 L 1ard. THG 43684 P58 06
R4 T TRy FFT 650 17547 159,732
2RO K355 3HE 355 2K 61273
30t RKHT2A 12508 S6l6d V62 07
F2031 96187 205306 LET B fhg.fi48
3400 13736 207,503 64475 165,508
3600 111367 20773 HRERI 166,497
3800 1 EanT77 JHLRS6 ERAL) I67. 620
000 1 JaKed 2115 Thud? LeR.LRT
4400 142658 HIat2 83161 1700608
A8 158730 220108 93576 172474
3200 175057 22437 B 174,140
6010 19167 227447 12065 175.681
L] TON3RD RATS RN Fixsig 177014
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TADLE AT
Lowaritiuns to the Base ¢ of oo Eqaitibritens Constint K

For the reaetion v o 4 vy 8 = v O+ vy 22 the cquilibrium constnt K is defined as
RIS N P
% __%I%(%) P = 0,1 MM

Temp K [l w= 211 0y =200 N, = 28 2150 == 20,20, 2H,0 = Hy + 200 200, = 20040, N+ 0y == INO N, + 20, = INO,
198 — 164003 —1R0MHY 36T A28 —(H420 =207 —207.529 —Ol K6R —41.353
S0 ~O028300 —105.623  =213405 105,385 —120.331 —115.234 — 40,444 —.728
10000} - 30N1D —i5 146 —90, |46 -4, 321 — 51,031 —~d7 (52 — L3870 23030
[0 - 3087 —35.060 —8O.023 —36.363 —Ap 467 -35718 — 15082 —21.752
1400 —-24467 27741 —6b34F 29222 —132.244 —27.67% — 12494 —20826
1600 —19.638 =22282 -S5606% 23849 —26.067 —2L656 — 547 —20.126
1RGO — 15868 —15.028 —JR.066 10658 —21.258 —16.UK7 —49.035 —|9.577
2000 — 12841 —14.6]9 —].655 — 6204 —17.406 —13.266 — 78258 — 19,136
2200 - 10356 —11.826 —36.404 - 13,546 —14.253 —10.232 —6 83 —IRTT2
F 2400 —R.280 0492 32023 -11.249 — 1 f625 ~FT715 — 2 —B.470
2600 —&a5[9 —7.520 —2R3I3 —.303 —4.402 —~%.504 —53in —B.214
2800 —5.405 —-3826 —25.129 —7.633 —7.496 —3.781 —4.720 — 17084
3000 — 1600 -~ 356 —22.367 —6. 184 —&.K43 =127 —4,2058 -85
3200 —2.518 --3.060 —19.947 —4.ul6 — 40 —(h853 —3.75% —17.640
24010 — L5 —1.932 —17.810 —3.795 —3.128 0,346 —3.354 — | T.496
J606) —.a11 —0922 — 154909 —~2.794 R R LAUE -3 008 —~}7.369
JH00F 0241 -7 14205 —L.906 -1 Y84 2358 - 2604 —17.257
J(H0M0 934 0,798 — 12671 —1.tn —4,074 3.204 —2412 —F7157
4500 2483 2.520 ~0.423 0.602 1.847 4985 —1.824 — 6053
S000 3724 J.R08 —b,816 1,472 3ARD 6307 —1.338 — 16,797
5500 A.730 5.027 —d.672 A.0u8 4,610 7.542 --{).9R() —16.6078
000 E5KT 3969 —2.876 4.040 5.684 BARE —{LaT — 658K

Sonpree: Congistent wirth thermodymmic dara auLANTE Thermechemieat Tables, thivd editien, Thormal Group, Dow Chepueal US. AL Mudiand, ML 1SS,
Note that y; in the equation in the table given above represents the mole fraction.

3Y8=System CV=Conwol Velume, scs = simple comp subs, sfs=single fluid stream
Processes: REV=Reversible, IRR=Irreversibie

Property Relations for any scs: Tds=du-Pdv and Tds =dh-vdP

Property Relations for an Ideal Gas: Pv=RT or PV=mRT dh=c,dT and du=c,dT
8375, =C,In(TAT ) - R In (pyipy); Sp-s=e In(TAT ) = R In {v,iv))

Al
N k Z-1 N

Isemtropic Refations for an Ideal Gas: [ig = [l] ' [£] = [L} = [P—ﬂ
fJ vy T Vv, %

.

[Law: SYS: 80 =dE + 5
G

1., _ ) [ o
'S +Zml(hf+5P,.'+gZJ}=d;:e,,/dr+zm((hc+i—ﬁ", +8Z)AW
IT Law: SY3: dS=§‘j‘—q‘d’S
T g:n

cv: dSc,,/dr+zrr;usc—er;JSI?-z%

e
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THERMODYNAMICS
Doctoral Qualifying Examination, Jannary 2016
Mechanical Engineering Departinent, Columbia University

PROBLEM 1.
Two streams of moist air are being mixed adiabatically. Show that on a psychometric chart exit
state 3 lies on a straight line that connects states 1 and 2.
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PROBLEM 2,
Derive the expression for mass flow rate through a sonic nozzle:

1712
m =A*Po—1— k( 2 )k_l

JRT, | \k+1

where A" is the throat area, P, and T, are upstream stagnation pressure and temperatures and £ is
the specific heat ratio, Clearly list the assumptions that are made during the derivation. Speed of

sound for an ideal gas is VART .

) (T P\
Isentropic relations for an Ideal Gas: (i] = [J)LJ ! (—“] = (LJ = (—2]
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THERMODYNAMICS
Doctoral Qualifying Examination, January 2016
Mechanical Engineering Department, Columbia University

PROBLEM 3.

You are given the following data about an actual gasoline engine assumed to operate on an air-
standard (use properties of air) cycle. The compression and expansion processes can be idealized
as polytropic with n=1.3 and 1.5 respectively. Air enters the engine at absolute temperature T,
degrees K. During compression the temperature rises to 2T, During the constant volume heat
addition process, combustion adds enough heat to raise the temperature further to 77T, followed
by expansion. After cxpansion the exhaust gases can be assumed to leave during a constant
volume process, We wish to carry out an energy balance of the cycle. Specifically, determine
what fraction of the heat supplied

i) ends up as usefn] work
ii) ends up ag heat lost from the walls and
iit) ends up as iucrease in internal energy of air (and hence goes out the exhaust)

Compare the efficiency of the above cycle to that of an ideal Otto cycle (both the compression
and expansiou are isentropic) with the compression ratio of the above cycle.

Nidearoro = 1 = (1/(")) where r = compression ratio

PROBLEM 4.

Consider a 10 L piston/eylinder arrangement in a hydraulic press. The cylinder is filled with air
initially at 500 kPa, and 200 °C. Removal of the load from the press resnlts in expansion of air in
the cylinder, which now occupies 2.5 times larger volume. After the process is finished the air
pressure in the cylinder drops to 150 kPa. Calculate the work, assuming that the actual work done
18 70 percent of that seen in reversible expansion of the same arrangement. Show whether
Clausius inequality is satisfied.

Some uvseful constants for Air: R = 0287 klkgK; C,=1.004 kJ/kgK; C.= 0717 kl/kgK



Doctoral Qualifying Examination, January 2015
Mechanical Engineering Department, Columbia University
Thermodynamics

Problem 1: Consider the steady operation of three air compressors (assume ideal gas behavior). It is

fair to assume that the kinetic and potential energy changes are small. Assume initial state 1 is given by

Py and vy and that the exhaust pressure is P, for all three. The type of process for each compressor is
different:

i Reversible polytropic process with polytropic coefficient n
il Reversible adiabatic (or isentropic) process with ratio of specific heats, k
iil. Reversible isothermal process

For each case evaluate compressor work per unit mass flow rate, in terms of Py, vi, P2 and n or k where
applicable. For a pressure ratio of 10, compare (w/ P; v;) for the three cases with n=2 and k=1.4." Which
compressor consumes the least work?

Problem 2. A large si_:atfonary Brayion cycle gas-turbine power plant delivers a power cutput of 100 MW to an
electric generator. The minimum temperature in the cycle Is 300K, and the maximum temperature is 1600K. The
minimum pressure in the cycle is 100kPa, with a compressor pressure ratio of 14:1. '

a) Calculate the power output of this turbine.
b} In atable, show the temperature (K} and pressure (kPa) for all states within the cycle
c) What is the mass flow rate entering the compressor?
d) What fraction of the turbine output is used to power the compressor?
e) What is the thermal efficiency of the entire cycie? »
f}  Under steady-state operation, determine the power in MW for the following separate processes:
i. Compression :
ii. Combustion
iii. Expansion

Problem 3

Derive the expression for mass flow rate through a sonic nozzle;

£ﬂ 1/2
m= AP - k[i]""

JRT, | \k+1

where A" is the throat area, P, and Ty are upstream stagnation pressure and temperatures and k is the specific
heat ratio. Clearly list the assumptions that are made during the derivation. Speed of sound for an ideal gas is

KRT .



o Doctoral Qualifying Exaniination, January 2015
Mechanical Engineering Department, Columbia University
Thermodynamics

Ideal Gas Properties at 300K
Ideal Gas behavior: Either P<0.1P, OR (T > 2T, and P < 5P, L

Gas Mol Wt RikJ/kgK - | cp kVkgK cv kI/kgK cp/ey =k
Air 20 0.287 1,00 0.72 1.4
Steam 18 (.46 1.87 1.41. 1.33
Nitrogen 28 0.297 1.04 0.745 14

SYS= System CV=Control Volume, scs = simple comp subs, sfs=gingle ﬂmd stream
Processes: REV=Reversible, [RR=Irreversible '

Property Relations for any scs: Tds—du-Pdv and Tds =dh-vdP

Property Relations for an Ideal Gas: Pv=RT or PV=mRT dh=c,dT and du=c,dT
s2-51=CpIn(T\T1) - R In (p2\py);  s2-65=cyIn(T2\T) + R In (vavy)
k-1 41

. k ~
k

Isentropic Relations for an Ideal Gas: i) (M (L - L]
R Vi T ¢! A

[ Law: SYS: dQ =dE + W
cv: Q +Em (h+ V]+gZ) dE,_.,,/dt+2m (?l +2V2+§Z)+W

IILaw: SYS: dS =i';2 + 85,

CV: /dt+2m 5, ——2"; 8§ =

=

Work for SSSF REV Process: We=— J' vdP + %(Vf ~VH+g(Z,-2)
i
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Doctoral Qualifying Examination, January 2014
Mechanical Engineering Department, Columbia Unjversity
THERMODYNAMICS

1. One kmol H; in a closed vessel, initially at 300K, is heated 1o a final state of 5 atm and 3500K.
(a) Determine the mole fraction of atomic hydrogen in the gas.
(b) If the gas were heated to 5 atm and 3000 K, would the mole fraction of hydrogen atoms
increase or decrease comparcd to your answer in pari (a)?
(c) If the gas were instead pressurized to 10 atm and 3500 K, would the mole fraction of
hydrogen atoms increase or decrease compared to your answer in part (a)?

Provide answers for parts (b) and (c) in words — no calculations are necessary.

2. A cold air-standard Braylon cycle has a pressure ratio of 9. Air enters a two-stage compressor
at 100 kPa, 300 K. The compressor employs an intercooler at 300 kPa, cooling the air back 1o
300 K. An 85% effcetive regenerater preheats the compressed air. The turbine inlet temperature
is 1400 K. The net power output from the cycle is 1 MW, Both the turbine and compressor have
isentropic efficiencies of 90%. Calculate:

(a) What is the thermal (first law) efficiency?

{b) What is the external hcat added in MW?

- {¢) What is the second law efficicney of the turbine?

Assume specific heats at 298 K in your calculations. Assume an environment at 25°C and 1 atm.

3. Sketch a T-s diagram of an air-standard refrigeration cycle. Clearly mark states at which
temperature is the

* ambieni-temperature and

* temperature of the refrigerated space.

Assuining that.all processes are ideal and working fluid is air,

(a) derive an expression for Cocfficient of Performance (COP) as a function of the ambient
temperaiure and the maximum temperaturc in the cycle. State all assumptions.

(by If in the air-standard refrigeration ¢ycle air enters the compressor at P=200 KPa and
T=300K, and if the compression ratio is 5.1, find the highest cycle temperature.

Thermo Questions_2014.docx



Critical Point Data
Water: 374.14 C, 22.09 MPa, 0.00316 m*/kg
Nitrogen: 1262 K, 3.39 MPa, 0.00321 m/kg

Triple Point Data
0.01 C, 0.6113 kPa
-210C, 12.53 kPa

Ideal Gas Properties at 300K. Ideal Gas behavior: Either P<{.1P, OR(T>2T, and P <5P.)

| Gas Mol Wt -RkIkgK c, kl/kgK c, kl/kgK cpley =k
Air 29 0.287 1.00 0.72 1.4
Steam 18 0.46 1.87 1.41 1.33
Nitrogen 28 0.297 1.04 0.745 1.4

Propertics of Selected Solids and Liquids
Substance Spec Heat kJ/kgK p kg/m’ v m'/kg
Liquid Water 25C 4.18 997 0.001003
Iceat0 C 2.04 917 0.001087
Copper 0.42 8300

scs = simple comp subs, REV=Reversible IRR=Lreversible, sfs=single fluid stream
SYS, scs, REV: oW = [PdV .

For PV = const: _[PdV = ﬁ(Psz —BW) for n 21 and BF an:‘ Jor n=1
Propérly Relations for any scs: Tds=du+Pdv  and Tds =dh-vdP

Property Relations for an Ideal Gas: Pv=RT or PV=mRT dh=c,dT and du=cdTl

For constant ¢, ¢, s3-5;=cpln(T2\T1) - R In (p2\py); Sg-szcl;h’I(Té\T‘r) + R In (valvy)

4 kel A=
Pk
1£f PVF'= const for an Ideal Gas: {ﬁj = [V'] ' [sz = [‘jfj = [2]
b Y I Y2 A

ILaw: SYS: S0 =dE+6W where E=U+(1/ DmV} +mgZ,
L) L] - 1 .
CV: Qo+ mylhy +%V,»2 +gZ;y=dE,, /di+ Y m,(h,+ EVj veZ Y+ W,

SSSF+sfs: q+/1,-+%V,<2+gZ, =he+%V£+gZ€+w

gen

Cv: dS,, /dt+2n;.e 8, -—Zﬁ:l,» S,ZZ Qo
(47

Il Law: 8YS: dS = éng(SS
T T

Work for S55F REV Process:  w= fJ‘vdP + % VE-V¥+g(Z,~2)

f

H Pe
hl(Peve—vaf) for n#1 and — Py, ln? Jor n=1

I

=4
For Pv" = const:  — J'vdP =
’ #

f

LOF



Table A.3

Z, (r°(T)—h2(298) a(r)
T(K) (kJ/kmol-X) (kJ/kmol) (kJ/lamol)
200 28.522 2818 0
298 28.871 0 0
300 28,877 53 0
400 20120 2,054 0
500 29.275 5874 0
600 28.375 8,807 0
700 29.461 11,749 0
200 26,541 14,701 ¢
900 29.792 17,668 ¢
1000 30.160 20,664 0
1100 30.623 73,704 0
1200 31.077 26,789 ¢
1300 31,516 25,919 0
1400 31.943 33,002 0
1500 32.356 36,307 0
1600 32758 39,562 0
1700 33.146 42 858 0
1800 33522 46,191 0
1900 33.485 49,562 0
2000 34.236 52,968 0
2500 34.575 56,408 0
2200 34.901 39,882 0
2300 35.216 63,388 0
2400 35.519 66,925 6
2500 35811 70.492 0
2600 36,091 F4,087 Iy
2700 36.361 77,710 0
2800 36.621 81,359 0
2900 16.871 $5,033 0
3000 37.112 48,733 0
3100 17343 92,455 0
3260 37.566 96,201 0
3300 17.781 99,968 0
3400 37.989 103.757 0
3500 38.100 107,566 0
3600 38385 111,395 0
3700 IR574 115243 0
3800 38,759 119,108 0
3800 3§.930 122904 0
4000 39115 126.807 0
4§00 19.201 130,817 0
4200 39.464 134,755 o
4300 39.636 138,710 0
4400 30.808 142,682 0
4500 19.981 146,672 1}
4600 40.156 150,679 o
4700 40,334 154,703 0
4800 40.516 158,746 0
4900 40,702 162,806 0
5000 40.895 166,886 ¢

Appendix A

Hydrogen {H,}, MW = 2.016, enthalpy of formalion @ 298 K {id/kmol) = 0

689

(T}

{kJ/kmal-K)

119.137
130.355
130.773
135118
145,632
150.979
155,514
159,435
162,950
166.100
169.003
171.687
174,192
176.543
178,761
180,862
182.800
184.765
180.587
188334
190.013
191.629
193.187
194.692
196,148
197,558
195.926
200.253
201.542
202,796
204017
205,200
206.3a35
207 490
208.600
205.679
210733
211.764
212,774
213.762
214.730
215.679
216,609
217.522
2184]9
219.300
220.165
221.016
221.853
227.678

EHD
{kJ/kmol}
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Appendix A

Table A4 Hydrogen atomn (H), MW-=1.008, enthalpy of formation @ 2-93 K (kl/kmel) = 217,977

g, (> (T)— R (298) k2(T) F(T) B
(kI flamol-K) (T kmel) (k) /Xmot) (kI /kmol- ) (K fkmaoly, -

20786 —2,040 217,346 106.305 207 9%9.
20.786 0 217,977 114.6035 203276
20.786 38 217,989 114.733 203,185
20,786 2,117 218,617 120713 198,155 - -
20.786 4,196 219,236 125,351 192,968
20786 6,274 219,848 120,351 187,657
20.746 8,353 220,456 132.345 182,244
20.746 10,431 221,059 135,121 176,744
20,786 12,510 221,653 137,565 171,169
20.786 14,589 222,234 1349.759 165,528
20,786 16,667 222,793 141.740 159:830 -
20.786 18,746 223,329 143,549 154,082 .
20.786 20,824 223,843 145213 148,201
20.786 22,903 224335 146.753 142,461 .-
20.786 24982 224 806 148,187 136.596
20.786 27,060 225.256 149.528 130,700
20786 29,139 225,687 150,789 124,771
20,786 31,217 226,099 151.977 118,830
20.786 33,296 226,493 153.10) 112,859
2().786 35,375 226,868 154.167 106,869
20.786 37,453 227,326 155.181 100,860
20786 39,532 227,568 156.148 94,834
20.786 41.610 227,894 157.072 8,794
20,786 43,689 228,204 157,956 82,739
20,786 45,768 228499 158.803 76,672
20.786 47 846 228,780 139.620 70.593
20,786 49,925 220,047 160.405 64,504
20,786 52,003 229,301 161,161 SBACT
20,786 54,082 220,543 161.890 52,298
20.786 56,161 229,772 162.595 46,182
20.786 58,239 229,989 163.276 40,058
20.786 60,318 230,195 163.936 33,928
20,786 62,396 230,390 164.576 27,792
20.786 64,475 230,574 163196 21,650 .
20.786 66,554 230,748 165,799 15,502
20.786 68,632 230,912 166.384 9,350
20.786 70,711 231,067 166,954 3,194
20.786 72,789 231,212 167.508 ~2967 .
20.786 74,568 231,348 168.048 9,132
20,786 76,047 231,475 168.575 —15,299-
20.746 79,025 231,594 168,088 21,470
20,786 21,104 234,704 169.584 —27,644
20.786 83,182 231,803 170,078 —33,820.
20.786 85,261 231,897 170,536 ~139,998
20.746 87.340 231,981 1714023 -46,179
20.786 89,418 232,056 171480 -52,361
20786 91,497 232,123 171,927 -58,545
20.786 93,573 232,180 172.364 —64,730 -
20,786 95654 - 232,228 172,793 ~70,916°
20.786 97,733 232.267 173.213 —77,103
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Doctoral Qualifying Examination, January 2013
Department of Mechanical Engineering, Columbia University
THERMODYNAMICS

PROBLEM 1

A piston cylinder assembly contains water at 1000 kPa and 250°C. In an isothermal
process, the water is slowly brought to saturated vapor.

(a) Show the process in a T-s diagram

(b)  Calculate the heat transfer

(¢}  Find the specific work
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Doctoral Qualifying Examination, January 2013
~ Department of Mechanical Engineering, Columbia University
THERMODYNAMICS

PROBLEM 2

A steady-flow compressor is used to compress air flowing at the rate of 2 kg/s to an
exit pressure of 350 kPa. The compressor requires a power input of 800 kW. Heat
losses to the environment are estimated to be 10 percent of the magnitude of the
power input. The air enters the compressor at room temperature (27°C) and 100
kPa. .

(a)  Determine the temperature of the air at the exit of the compressor

(b)  Calculate the efficiency of the compressor.

Assuming that the inlet and exit conditions are unchanged but that the compressor
is well insulated to eliminate the heat transfer losses. Is the magnitude of the power
input for the adiabatic compressor higher, lower or the same as for that of the actual
compressor?
(c) © Would the magnitude of the power input for the adiabatic compressor be
higher, lower or the same as that for the actual compressor?
(d)  And what about the efficiency? Would it be higher, lower or the same as
the efficiency of the actual compressor found in part (b)?



Doctoral Qualifying Examination, January 2013
Department of Mechanical Engineering, Columbia University
THERMODYNAMICS

PROBLEM 3

Consider a liquid rocket engine with a convergent-divergent shape nozzle (see

figure below}. Liquid hydrogen and oxygen are burned in the combustion chamber
producing a combustion gas pressure and temperature of 30 atm and 3500 K,
respectively. The nozzle throat area is 0.4 mZ The area of the nozzle exit is designed
so that the exit pressure exactly equals the ambient atmospheric pressure which is
equal to 5.53 kN/m? at an altitude of 20 km. Assuming an isentropic flow through
the rocket nozzle with an effective value of the ratio of specific heats y = 1.22, and a
constant value of the specific gas constant R = 520 J/(kg.K), calculate:

(a)  The exit Mach number,

(b}  The exit velocity,

(c)  Thearea of the nozzle exit,

(d) The thrust of the rocket engine.

Throat Exit
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PROPERTY TABLES AND CHARTS

Saturated water—Temperature table

Specific volume, internal energy, " Enthalpy, Entropy,
m/kg kJikg kJikg kifkg K
Sat. Sat. Sat. Sat. Sat. Sat, Sat. Sat. Sat.

Temp., press., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapar,
T°C P kPa v, Yy ur Ly Uy 1 Ny hy 3¢ S 5y

0.01 0.6117 0.001000 206.00 0.000 2374.9 23749 0.001 2500.9 2500.8 0.0000 9.1556 9.1556
5 0.8725 0.001000 147.03 21.019 2380.8 2381.8 21.020 2489.1 25101 0.0763 8.9487 9.0249
10 1.2281 0.001000 106.32 42,020 2346.6 238B.7 42,022 24772 25192 0.1511 8.7488 8.8999
15 1.7057 0.001001  77.885 62.980 23325 23955 62982 24854 2528.3 0.2245 B8.5559 8.7803
20 2.3392 0.001002 57.762 83.913 23184 2402.3  83.915 2453.5 25374 02965 8.3696 8.6661
25 3.1698 0.001003  43.340 104,83  2304.3 2409.1 104.83 24417 25465 0.3672 B8.1895 B8.5567
30 4.246% 0.001004 32.879 125.73 2290,2 241569 125.74 24298 25556 0.4368 B8.0152 8.4520
35 5.6291 0.001006  25.205 146.63 2276.0 24227 146.64 2417.9 2564.6 0.5051 7.8466 B.3517
40 7.3851 0.001008  19.515 167.53 2261.9 24294 167.53 24060 2573.5 0.5724 7.6832 B.2556
45 09,6953 0.001010 15.251 188.43  2247.7 24361 188.44 23940 25824 0.6386 75247 B,1633
50 12,352  0.001012 12,026 209.33 22334 24427 20934 2382.0 2591.3 0.7038 7.3710 8.0748
55 15.763  0.001015 9.5639 230,24 22191 24493 23026 2369.8 2600.1 0.76B0 7.2218 7.9898
80 19.947  0.001017 7.6670 - 251.16  2204.7 24559 251.18 23577 26088 0.8313 7.0769 7.9082
65 25,043  0.001020 61935  272.09 2190.3 24624 27212 23454 26175 0.8937 6.9360 7.8296
70 31,202 0.001023 5.0396  293.04 21758 2468.9 293.07 2333.0 2626.1 0.9551 6.7989 7.7540
75 38.597 0.001026 41291 31399 2161.3 24753 31403 23206 26346 10158 6.6655 7.6812
80 47.416  0.001029 3.4053 33497 2146.6 2481.6 33502 23080 2643.0 1.0756 6.5355 7.6111
85 57.868  0.001032 2.8281 355.96 2131.9 2487.8 356,02 22953 2851.4 1.1346 6.4089 7.5435
90 70183 0001036 23593  376.97 2117.0 24940 377.04 22825 2659.6 - 1.1929 6.2853 7.4782
95 84.609  0.001040 19808  398.00 21020 2500.1 398.09 22696 26676 1.2504 6.1647 7.4151

100 101.42 0.001043 1.8720 419,06  2087.0 2506.0 419.17 22564 2675.6 1.3072 6.0470 7.3542
105 120.90 0.001047 1.4186 440.15 20718 2511.9 440.28 22431 2683.4 1.3634 59319 7.2952
110 143.38 0.001052 1.2094 461.27 2056.4 2517.7 46142 22297 2691.1 1.4188 5.8193 7.2382
115 169.18 0.001056 1.0360 482.42 20409 2523.3 48259 22160 2698.6 14737 57092 7.1829
120 198.67 0.001060 0.89133 503.60 20253 25289 503.81 22021 27060 1.5279 56013 7.1292

125 232.23 0.001065 0.77012 52483 20095 25343 525.07 21881 27131 15816 5.4956 7.0771
130 270.28 0.001070 0.66808 546.10 1993.4 25395 546.38 2173.7 27201 16346 5.3919 7.0265
135 313.22 0.001075 0.58179 567.41 1977.3 25447 567.75 21591 2726.9 1.6872 5.2901 6.9773
140 361.53 0.001080 0.50850 588.77 19609 25496 58916 2144.3 27335 1,7392 5.18071 6.9294
145 415.68 0.001085 0.44600 610.19 1944.2 25544 610.64 2129.2 2739.8 1.7908 5.0919 6.8827

150 476.16 0.001091 0.39248 631.66 1927.4 2559.1 63218 2113.8 27459 1.8418 4.9953 6.8371
155 543.49 0.001096 0.34648 653.19 19103 2563.5 653.79 2098.0 2751.8 1.8924 4,9002 6.7927
160 618.23 0.001102 030680 674.79 1893.0 2567.8 67547 20820 27575 19426 4.8086 6.7492
165 700.93 0.001108 0.27244 69646 18754 25719 697.24 20656 2762.8 19923 4.7143 6.7067
170 792.18 | 0.001114 0.24260 718,20 18575 25757 71908 2048.8 27679 2.0417 46233 6.6650

175 892.60 0.001121 0.21659 740.02 1839.4 25794 741.02 2031.7 27727 2.0906 4,5335 6.6242

180 1002.8 0.001127 0.19384 761.92 18209 25828 763.06 2014.2 2777.2 2.1392 4.4448 6.5841
185 1123.5 0.001134 0.17390 783.91 18021 2586.0 785.19 1996.2 27814 21875 4.3572 6.5447
190 1255.2 0.001141 0.15636 806.00 1783.0 2589.0 B07.43 19779 27853 2.2355 4.2705 6.5059
195 1398.8 0.001149 0.14089 828,18 1763.6 2591.7 82578 1959.0 2788.8 2.2831 4.1847 6.4678

200 1554.9 0.001157 0.12721 85046 17437 25942 852.26 1939.8 2792.0 2.3305 4.0997 6.4302



APPENDIX 1

Saturated water—Temperature table (Concluded)

Specific volume, internal energy, Enthalpy, Ernitropy,
m*/kg kJ/kg kJikg kJikg-K
Sat. Sat, Sat. Sat, Sat. Sat, Sat. Sat. Sat.
Temp., press., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapeor,
TeC P kPa v, Vy Uy Uy U, he figy h, S¢ Sy Sy
205 1724.3 0.0011684 0.11508 872.86 17235 2596.4 874.87 1920.0 27948 23776 4.0154 6.3930
210 1907.7 0.001173 0.10429 895.38 1702.9 2598.3  897.61 1899.7 2797.3 24245 3.9318 6.3563

215 2105.9 0.001181 0.094680 918.02 16819 2599.9 920.50 1878.8 2799.3 2.4712 3.8489 6.3200
220 2319.6 0001190 0.086094 94079 16605 2601.3 943,55 18574 28B01.0 25176 3.7664 6.2840
225 25497 0.001199 0078405 963.70 16386 2602.3 966.76 1835.4 2802.2 2.5639 3.6844 6.2483

230 27971 0.001209 0.071505 986.76 1616.1 2602.9 990.14 18128 28029 2.68100 3.6028 6.2128
235 3062.6 0001219 0.085300 1010.0 1593.2 26032 1013.7 17895 2803.2 2.6560 3.5218 8.1775
240 3347.0 0.001229 0.059707 1033.4 1569.8 2603.1 1037.56 176565 28030 27018 3.4405 6.1424
245 3651.2 0.001240 0054656 1056.9 1545.7 26027 1061.5 17408 28022 27476 3.3596 6.1072
250 3976.2 0.001252 0.050085 1080.7 1521.1 26018 10857 17153 2B01.0 2.7933 3.2788 6.0721

255 43229 0.001263 0.045941 1104.7 14958 2600.5 11101 1689.0 2799.1 2.8390 3.1979 6.0369
260 46923 0.001276 0.042175  1128.8 14699 2598.7 11348 1661.8 27966 2.8847 3.1169 B.0017
285 -5085.3  0.001289 0.038748 1153.3 1443.2 2598.5 1159.8 1633.7 2793.5 29304 3.0358 5.9662
270 5503.0 0.001303 0.035622 ° 11779  1415.7 2593,7 1185.1 18046 27897 29762 2.9542 59305
275 5946.4 0001317 0.032767 1202.9 1387.4 2590.3 1210.7 15745 27852 3.0221 2.8723 5.8944

280 6416,6 0.001333 0030153 1228.2 1358.2 2586.4 1236.7 15432 2779.9 3.0681 2.7898 5.8579
285 6914.6 0.001348 0.027756 1253.7 1328.1 2581.8 1263.1 15107  2773.7 3.1144 27066 5.B210
290 7441.8 0.001366 0.025554 1279.7 12969 25765 1289.8 14769 27667 3.1608 2,6225 5.7834
295 7995.0 0.001384 0.023528 1306.0 12645 2570.5 1317.1 14416 2758.7 3.2076 2.5374 5.7450
300 85879 0.001404 0.021659 1332,7 12309 25636 1344.8 14048 27496 3.2548 2.4511 5.7059

306 9209.4 0001425 0019932 1360.0 11959 25558 13731 13663 27394 3.3024 2.3633 5.6657
310 9865.0 0.001447 0.018333 1387.7 1159.3 25471 1402.0 713259 27279 3.3506 22737 56243
315 10,556 0.001472 0.016849 1416.1 11211 2537.2 14316 12834 27150 3.3994 2.1821 5.5816
320 11,284 0.001499 0.015470 1445.1 1080.9 25260 1462,0 1238.5 27006 3.4491 2.0881 5.5372
325 12,051 0.001528 0.014183 1475.0 1038.5 2513.4 14934 1191.0 26843 3.4998 1.9911 5.4908

330 12,858 0,001560 0.012979 1506.7 993.5 2499.2 1525.8 11403 2666.0 3.5516 1.8906 5.4422
335 13,707 0.0015697 0.011848 1537.5 9455 2483.0 15594 1086.0 26454 3.6050 1.7857 5.3907
340 14,601 0.001638 0.010783 15707 8938 24645 15946 1027.4 26220 3.6602 1.6756 5.3358
345 15,541 0,001685 0.009772 1605.5 8377 2443.2 1631.7 9634 25951 3.7179 1.5585 5.2765
350 16,529 0.001741 0.008806 1642.4 7759 2418.3 1671.2 8927 2563.9 3.7788 1.4326 5.2114

355 17,570 0.001808 0.007872 1682.2 708.4 23886 1714.0 B129 2526.9 3.8442 1.2942 5.1384
360 18,666 0.001895 0.006950 1726.2 625.7 23519 17615 7201 24816 3.9165 1.1373 50537
365 19,822 0,002015  0.006009 17771.2 526.4 23036 1817.2 6055 24227 4.0004 0.9489 4,9493
370 21,044 0.002217 0.004953 1844.5 3856 2230.1 1891.2  443.1 23343 47119 0.6890 4.8009
373.95 22,064 0.003106 0.003106 2015.7 0 2015.7 2084.3 0 20843 44070 O 4.,4070

Sopurce: Tables A-4 through A-8 are generated using the Engineering Equation Solver (EES) software developed by S. A. Klein and F. L. Alvarado. The
routing used in calculations is the highly accurate Steam_IAPWS, which incorporates the 1995 Formulation for the Thermodynamic Properties of Ordinary
Water Substance for General and Scientific Use, issued by The International Association For the Properties of Water and Steam (JAPWS). This formulation
replaces the 1984 formulation of Haar, Gallagher, and Kell (NBS/NRC Steam Tahles, Hemisphere Publishing Co., 1984), which is also available in EES
as the routine STEAM. The new formulation is based on the comrelations of Saul and Wagner (J. Phys, Chem, Ref. Data, 16, 893, 1987) with modifica-
tions to adjust to the International Temnperature Scale of 1990. The modifications are described by Wagner and Pruss (J. Phys. Chem. Ref. Data, 22,
783, 1993). The properties of ice are based on Hyland and Wexler, “Formulations for the Thermodynamic Properties of the Saturated Phases of H,0
from 173.15 K to 473.15 K,” ASHRAE Trans., Part 2A, Paper 2793, 1983, '



Saturated water—Pressure table

Specific vefume, internal energy, Enthaipy, Entrapy,
miikg klkg kd/kg kKJlkg K
Sat. Sat. Sat. Sat, Sat. Sat. Sat. Sat. Sat.
Press., temp., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
P kPa T;Elt °C Vf Vg L Ufg Ug hf hfg hg S5 ng Sg
1.0 6.97 0.001000 129,19 29,302 23552 23845 29.303 2484.4 2513.7 0.1059 8.8690 8.9749
1.5 13,02 0.001001 87.964 54,686 2338.1 2392.8 54.688 2470.1 25247 0.1956 B8.6314 8.8270
2.0 17.50 0.001001 66,980 73.431 23255 23989 73.433 24595 25329 0.2606 B8.4621 B8.,7227
2.5 21.08 0.001002 54.242 88.422 23154 24038 88.424 2451.0 2539.4 0.3118 8.3302 8.6421
3.0 24,08 0.001003 45.654 100.98 2306.9 24079 10098 24439 2544.8 .0.3543 8.2222 8.5765
4.0 28,96 0.001004 34.791 12139 22931 24145 12139  2432.3 25537 0.4224 8.0510 8.4734
5.0 32,87 0.001005 28,185 137,75 22821 2419.8 13775 2423.0 25607 04762 79176 B8.3938
7.5 40.29 0.001008 19.233 168,74 2267.1 2429.8 168.75 24053 25740 05763 7.6738 8.2501
10 45,81 0.001010 14.670 191.79 22454 2437.2 191.81 23921 2583.9 0.6492 7.4996 8.1488
15 53,97 0.001014 10.020 22593 22221 2448.0 22594 23723 25983 0.7549 7.2522 8.0071
20 60.06 0.001017 7.6481 251,40 22046 2456,0 251.42 2357.5 2608.9 0.8320 7.0752 7.9073
25 64.96 0.001020 62034 27183 21904 24624 271,96 23455 2617.5 0.8932 6.9370 7.8302
30 69.09 0.001022 52287 289.24 21785 2467.7 289.27 23353 2624.6 0.9441 6.8234 7.7675
40 75.86 0.001026 3.9933 31758 21588 24763 317.62 2318.4 2636.1 1.0261 6.6430 7.6691
50 81.32 0.001030 3.2403 34049 21427 2483.2 34054 23047 26452 1.0912 8.5019 7.5931
75 91.76 0001037 22172 38436 2111.8 2496.1 38444 2278.0 2662.4 1.2132 6.2426 7.4558
100 99.61 0.001043 1.6941 417,40 2088.2 2505.6 417.51 22575 26750 1.3028 6.0562 7.3589
101.325 99.97 0.007043 1.6734 418,95 2087.0 25060 41906 2256.5 26756 1.3069 6.0476 7.3545
125 105.97 0.001048 1.3750 44423 2068.8 25130 44436 22406 2684.9 1.3741 59100 7.2841
150 111.35 0.001053 1.1594 466.97 20523 25192 46713 2226.0 2693.1 1.4337 57894 7.2231
175 116.04 0.001057 1.0037 486.82 2037.7 25245 487.01 22131 27002 1.4850 5.6865 7.1716
200 120.21 0.001061 0.88578 504,50 2024.6 25291 50471 2201.6 2706.3 1.5302 5.5968 7.1270
225 123.97 0.001064 0.79329 52047 2012.7 2533.2 52071 2191.0 27117 1.5706 55171 7.0877
250 127.41  0.001067 0.71873 53508 2001.8 2536.8 535.35 2181.2 27165 1.6072 5.4453 7.0525
275 130.58 0.001070 0.65732 548,57 19916 25401 548.86 2172.0 27209 1.6408 5.3800 7.0207 .
300 133.52 0.001073 0.60582 561.11 19821 2543.2 561.43 2163.5 2724.9 1.6717 53200 6.9917
325 136.27 0.001076 0.56199 572,84 1973.1 25459 57319 21554 27286 1.7005 52645 6.9650
350 138.86 0.001079 0.52422 583,89 1964.6 2548.5 584.26 2147.7 27320 1.7274 52128 6.9402
375 141.30 0.001081 049133 59432 19566 25509 59473 21404 27351 1.7526 5.1645 6.9171
400 143.61 0.001084 0.46242 604,22 19489 25531 60466 2133.4 27381 1.7765 51191 6.8955
" 450 147.90 0.001088 0.41392 622.65 19345 25571 623,14 2120.3 2743.4 1.8205 50356 6.8561
500 151.83 0.001093 0.37483 639.54 1921.2 2560.7 640.09 2108.0 2748.1 1.8604 4.9603 6.8207
550 155.46 0.001097 0.34261 655,16 1908.8 2563.9 65577 2096.6 2752.4 1.8970 4.8916 6,7886
600 158,83 0.001101 0.31560 669.72 18971 2566.8 670.38 2085.8 2756.2 1.9308 4.8285 6.7593
650 161,98 0.001104 0©.29260 683.37 1886.1 2569.4 684.08 20755 2759.6 19623 4.7699 6.7322
700 164.95 0001108 0.27278 696.23 18756 25718 697.00 20658 2762.8 1.9918 4.7153 6.7071
750 167.75 0.001111 0.25552 708.40 1865.6 2574.0 709.24 2056.4 2765.7 20195 4.6642 6.6837
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(Concluded)
Specific volume, internal energy, Enthalpy, Entropy,
m3/xg Kikg kJ/kg ®Jikg-K
Sat. Sat. Sat. Sat. Sat. Sat, Sat. Sat, Sat.
Press., temp., liquid, vapor, liquid, Evap., vapor, liquid, Evap., vapor, liquid, Evap., vapor,
P kPa Tat °C V¢ vy ur Ugy u, by My hy S¢ Sy S,
BOO 170.41 0.001115 0.24035 719.97 1856.1 2576.0 720.87 2047.5 276B.3 2.0457 4.6160 6.6616
850 172,94 0001118 0.22690 731.00 1846.9 2577.9 731.95 2038.8 2770.8 2.0705 4.5705 6.6409
800 17535 0.001121 0.27489 741.55 1838.1 2579.6 742568 20305 2773.0 2.0941 4.5273 6.6213
950 177.66 0.001124 0.20411 751.67 1829.6 2581.3 752,74 20224 27752 21166 4.4862 6.6027
1000 179.88 0001127 0.19438 761.39 1821.4 2582.8 76251 20146 27771 21381 4.4470 65850
1100 184.06 0.001133 0.17745 779.78 1805.7 2585.5 781.03 1999.6 2780.7 2.1785 4.3735 6.5520
1200 187.96 0.001138 0.16326 796,96 1790.9 2587.8 798.33 19854 27838 22159 4.3058 6.5217
1300 191.60 0.001144 0.15119 813.10 1776.8 2589.9 814.58 1971.9 2786.5 22508 4.2428 6.4936
1400 195.04 0.001149 0.14078 828.35 1763.4 2591.8 82996 195889 2788.9 2.2835 4.1840 6.4675
1500 188,29 0.001154 013171 842,82 1750.6 2593.4 84455 1946.4 2791.0 2.3143 41287 6.4430
1750 20572 0.001166 0.11344 876.12 1720.6 2596.7 878.16 1917.1 2795.2 2.3844 4.0033 6.3877
2000 212,38 0.001177 0099587 906.12 1693.0 2599.1 908.47 1889.8 2798.3 2.4467 3.8923 6.3390
2250 218.41 0001187 0.088717 933.54 1667.3 26009 936.21 18843 2800.5 2.5029 3.7926 6.2954
2500 223.95 0.001197 0.079952 0958.87 1643.2 2602.1 961.87 1840.1 2B01.9 25542 3.7016 6.2558
3000 233.85 0.001217 0.066667 1004.6 1598.5 2603.2 1008.3 17949 2803.2 2.6454 3.5402 6.1856
3500 242,56 0.001235 0.057061 10454 1557.6 2603.0 10497 1753.0 2B02.7 2.7253 3.3991 6.1244
4000 250.35 0.001252 0.049779 10824 1519.3 2601.7 1087.4 1713.5 2800.8 2.7966 3.2731 6.0696
5000 263.94 0001286 0.039448 1148.1 1448.9 2597.0 1154.5 1639.7 2794.2 2.9207 3.0530 5.9737
6000 27559 0.001319 0.032449 1205.8 1384.1 2589.8 1213.8 1570.9 2784.6 3.0275 2.8627 5.8902
7000 285.83 0.001352 0027378 1258.0 1323.0 2581.0 1267.5 1505.2 2772.6 31220 2.6927 5.8148
8000 295.01 0.001384 0.023525 1306.0 1264.5 25705 13171 1441.6 2758.7 3.2077 2.5373 5.7450
9000 303.35 0.001418 0.020489 13509 * 1207.6 255B8.5 1363.7 1379.3 27429 3.2866 2.3925 5.6791
10,000 311.00 0001452 0.018028 1393.3 1151.8 2545.2 1407.8 1317.6 27255 3.3603 2.2556 5.68159
11,000 318.08 0.001488 0.015988 1433.9 1096.6 2530.4 1450.2 12561 2706.3 23,4299 2.1245 5.5544
12,000 324.68 0001526 0.014264 1473.0 10413 25143 14913 11941 2685.4 3.4964 1.89975 5.4939
13,000 330.85 0.001566 0.012781 1511.0 985.5 2496.8 1531.4 1131.3 2662.7 3.5606 1.B730 5.4336
14,000 336.67 0.001610 0.011487 1548.4 928.7 2477.1 1571.0 1067.0 2637.9 3.6232 1.7497 5.3728
15,000 342.16 0.001657 0.010341 1585.5 870.3 24557 1610.3 10005 2610.8 3.6848 1.6261 5.3108
16,000 347.36 0.001710 0.009312 1622.6 809.4 2432,0 1649.9 9311 2581.0 3.7467 15005 5.2466
17,000 352,29 0.001770 0.008374 1660.2 745.1 2405.4 16903 857.4 2547.7 3.808B2 1.3709 5.1791
18,000 356,89 0.001840 0.007504 1899.1 675.9 2375.0 1732.2 777.8 25170.0 3.8720 1.2343 5.1064
19,000 361.47 0.001926 0.006677 1740.3 598.9 2339.2 1776.8 689.2 2466.0 3.9396 1.0860 5.0256
20,000 365.75 0002038 0.005862 1785.8 509.0 2294.8 1826.6 585.5 2412.1 4.0146 0.9164 4.9310
21,000 369.83 0.002207 0.004994 1841.6 391.9 2233.5 1888.0 450.4 2338.4 4.1071 0.7005 4.8076
22,000 373.71 0002703 0.003644 1951.7 1408 2092.4 20111 161.5 2172.6 4.2942 0.2496 4.5439
22,064 373.95 0.003106 0.003106 2015.7 0 2015.7 20843 0 2084.3 4.4070 0 4.4070




72

PROPERTY TABLES AND CHARTS

Superheated water

T v u h $ v u. h s % u h s
°C m3/kg kikg kifkg kikgK | milkg kilkg kiikg ‘tikg-K | m¥kg kikg kikg kikg-K
P 0.01 MPa {45.81°C)* P 0.05 MPa (81.32°C) £ 0.10 MPa (89.61°C)

Sat.t 14.670 2437.2 2583.9 8.1488 3.2403 2483.2 2645.2 7.5931 1.6941 2505.6 2675.0 7.3589
50 14.867 2443.3 2592.0 8.1741
100 17.196 2515.5 2687.5 1B8.4489 3.4187 2511.5 26824 7.6953 | 1.6959 2506.2 26758 7.3611
150 19.513 25879 2783.0 8.6893 3.8897 25857 2780.2 7.9413 | 1.9367 2582.9 2776.6 7.6148
200 21.826 2661.4 2879.6 8.9049( 43562 2660.0 2877.8 8.1592 | 2.1724 2658.2 28755 7.8356
250 24.136 2736.1 2977.5 9.1015 48206 2735.1 2976.2 8.3568 | 2.4062 2733.9 29745 8.0346
300 26.446 28123 3076.7 9.2827 52841 2811.6 3075.8 8.5387 | 2.6389 2810.7 3074.5 8.2172
400 31.063 2969.3 3280.0 9.6094 6.2094 29688 3279.3 8.8658 | 3.1027 2968.3 3278.6 B.5452
500 35.680 3132.9 3489.7 9.8998 7.1338 31326 34893 9.1566 | 3.5655 31322 3488.7 B.8B362
600 40.296 3303.3 3706.3 10.1631 8.0577 33031 3706.0 9.4201 [ 4.0279 3302.8B 37056 9.0999
700 44.911 3480.8 3929.9 10.4056 8.9813 3480.6 3929.7 9.6626 | 4.45900 34B0.4 39294 9.3424
800 49.527 3665.4 4160.6 10.6312 9.9047 3665.2 41604 9.8883 | 4.9519 3665.0 4150.2 9.5682
900 54.143 3856.9 4398.3 10.8429| 10.8280 3B56.8 4398.2 10.1000 | 54137 3856.7 4398.0 9.7800
1000 58.758 4055.3 4642.8 11.0429| 11,7513 4055.2 4642.7 10.3000 | 5.8755 40550 4642.6 9.9800
1100 63,373 4260.0 4893.8 11.2326| 12.6745 4259.9 4893.7 10.4897 | 6.3372 4259.8 4893.6 10.1698
1200 67.989 44709 5150.8 11.4132| 13.5977 4470.8 5150.7 10.6704 | 67988 4470.7 5150.6 10.3504
1300 72.604 4687.4 5413.4 11.5857| 14.5209 4687.3 5413.3 10.8429 | 7.2605 4687.2 5413.3 10.5229

P 0.20 MPa {120.21°C} P 0.30 MPa {133.52°C) P 0.40 MPa (143.61°C)

Sat. 0.88578 2529.1 2706.3 7.1270 0.60582 2543.2 27249 6.9917 | 0.46242 2553.1 2738.1 6.8955
150 0.95986 2577.1 2769.1 7.2810 0.63402 2571.0 2761.2 7.0792 | 0.470B8 2564.4 2752.8 6.9306
200 1.0B049 2654.6 2870.7 7.5081 0.71643 2651.0 28659 7.3132 | 0.53434 2647.2 2860.9 7.1723
250 1.19880 2731.4 2971.2 7.7100 0.79645 27289 29679 7.5180 | 0.59520 2726.4 2964.5 7.3804
300 1.31623 2808.8 3072.1 7.8941 0.87535 2807.0 3069.6 7.7037 | 0.65489 2805.1 3067.1 7.5677
400  1.54934 2967.2 3277.0 B.2236 1.03155 2966.0 3275.5 8.0347 | 0.77265 2964.9 3273.9 7.9003
500 1.78142 3131.4 3487.7 85153 1.18672 3130.6 3486.6 8.3271 | 0.88936 3129.8 34855 8.1933
600 2.01302 3302.2 37048 8.7793 1.34139 3301.6 3704.0 B.5915)| 1.00558 3301.0 3703.3 B.4580
700 2.24434 3479.9 3928.8 9.0221 1.49580 3479.5 3928.2 B.B345 | 1.12152 3479.0 3927.6 8.7012
800 2.47550 3664.7 4159.8 9.2479 1.65004 3664.3 4159.3 9.0605 | 1.23730 3663.9 4158.9 B8.9274
900 2.70656 3B56.3 4397.7 9.4598 1.80417 3B56.0 4397.3 09.2725 | 1.35298 3855.7 4396.9 9.1394

1000 293755 40548 4642.3 9.6599 1.95824 4054.5 46420 9.4726 | 1.46859 4054.3 4641.7 9.3396

1100 3.16848 42596 4893.3 9.8497 211226 4259.4 48931 9.6624 | 1.58414 4259.2 4B92.9 9.5295

1200 3.39938 4470.5 5150.4 10.0304 2.26624 4470.3 5150.2 9.8431 | 1.69966 4470.2 5150.0 9.7102

1300 3.63026 4687.1 5413.1 10.2029 2.42019 46869 5413.0 10.0157 | 1.81516 4686.7 54128 9.8B28

P 0.50 MPa {151.83°C} P 0.50 MPa (158.83°C) P 0.B0 MPa (170.41°C)

Sat, 0.374B3 2560.7 2748.1 6.8207 0.31560 2566.8 2756.2 6.7593 | 0.240352576.0 2768.3 6.6616
200 0.42503 2643.3 28558 7.0610 0.35212 2639.4 2850.6 6.9683 | 0.26088 2631.1 28398 68177
250 0.47443 27238 2961.0 7.2725 0.3938C 2721.2 2957.6 7.1833 | 0.293212715.9 2950.4 7.0402
300 0.52261 2803.3 3064.6 7.4614 0.43442 2801.4 30620 7.3740 | 0.32416 2797.5 3056,9 7.2345
350 0.57015 2883.0 3168.1 7.6346 0.47428 2881.6 3166.17 7.5481 | 0.35442 2878.6 3162.2 7.4107
400 0.61731 2963.7 3272.4 7.7956 0.51374 2962.5 32708 7.7097 | 0.3B429 2960.2 3267.7 7.57356
500 0.71095 3129.0 3484.5 8.0893 0.59200 3128.2 3483.4 8.0041 | 0.44332 31266 3481.3 7.8692
600 0.80409 3300.4 3702.5 B.3544 0.66976 3299.8 3701.7 B8.2695| 0.50186 3298.7 3700.1 8.1354
700 0.89696 3478.6 3927.0 8.5978 0.74725 34781 3926.4 8.5132 | 0.56011 3477.2 39253 B.3794
800 098966 3663.6 4158.4 8.8240 0.82457 3663.2 41579 8.7395 | 0.61820 3662.5 4157.0 B.6061
900 1.08227 38554 43966 9.0362 0.90179 3855.1 4396.2 B.9518 | 0.67619 3854.5 4395.5 B.8185

1000 117480 4054.0 4641.4 9.2364 0.97893 4053.8 4641.1 9.1521 | 0.73411 4053.3 4640.5 9.0189

1100 1.26728 4259.0 4B92.6 9.4263 1.05603 4258.8 4892.4 9.3420 | 0.79197 42583 48919 95,2090

1200 1.35972 4470.0 5149.8 9.6071 1.13309 4469.8 5149.6 9.5229  0.B4980 4469.4 51493 9.3898

1300 1.45214 468B6.6 54126 9.7797 1.21012 4686.4 54125 9.6955 | 090761 4686.1 5412.2 9.5625

*The temperature in parentheses IS the saturation temperature at the specified pressure.
T Properties of saturated vapor at the specified pressure.
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Superheated water {Conicluded)

T v u h 5 v U A 5 v U h s
°C méfkg kifkg kikg kIkgK [m3kg kikg kifkg klkgK |milkg kJ/kg kikg  Ikdikg-K
P 1.00 MPa (179.88 C) P 1.20 MPa (187.95 £) P 1.40 MPa (195.04 €}

Sat. 0,19437 25828 2777.1 6.5850 (0.16326 2587.8 2783.8 6.5217 0.14078 2591.8 2788.9 6.4675
200 0.20602 26223 28283 6.6956 |0.16934 2612.9 2816.1 6.5909 0.14303 2602,7 2803.0 6.4975
250 0.23275 2710.4 2943.1 6.9265 (0.19241 27047 2935.6 6.8313 0.16356 2698.9 2927.9 6.7488
300 0.25799 2793.7 3051.6 7.1246 (0.21386 2789.7 3046.3 7.0335 0.18233 2785.7 3040.9 6.9553
350 0.28250 28757 3158.2 7.3029 [0.23455 28727 3154.2 7.2139 0.20029 2869.7 3150.1 7.1379
400 0.30661 2957.9 32645 7.4670 [0.2548B2 29555 3261.3 7.3793 021782 2953.1 3258.1 7.3046
500 0.35411 3125.0 34791 7.7642 10.29464 3123.4 3477.0 7.6779 0.25216 3121.8 3474.8 7.6047
600 040111 3297.5 36986 B8.0311 0.33395 3296.3 3697.0 7.9456 0.28597 3295.1 36955 7.8730
700 0.44783 3476.3 39241 8.2755 |0.37297 34753 39229 B8.1904 0.31951 3474.4 3921.7 8.1183
800 0.49438 3661.7 4156.1 8.5024 [0.41184 3661.0 41552 8.4176 0.35288 3660.3 4154.3 8.3458
900 0.54083 3853.9 4394.8 8.7150 |0.45059 3853.3 4394.0 8.6303 0.38614 3852.7 4393.3 8.5587

1000 0.58721 4052.7 4640.0 8.9155 |0.48928 4052.2 4639.4 8.8310 0.41933 4051.7 4638.8 8.7595

1100 0.63354 4257.9 4891.4 9.1057 |0.52792 4257.5 4891.0. 9.0212 0.45247 4257.0 48%0.5 8.9497

1200 0.67983 4469.0 51489 9.2866 |0,56652 4468.7 5148.5 9.2022 0.48558 4468.3 51481 9.1308

1300 0.72610 4685.8 54119 9.4593 |0.60509 4685.5 5411.6 9.3750 0.51866 4685.1 5411.3 9.3036

£ 1.60 MPa (201.37 C) P 1.80 MPa (207.11 €} P 2.00 MPa (212.38 ¢}

Sat. 0.12374 2594.8 27928 6.4200 (011037 2597.3 27959 6.3775| 0.09959 2599.1 2798.3 6.3390
225 0.,13293 2645.1 2857.8 6.5537 |0.11678 2637.0 2847.2 6.4825| 0.10381 2628.5 2836.1 6.4160
250 0.14190 2692.9 2919.9 6.6753 |0.12502 2686.7 29117 6.6088| 0.11150 2680.3 2903.3 6.5475
300 0.15866 2781.6 30354 6.8864 |0.14025 2777.4 3029.9 6.8246( 0.12551 2773.2 3024.2 6.7684
350 0.17459 2866.6 3146.0 7.0713 (0.15460 2863.6 31419 7.0120] 0.13860 2860.5 3137.7 6.9583
400 0.19007 2950.8 32549 7.2394 |0.16849 2948,3 3251.6 7.1814) 0.15122 29459 3248.4 7.1292
500 022029 3120.1 3472.6 7.5410 |0.19551 31185 34704 7.4845( 0.,17568 3116.9 3468.3 7.4337
600 0.24999 3293.9 36939 7.8101 |0.22200 3292.7 3692.3 7.7543| 0.19962 32915 3690.7 7.7043
700 0.27941 3473.5 39205 B.0558 |0.24822 3472.6 3919.4 8.0005( 0.22326 3471.7 3918.2 7.9509
800 0.30865 3659.5 4153.4 8.2834 |0.27426 3658.8 4152.4 8.2284( 0.24674 3658.0 4151.5 8.1791
900 0.33780 3852.1 43926 8.4965 (0.30020 38515 4391.9 8.4417( 0.27012 3850.9 4391.1 8.3925

1000 0.36687 4051.2 4638.2 8.6974 |0.32606 4050.7 4637.6 8.6427| 0.29342 4050.2 4637.1 8.5936

1100 0.39589 4256.6 4890.0 8.8878 |0.35188 4256.2 4889.6 8.8331| 0.31667 42557 4889.1 8.7842

1200 0.42488 4467.9 5147.7 9.0689 |0.37766 4467.6 5147.3 9.0143| 0.33989 4467.2 5147.0 8.9654

1300 0.45383 4684.8 54102 9.2418 | 0.40341 46845 54106 9.1872| 0.36308 4684.2 5410.3 9.1384

P 2.50 MPa (223.95 C) P 3.00 MPa (232.85¢C P 3.50 MPa (242.56 C)

Sat. 0.07995 26021 2801.9 6.2558 (0.06667 2603.2 2803.2 6.1856| 0.05706 2603.0 2802.7 6.1244
225 0.08026 2604.8 28055 6.2629
250 0.08705 2663.3 28809 6.4107 |0.07063 2644.7 28565 6.2893( 0.05876 2624.0 2829.7 6.1764
300 0.09894 2762.2 3009.6 6.645% |0.08118 . 2750.8 29943 6.5412( 0.06845 2738.8 2978.4 6.4484
350 0.10979 2852.5 3127.0 6.8424 [(0.09056 28444 3116.1 6.7450| 0.07680 2836.0 3104.9 6.6601
400 012012 2939.8 3240.1 7.0170 |0.09938 2033.6 3231.7 69235| 0.08456 2927.2 3223.2 6.8428
450 013015 3026.2 3351.6 7.1768 |0.10789 3021.2 33449 7.0856( 0.09198 3016.1 3338.1 7.0074
500 0.13999 3112.8 3462.8 7.3254 |0.11620 3108.6 3457.2 7.2359( 0.09919 3104.5 3451.7 7.1593
600 0.15931 32885 3686.8 75979 |0.13245 32855 3682.8 7.5103| 0.11325 3282.5 3678.9 7.4357
700 0.17835 3469.3 3915.2 7.8455 |0,14841 3467.0 39122 7.7590, 0.12702 3464.7 3908.3 7.6855
800 0.19722 3656.2 4149.2 8.0744 |0.16420 3654.3 41469 7.9885| 0.14061 3652.5 4144.6 7.9156
900 0.21597 3849.4 4389.3 8.2882 |0.17988 3847.9 4387.5 8.2028| 0.15410 3846.4 4385.7 8.1304

1000 0.23466 4049.0 46356 8.4897 |0.19549 4047.7 46342 8.4045| 0.16751 4046.4 4632.7 8.3324

1100 0.25330 4254.7 48879 8.6804 |0.21105 4253.6 4886.7 85955 0.18087 4252.5 4885.6 8.5236

1200 0.27190 4466.3 51460 8.8618 |0.22658 44653 51451 8.7771| 0.19420 4464.4 5144.1 87053

1300 0.29048 4683.4 5409.5 9.0349 |0.24207 46826 5408.8 B.9502| 0.20750 4681.8 5408.0 8.8786

—
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Superheated water (Continued)

T v u h s v u h s v u h s
°C mikg kikg kMkg klkgK |m¥kg  ki/kg klkg kikgK |mi¥kg kilkg kMkg kikgK
P 4.0 MPa (250.35 C) P 4.5 MPa (257.44 C) P 5.0 MPa(263.94C)

Sat, 0.04978 2601.7 2800.8 6.0696 | 0.04406 2599.7 2798.0 6.0198 |0.03845 2597.0 2794.2 59737
275 (0.05461 2668.9 2887.3 6.2312 | 0.04733 2651.4 28644 6.1429 |0.04144 2632.3 2839.5 6.0571
300 0.05887 2726.2 2961.7 6.3639 | 0.056138 2713.0 29442 6.2854 |0.04535 2699.0 29257 6.2111
350 0.06647 2827.4 3093.3 6.5843 | 0.05842 2818.6 3081.5 6.5153 |0.05197 2809.5 3069.3 6.4516
400 0.07343 2920.8 32145 67714 | 0.06477 29142 32057 6.7071 |0.05784 2907.5 31967 6.6483
450 0.08004 3011.0 3331.2 69386 | 0.07076 3005.8 3324.2 6.8770 |0.06332 3000.6 3317.2 6.8210
500 0.08644 3100.3 34460 7.0922 | 0.07652 3096.0 34404 7.0323 [0.06858 3091.8 3434.7 6.9781
600 0.09886 3279.4 36749 7.3706 | 0.08766 3276.4 36709 7.3127 |0.07870 32733 36669 7.2605
700 0.11098 3462.4 3906.3 7.6214 | 0.09850 3460.0 3903.3 7.5647 |0.08852 3457.7 3900.3 7.5136
800 0.12292 3650.6 41423 7.8523 | 010916 3648.8 41400 7.7962 |0.09816 3646.9 4137.7 7.7458
900 013476 3844.8 "4383.9 8.0675 | 0.11972 '3843.3 43821 80118 [0.10769 3841.8 4380.2 7.9619

1000 0.14653 4045.1 4631.2 8.2698 | 0.13020 4043.9 46298 8.2144 |0.11715 40426 4628.3 8.1648

1100 0.15824 4251.4 4884.4 8.4612 | 0.14064 42504 4883.2 84060 |0.12655 42493 4882.1 B8.3566

1200 0.16892 4463.5 5143.2 86430 | 0.15103 44626 51422 8.5880 |0.13592 4461.6 5141.3 B,5388

1300 0.18157 4680.9 5407.2 8.8164 | 0.16140 4680.1 54065 B.7616 |0.14527 46793 54057 8.7124

P 6.0 MPa {27558 C) P 7.0 NMPa (285.83 {} P B.0 MPa (295.01 C}

Sat. 0.03245 2589.9 2784.6 58902 | 0.027378 2581.0 27726 5.8148 |0.023525 2570.5 2758.7 5.7450
300 0.03619 2668.4 2885.6 6.0703 | 0.029492 2633.5 2839.9 5.9337 |0.024279 25923 27865 5.7937
350 0.04225 2790.4 30439 6.3357 | 0.035262 2770.1 3016.9 6.2305 |0.029975 2748.3 2988.1 6.1321
400 004742 2893.7 3178.3 6.5432 | 0039958 2879.5 3159.2 6.4502 |0.034344 28646 3139.4 6.3658
450 005217 2989.9 33029 6.7219 | 0.044187 2979.0 32883 6.6353 |0.038194 2967.8 3273.3 6.5579
500 0.05667 3083.1 34231 6.8826 | 0.048157 30743 34114 6.8000 |0.041767 3065.4 3399.5 6.7266
550 0.06102 3175.2 3541.3 7.0308 | 0.051966 3167.9 35316 6.9507 |0.045172 3160.5 3521.8 6.8800
600 0.06527 3267.2 3658.8 7.1693 | 0.055665 3261.0 3650.6 7.0910 |0.048463 3254.7 36424 7.0221
700 0.07355 3453.0 38943 7.4247 | 0.062850 344B8.3 3888.3 7.3487 |0.054829 3443.6 3882.2 7.2822
800 0.08165 3643.2 4133.1 7.6582 | 0.069856 3639.5 41285 7.5836 |0.067011 3635.7 4123.8 7.5185
900 0.08964 3838.8 4376.6 7.8751 | 0.076750 3835.7 4373.0 7.8014 |0.067082 38327 4369.3 7.7372
1000 0.09756 4040.1 4625.4 8.0786 | 0.083571 4037.5 46225 8.0055 |0.073079 4035.0 4619.6 7.9419
1100  0.10543 4247.1 4879.7 8.2709 | 0.090341 4245.0 4877.4 61982 |0.079025 4242.8 4875.0 B.1350
1200 0.11326 4459.8 5139.4 8.4534 | 0.097075 44579 5137.4 8.3810 |0.084934 44561 51355 8.3181
1300 0.12107 4677.7 5404.1 8.6273 | 0.103781 4676.1 54026 8.5551 |0.090817 4674.5 5401.0 8.4925

F 8.0 MPa (303.35 C) P 10.0 MPa (311.00 C) P 12.5 MPa (327.81 C)

Sat. 0.020489 2558.5 27429 5.6791 | 0.018028 25452 27255 5.6159 |0.013496 2505.6 26743 5.4638
325 0.023284 2647.6 2857.1 5.8738 | 0.019877 2611.6 28103 5.7596
350 0.025816 2725.0 2957.3 6.0380 | 0.022440 26996 2924.0 5.9460 |0.016138 26249 2B826.6 5.7130
400 0.029960 2849.2 3118.8 6.2876 | 0.026436 2833.1 30975 6.2141 |0.020030 2789.6 3040.0 6.0433
450 0.033524 2956.3 3258.0 6.4872 | 0.029782 2944.5 3242.4 6.4219 |0.023019 2913.7 3201.5 6.2749
500 0.036793 3056.3 3387.4 6.6603 | 0.032811 3047.0 33751 6.5995 |0.025630 3023.2 3343.6 6.4651
550 0.039885 3153.0 35120 6.8164 | 0.035655 31454 35020 6.7585 |0.028033 3126.1 3476.5 6.6317
600 0.042861 3248.4 3634.1 6.9605 | 0.038378 32420 36258 6.9045 |0.030306 3225.8 3604.6 6.7828
650 0.045755 3343.4 3755.2 7.0954 | 0.041018 33380 37481 7.0408 |0.032491 33241 3730.2 6.9227
700 0.04B589 3438.8 3876.1 7.2229 | 0.043597 34340 38700 71693 |0.034612 3422.0 38546 7.0540
800 0.054132 3632.0 4119.2 7.4606 | 0.048629 35628.2 4114.5 7.4085 [0.038724 23618.8 4102.8 7.2967
900 0.059562 3829.6 4365.7 7.6802 [ 0.053547 3826.5 43620 7.6290 |0.042720 3818.9 43529 7.5195
1000 0.064919 4032.4 4616.7 7.8855 | 0.058391 4029.9 4613.8 7.8349 |0.046641 4023.5 4606.5 7.7269
1100 0.070224 4240.7 48727 8.0791 | 0.063183 42385 4870.3 8.0289 |0.050510 4233.1 4864,5 7.9220
1200 0.075492 4454.2 5133.6 8.2625 | 0.067938 44524 5131.7 82126 | 0.054342 4447.7 5127.0 8.1065
1300 0.080733 4672.9 5399.5 8.4371 | 0.072667 4671.3 6398.0 B8.3874 |0.058147 4667.3 5394.1 8.2819
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APPENDIX

Superheated water (Conciuded)

T v u h s v u h 5 v u h s
°C mé/kg ki’kg klkg klkgK | mikg kilkg kikg KkikgK | m¥kg kikg kikg klikgK
P 15.C MPa (342,16 €) P 17.5MPa (354.87C) P 20.0 MPa {365.75 £)

Sat.  0.010341 24557 2610.8 53108 | 0.007932 2390.7 2529.5 5.1435 |0.005862 2294.8 2412.1 4.9310
350 0.011481 25209 2693.1 5.4438

400 0.015671 2740.6 29757 58819 | 0.012463 2684.3 2902.4 57211 | 0.009950 2617.9 2816.9 5.5526
450 0.018477 2880.8 3157.9 6.1434 | 0.015204 28454 31114 6.0212 | 0.012721 2807.3 3061.7 5.9043
500 0.020828 2998.4 3310.8 6.3480 | 0.017385 2972.4 3276.7 6.2424 |0.014793 29453 3241.2 6.1446
550 0.022945 3106.2 3450.4 6.5230 | 0.0719305 3085.8 3423.6 6.4266 |0.016571 3064.7 3396.2 6.3390
600 0.024921 3209.3 3583.1 6.6796 | 0.021073 3192.5 3561.3 6.5890 | 0.018185 31753 3530.0 6.5075
650 0.026804 33101 37121 6.8233 | 0022742 3295.8 3693.8 67366 |0.019695 3281.4 36753 6.6593
700 0.028621 3409.8 3839.1 6.9573 | 0.024342 3397.5 38235 6.8735 | 0.021134 33851 3807.8 6.7991
800 0.032121 3609.3 4091.1 7.2037 | 0.027405 3599.7 4079.3 7,1237 |0.023870 3590.1 4067.5 7.0531
900 0.035503 3811.2 4343.7 7.4288 | 0.030348 3803.5 43346 7.3511 | 0.026484 37957 43254 7.2829
1000 0.038808 4017.1 45992 7.6378 | 0033215 40107 4592.0 7.5616 |0.029020 4004.3 4584.7 7.4950
1100 0.042082 4227.7 4858.6 7.8330 | 0.036029 4222.3 4852.8 7.7588 |0.031504 4216.9 4847.0 7.6933
1200 0.045279 44431 51223 80192 | 0038806 4438.5 5117.6 7.9449 |0.033952 4433.8 5112.9 7.8802
1300 0.048469 4663.3 5390.3 8.1952 | 0.041556 4659.2 5386.5 B8.1215 |0.036371 4655.2 5382.7 B8.0574

P 25.0MPa P 30.0 MPa P 35.G MPa
375 0.001978 1799.9 1849.4 4.0345 | 0001792 17381 1791.9 3.9313 | 0.001701 1702.8 1762.4 3.8724
400 0.006005 2428.5 25787 51400 | 0.002798 2068.9 2152.8 4,4758 |0.002105 1914.9 1988.6 4.2144
425 (.007886 2607.8 2805.0 5.4708 | 0.005299 2452.9 2611.8 5.1473 [0.003434 2253.3 23735 4.7751
450 0.009176 2721.2 2950.6 5.6759 | 0.006737 2618.9 2821.0 5.4422 | 0.004957 2497.5 2671.0 5.1946
500 0.011143 2887.3 31659 59543 | 0.008691 2824.0 3084.8 5.7956 | 0.006933 2755.3 2997.9 55331
550 0.012736 30208 3339.2 6.1816 | 0.010175 29745 3279.7 6.0403 [ 0.008348 29258 32180 5.9093
600 0.014140 3140.0 3493.5 6.3637 | 0.011445 3103.4 3446.8 6.2373 |0.009523 3065.6 3399.0 6.1229
650 0.015430 3251.9 3637.7 6.5243 | 0.012590 3221.7 3599.4 6.4074 |0.010565 3190.9 3560.7 6.3030
700 0.016643 3359.9 3776.0 6.6702 | 0.013654 33343 3743.8 6.5599 [0.011523 3308.3 3711.6 6.4623
800 0.018922 3570.7 4043.8 69322 | 0.015628 3551.2 4020.0 6.8301 |0.013278 3531.6 3996.3 6.7409
900 0.021075 3780.2 4307.1 7.1668 | 0.017473 3764.6 4288.8 7.0695 |0.014904 3749.0 4270.6 6.9853
1000 ©.023150 3991.5 4570.2 7.3821 | 0.019240 3978.6 4555.8 7.2880 |0.016450 3965.8 45415 7.2069
1100 0.025172 4206.1 48354 7.5825 | 0.020954 4195.2 4823.9 7.4906 |0.017942 4184.4 48124 7.4118
1200 0.027157 44246 5103.5 7.7710 | 0.022630 4415.3 5094.2 7.6807 |0.019398 4406.1 5085.0 7.6034
1300 0.029115 4647.2 5375.1 7.9494 | 0.024279 4639.2 5367.6 7.8602 | 0.020827 4631.2 5360.2 7.7841
P 40.C MPa P 50.0 MPa P 60.0 MPa

375 0.001641 1677.0 1742.6 3.829¢ | 0.001560 1638.6 1716.6 3.7642 |0.001503 1609.7 1699.9 3.7149
400 ©.001911 18550 1931.4 4.1145 | 0001731 1787.8 1874.4 40029 |0.001633 17452 1843.2 3.9317
425 0002538 2097.5 2199.0 4.5044 | 0.002009 1960.3 2060.7 4.2746 |0.001816 18929 2001.8 41630
450 ©.003692 2364.2 2511.8 4.9449 | 0.002487 2160.3 2284.7 4.5896 [0.002086 2055.1 2180.2 4.4140
500 0.005623 2681.6 2906.5 5.4744 | 0.003890 2528.1 27226 5.1762 |0.002952 2393.2 2570.3 4.9356
550 0.006985 28751 3154.4 57857 | 0.005118 2769.5 30254 5.5563 |0.003955 2664.6 2901.9 53517
600 0.008089 3026.8 33504 6.0170 | 0.006108 2947.1 3252.6 5.8245 | 0.004833 2866.8 3156.8 5.6527
650 0.009053 3159.5 3521.6 6.2078 0.006957 30956 3443.5 6.0373 | 0.005591 3031.3 3366.8 5.8867
700 0.009930 32820 3679.2 6.3740 | 0.007717 3228.7 3614.6 6.2179 |0.006265 3175.4 3551.3 6.0814
800 0.011521 3511.8 39726 6.6613 | 0.009072 3472.2 3925.8 6.5225 |0.007456 3432.6 3880.0 6.4033
900 0.012980 37333 42525 6.9107 0.010296 3702.0 4216.8 6.7819 |0.008519 3670.9 41821 6.6725
1000 0.014360 3952.9 4527.3 7.1355 | 0011441 3927.4 4499.4 7.0131 |0.009504 3902.0 4472.2 6.9099
1100 0.015686 4173.7 4801.1 7.3425 | 0.012534 4152.2 4778.9 7.2244 |0.010439 4130.9 4757.3 7.1255
1200 0.016976 4396.9 50759 7.5357 | 0.013590 4378.6 5058.1 7.4207 |0.011339 4360.5 5040.8 7.3248
1300 0.018239 4623.3 5352.8 7.7175 | 0.014620 4607.5 5338.5 7.6048 | 0.012213 4591.8 53245 7.5111
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Thermodynamics-
Critical Point Data Triple Point Data

Water: 374.14 C,22.09 MPa, 0.00316 m3/kg 0.01C,0.6113 kPa

Nitrogen: 126.2 K, 3.39 MPa, 0.00321 m’/kg 210 C, 12.53 kPa

Ideal Gas Properties at 300K. Ideal Gas behavior: Either P<0.1P, OR(T>2T, and P <5P,)
Gas Mol Wt R kI/kgK ¢, kJkgK ¢y klrkgK cpfey =
Air 29 0.287 1.00 0.72 1.4
Steam 18 0.46 1.87 1.41 1.33
Nitrogen | 28 0.297 1.04 0.745 1.4

Properties of Selected Solids and Liquids
Substance Spec Heat kl/kgK p kg/mr’ v m'/kg
Liquid Water 25C 4.18 997 0.001003
Iceat(Q C 2.04 ' 917 0.001087
Copper 042 8300 |

scs = simple comp subs, REV=Reversible [RR=Irreversible, sfs=single fluid stream

SYS, scs, REV: W = deV.
For PY" = const! [PV = ﬁ(PZVz BW) for n#1and B, 1n for n=1

Property Relations for any scs: Tds=dutPdv and Tds =dh-vdP

Property Relations for an Ideal Gas: Pv=RT or PV=mRT dh=c,dT and du=c.dT

- For constant Cp, Cv !
If PV*= const for an Ideal Gas: [

ILaw: SYS:

CV:

SSSF+sfs:
HLaw: SYS: dS = éf— +aS,,,
Work for SSSF REV Process:

H
For PvV" = const:

5281 :Cpln(Tg\T;) -Rlin (pz‘.p;),‘

i] _ [11,
£ v,

80 =dE + W whereE:U+(1/2)mVi2+ngi

1

2)-(2)" 5

Vi

ss1=cdn(T:\T}) + R In (valvy)

Qe+ X 1y (h; +%V,-2 ~gZ)y=dE,, [di+ Y my(h, +%V£ +gZ)+W,,

i

e
- [vdp =" (P,
n—1

CV: dS,, divS mys, -3 m, Sigz%
cv

q+h,-+%V,—2+gZi =he+%V22+gZe+w

w= —Jvla’P+%(V,2 - V;) +g(Z,-2)

i

—Fv;) for n# ] and — Pv; 111% Jor n=1
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Thermodynamics-

Relevant Equations for Thérmodynamics Problems:

k-1

k k-1 =
F T F,*
Isentropic relations for an Ideal Gas: | -2 |= Yol |22 = A4 ==
- A ¢} T Va A

Availability Rate Balance Equation

- dA T, | . av, ~ . . ;
R

J J i

Ay, the availability of the control volume.
temperature is Tj.
W, : the time rate of energy transfer by work other than flow work.

Vey: volume.

571

Q,: the time rate of heat transfer at the location on the boundary where the instantaneous

m.a;: the time rate of availability transfer accompanying mass flow and flow work at inlet ‘1",

m,a,,: the time rate of availability transfer accompanying mass flow and flow work at exit ‘¢’.

 Specific Flow Availability-
2
a,=h—h, —TO(S—SD)+K2—+gZ
NOTE: The subscript ‘0’ denotes the dead state.

2" Law of Thermodynamics

. . 0 .
S, =8 = Zﬂwes‘e ~Zmisj = Z-f+ S gen
Mixture Formulas:

J
As =5, 5 = yiEﬁ,Z@ZS‘Pi,Z)_Ef,I@"PJ‘,I)]
i=l
_ _ _ _ = P
Sy 2:PX,2)’SX,1 (TI’PX,I ): S; (Tz )_S)?'(Ti )_R In?l
1
Where ‘X’ in the above equation represents a constituent in the mixture.

I ., the time rate of availability destruction due to irreversibilities within the control volume.
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Thermodynamics-

Problem 1. At a consumer products laboratory, a test engineer is assigned to determine the
efficiency of a new model hair dryer. Temperature, pressure and mass flow rate measurements
are made during operation of the hair dryer. Measurements obtained at steady-state operation
indicate that warm air exits the hand-held dryer at a temperature of 83C with a velocity of 9.1
m/s through an area of 18.7 cm®. Air enters the dryer at a temperature of 22C and a pressure of |
bar (= 100 kPa=10° N/m?), with a velocity of 3.7 m/s. No significant change in pressure between
~ the inlet and the exit is observed. Also, no significant heat transfer between the dryer and its
surroundings occurs. Assume T, (surroundings temperature) to be 22 C. NOTE: Umversal gas
constant = 8.314 kJ/kmolK; molecular weight of air = 28.97); specific enthalpy (state 1) = 295.2
kJ/kg, specific enthalpy (state 2) = 356.5 ki/kg. s, —s, =55 —5; where s =1.685kJ/kgK ,

59 =1.874k] / kgK .

Assist the test engineer to: .
(a). ‘Evaluate the power, fy , in kW required to operate the hair dryer. Draw a control

volume, list governing equations, state/justify any assumptions.

(b). Using the availability rate balance equation devise and evaluate a second law
efficiency for the hair dryer. Comment on the efficiency of the hair dryer.

Problem 2. A gas mixture consisting of CQO; and O; with mole fractions 0.8 and 0.2,
respectively, expands isentropically and at steady state through a rocket nozzle from 700K, 5 atm
" and 3 m/s (state ‘1’) to an exit pressure of | atm (state “2").

(a) Draw a control volume and list all assumptions.

(b) Determine the temperature at the nozzle exit, T; in degrees Kelvin. First obtain the equation
for Asin terms of T, and mixture component mole fractions and pressure and then solve

iteratively for To. NOTE: At T\=700 K, §J,= 231.465 kJ/kmol K and §2,, = 250.752 kJ/kmol
K, R =8.314 kJ/kmol K.

{c) Determine the entropy changes of the CO,, As,,, and O, A, from the nozzle inlet (state
‘17) to the nozzle exit (state ‘2°), in kJ/kmol K.

Problem 3: Sketch the air-standard ideal Diesel cycle on T-s and P-v diagrams. Define the
- compression ratio and the cutoff ratios for this cycle. Now obtain an expression for the cycle
efficiency in terms of these and the ratio of specific heats.
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THERMODYNAMICS
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" Problem 1

An ideal mixture at T, P is made from ideal gases at T, P by flow into a mixing chamber
with no external heat transfer and an exit at P. How do the properties (P, v, and h) for
each component increase, decrease or remain constant?

Problem 2
Derive the expression for mass flow rate through a sonic nozzle:

E+1 172

m=A"P, LN Y G
JRT, | | k+1

where 4" is the throat area, P, and T, are upstream stagnation pressure and temperatures
and k is the specific heat ratio. Clearly list the assumptions that are made during the

derivation. Speed of sound for an ideal gas is VART .

k-1

k k=1 fudiil
T.
[sentropic relations for an Ideal Gas: i S LT I e N Y = i
£ V2 T Va £

Problem 3
A steam power plant operates with a high pressure of 4 MPa and has a boiler exit
temperature of 600°C receiving heat from a 700°C source. The ambient air at 20°C
provides cooling to maintain the condenser at 60°C. All components are ideal except for
the turbine, which has an isentropic efficiency of 92%.

Find the ideal and the actual turbine exit qualities.

Find the actual specific work of the turbine and the specific heat transfer in boiler.
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Tables in Sl Units

Press.
bar
0.00611
0.00813
(.00872
0.00935
0.01072

0.01228
0.01312
0.01402
0.01497
0.01598

0.01705
0.0£818
0.01938
0.02064
0.02198

0.02339
0.02487
0.02645
0.02810
0.02985

0.03169
0.03363
0.03567
0.03782
0.04008

0.04246
0.04496
0.04759
0.05034
0.05324

0.05628
0.05947
0.06632
0.07384
0.09593

Specific Volume

Internal Energy

Sat. i

m¥kg
Sat, Sat.
Liquid Vapor
v X 10° v,
10002 | 206.136

1.0001 157.232
1.0001 147,120
1.0001 137.734
£.0002 120.917

1.0004 106.379
1.0004 §9.857
1.0003 93.784
10007 88.124
1.0008 82.848

1.0009 77.926
L.oM1 73.333
1.0012 69.044
1.0014 65.038
1.0016 61.293

1.0018 57.391

1.0020 54.514
1.0022 51.447
1.0024 48.574

1.0027 45.883

1.0029 43.360
1.0032 40.994
1.0035 38.774
1.0037 36.690
1.0040 34,733

1.0043 32,894
1.0046 31.165
1.0050 29.540
1.0053 28.011

1.0056 26.571
1.0060 25.216
1.0063 23.940
1.0071 21.602
1.0078 19.523

1.0099 15.258

i/kg

Sat,

Vapor

Uy

23753

2380.9
23823
2383.6
2386.4

2389.2
2390.5
2391.9
2393.3
23947

2396.1
23974
2398.8
2400.2
2401.6

24029
2404.3
2405.7
24070
2408.4

2409.8
2411.1
2412.5
24139
24[5.2

2416.6
2418.0
24193
24207
2422.0

2423 4
24247
2427.4
2430.1
2436.8

.. Properties of Saturated Water (Liguid—Vapor): Temperature Table

Sat.
Liguid

16.78
2098
25.20
33.60

42.04
46.20
50.41
54.60
58.80

62.99
67.19
71.38
75.58
7977

8396
88.14
92.33
96.52
100.70

104.89
109.07
113.25
117.43
121.61

-125.79
129.97
134.15
138.33
142.50

146.68
150.86
159.21
167.57

188.45

oot |

Enthalpy

klfkg

Evap.

b,

25013
2491.9
2489.6
2487.2
2482.5

24777
24754
2473.0
2470.7
2468.3

24659
2463.6
24612
2458.3
2456.5

2454.1
2451.8
2449.4
2447.0
24447

2442.3
2439.9
2437.6
2435.2
24328

2430.5
24281
2425.7
24234
2421.0

2418.6
24162
24113
2406.7
2394.8

Sat.
Vapor

25014
2508.7
25106
25124
2516.1

2519.8
2521.6
25234
2525.3
25271

2528.9
2530.8
2532.6
2534.4
2536.2

2538.1
25399
2541.7
2543.5
25454

2547.2
2549.0
25508
2552.6
2554.5

2556.3
2558.1
2559.9
2561.7
2563.5

2565.3
2567.1
2570.7
25743

25832

Entropy
klkg - K
Sat. Sat.
Liguid | Vapor
5 e

0.0000 | 9.1562
0.0650 | 2.0514
0.0761 | 9.0257
0.0912 | 9.0003
0.1212 | 8.9501

0.1510 | 8.5008
0.1658 | 8.8765
0.1806 | 8.8524
0.1953 | 8.8285
0.2099 | 8.8048
0.2245 | 8.7814
0.2390 | 8.7582
0.2535 | 8.7351
0.2679 | 87123
0.2823 | 8.6897
0.2066 | 8.6672
03109 | 8.6450
0.3251 | 8.6229
0.3393 | 8.6011
0.3534 | 8.5794
0.3674 | 8.5580
0.3814 | 8.5367
0.3954 | 3.5156
0.4093 | 8.4946
0.4231 | 8.4739
0.4369 | 8.4533
0.4507 | 8.4329
0.4644 | 8.4127
04781 | 8.3927
0.4917 | 8.3728
0.5053 | 8.3531
0.5188 | 8.3336
0.5458 | 8.2950
0.5725 | 8.2570
0.6387 | 8.1648

492

Temp.
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Tables in 5! Units  7..:

bE v {Continued) )
Specific Volume Tuternal Energy Enthalpy Entropy
mYkg kIfkg kI/kg kffkg - K
Sat. Sat. Sat. Sat. Sat. | Sat Sat. |- Sat
Temp. Press. Liquid Vapor Liquid | Vapor | Liquid Evap. | Vapor | Liquid | Vapor | Temp.
°C bar e X 10° v, u i, hy ke, Ry s 5 °C
50 1235 1.0121 12,032 209.32 | 24435 20933 | 2382.7 | 2592.1 | .7038 | 8.0763 | 30
55 1576 1.0146 9.568 230.21 | 2450.1 230.23 | 23707 | 26009 | 7679 | 7.9913 | 55
60 1994 1.0172 7.671 25111 | 24566 | 251.13 | 23585 | 2609.6 | .8312 | 7.9096 | 60
65 .2503 1.0199 6.157 272.02 | 2463.1 272.06 | 23462 | 26183 | .8935 | 7.8310 | 65
70 3119 1.0228 | 5.042 20295 | 2469.6 | 29298 | 23338 | 26268 | .9549 | 7.7553 | 70
75 3858 1.0259 4.131 313.90 | 24759 | 31393 | 2321.4 | 26353 | 1.0155 | 7.6824 | 75
80 4739 1.0291 3.407 334.86 | 24822 | 33491 | 2308.8 | 2643.7 | 1.0753 | 7.6122 | 80
85 5783 1.0325 2.828 355.84 | 24884 | 135590 | 22960 | 2651.9 | 1.1343 | 7.5445 [ 85
%0 7014 1.0360 2361 376.85 | 2494.5 376.92 | 2283.2 | 2660.1 | 1.1925 | 74791 | 90
95 .8455 1.0397 1.982 397.88 | 2500.6 | 397.96 | 2270.2 | 2668.1 | 1.2500 | 7.4159 [ 95
100 1.014 1.0435 1.673 418.94 | 2506.5 | 419.04 | 2257.0 | 2676.1 | 1.306%9 | 7.3549 | 100
110 1.433 1.0516 1.210 461.14 | 2518.1 461.30 | 2230.2 | 2691.5 | 1.4185 | 7.2387 [ 110
120 1.985 1.0603 0.8919 503.50 | 25293 503.71 | 2202.6 | 27063 | 1.5276 | 7.1296 | 120
130 2.701 1.0697 0.6685 546.02 | 25399 | S546.31 | 21742 | 27205 | 1.6344 | 7.0269 | 130
140 3613 1.0797 0.5089 588.74 | 2550.0 | 589.13 | 2144.7 | 2733.9 | [.7391 | 6.929% | 140
150 4.758 1.0905 0.3928 631.68 | 2559.5 | 632,20 | 21143 | 27465 | 1.8418 | 6.837% | (50
160 6.178 1.1020 0.3071 674.86 | 25684 | 675.55 | 2082.6 | 2758.1 | 1.9427 [ 6.7502 | 160
170 7.917 1.1143 0.2428 71833 | 25765 | 719.21 | 2049.5 | 2768.7 | 2.0419 | 6.6563 | 170
180 1002 1.1274 0.1941 762.09 | 2583.7 | 763.22 | 2015.0 | 2778.2 | 2.1396 | 6.5857 | 180
190 12.54 11414 0.1565 806,19 | 2550 | 807.62 | 1978.8 | 27864 [ 2.235% | 6.5079 | 190
200 15.54 1.1565 0.1274 850.65 | 2595.3 §52.45 | 19407 | 27932 | 2.3309 | 6.4323 | 200
210 19.06 1.1726 0.1044 895.53 | 25995 897.76 | 1900.7 | 2798.5 | 2.4248 | 6.3585 | 210
220 23.18 1.1900 0.08619 940.87 | 2602.4 | 943.62 | 1858.5 | 2802.1 | 2.5178 | 6.2861 | 220
230 27.95 1.2088 0.07158 986.74 | 2603.9 | 990.12 | 1813.8 | 2804.0 | 2.6099 | 6.2146 | 230
240 33.44 1.2291 0.05976 1033.2 | 2604.0 | 10373 1766.5 | 28038 | 2.7015 | 6.1437 | 240
250 39.73 1.2512 0.05013 1080.4 | 26024 | (0854 1716.2 | 2801.5 | 2.7927 | 6.0730 | 250
260 46.88 1.2755 _0.04221 1128.4 | 2599.0 | 1134.4 1662.5 | 2796.6 | 2.8838 | 6.0019 | 260
270 54.99 1.3023 0.03564 1177.4 | 2593.7 | [184.5 1605.2 | 2789.7 | 2.975!1 | 59301 | 270
280 64.12 ©1.3321 6.03017 1227.5 | 2586.1 | 1236.0 [543.6 | 2779.6 | 3.0668 | 5.8571 | 280
290 74.36 1.3656 0.02557 1278.9 | 2576.0 | 1289.1 1477.1 | 27662 | 3.1594 | 57821 | 290
300 85.81 1.4036 0.02167 1332.0 | 2563.0 | 1344.0 14049 | 2749.0 | 3.2534 | 577045 | 300
320 12.7 1.4988 0.0154¢ [444.6 | 25255 | 146L.5 1238.6 | 2700.1 | 3.4480 | 55362 | 320
340 1459 1.6379 0.01080 | 15703 | 2464.6 | 15942 1027.9 | 2622.0 | 3.6594 | 5.3357 | 340
360 186.5 1.8925 0.006945 | 17252 | 23515 | 1760.5 720.5 | 24810 | 3.9147 | 5.0526 | 360
374.14 | 2209 3155 ‘0.003155 | 2029.6 | 2029.6 | 2099.3 Y 2009.3 | 4.4298 | 4.4298 | 374.14

Source: Tables A-2 through A-5 are extracted from J. H. Keenan, E G. Keyes, P. G. Hill, and J. G. Moore, Stcam Tables, Wiley, New York, 1969.
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i, Tables in 8t Units

Press.
bar

004

0.06
0.08
0.10
0.20

0.30
0.40
0.50
0.60
0.70

0.80
0.50
1.00
1.50
2.00

2.50
3.00
3.50
4.00
4,50

5.00
6.00
7.00
8.00
9.00

10.0
15.0
200
25.0
30.0

35.0

400

45.0
50.0
60.0

70.0

80.0

90.0
100.
110,

Specific Volume

m/kg

Sat. Sat.
Liquid Vapor
up X 10 u,
1.0040 | 34.800
1.0064 23.73%
1.0084 18.103
1.0102 14,674
1.0172 7.649
1.0223 5.229
1.0265 3.993
1.0300 3.240
1.0331 2732
1.0360 2.365
1.0380 2.087
1.0410 1.869
1.0432 1.694
1.0528 1.159
1.0605 (.8857
1.0672 0.7187
[.0732 (0.6058
1.0786 0.5243
1.0836 0.4625
[.0882 0.4140
10926 0.3749
1.1006 03157 -
1.1080 0.2729
i.1148 0.2404
11212 02150
1.1273 0.1944
1.153% 0.1318
1.1767 0.09963
1.1973 0.07998
1,2165 0.06668
1.2347 0.05707
1.2522 0.04978
1.26592 0.04406
1.2859 0.03944
[.3187 0.03244
1.3513 0.02737
1.3842 0.02352
14178 0.02048
1.4524 0.01803
[.4886 0.01599

Propetties of Saturated Water (Liquid-Vapor): Pressure-Table

¢ 94

Internal Energy Enthalpy " Entropy
KItkg Kl/kg Kikg - K
Sat. Sat. Sat. Sat. Sat. Sat.

Liguid Vapor Liguid Evap. Vapor | Liguid [ Vapor Press,
e u, ky frgg kg 5 S bar
12145 | 2415.2 121.46 | 24329 | 25544 | 04226 | 8.4746 0.04
151.53 | 2425.0 151.53 | 2415.9 | 25674 | 0.5210 | 8.3304 0.06
173.87 | 2432.2 173.88 | 2403.1 | 2577.0 | 05926 | 82287 0.08

191.82 | 24379 191.83 | 2392.8 | 2584.7 | 0.6493 | 8.1502 0.10
251.38 | 2456.7 251.40 | 23583 | 2609.7 | 0.8320 | 7.9085 0.20
289.20 | 2468.4 280.23 | 23361 | 26253 | 0.9439 | 7.7686 0.30
317.53 | 2477.0 317.58 | 2319.2 | 2636.8 1.0259 | 7.6700 040
34044 | 24839 34049 | 23054 | 26459 1.0910 [ 7.5939 0.50
35979 | 2489.6 359.86 | 2293.6 | 2653.5 1.1453 | 7.5320 0.60
376.63 | 2494.5 376.70 | 22833 | 2660.0 | 1.191% | 7.4757 0.70
351.58 | 2498.8 391.66 | 2274.1 | 2665.8 1.2329 | 7.4346 0.80
405.06 | 25026 405.15 | 22657 | 2670.9 | 1.2695 | 7.3949 0.90
41736 | 2506.1 417.46 | 22580 | 26755 1.3026 | 7.3594 1.00
466.94 | -2519.7 467.11 | 22265 | 2693.6 | 1.4336  7.2233 1.50
504.45 | 25295 50470 | 2201.9 [ 2706.7 | 15301 | 7.1271 2.00
535.10 | 2537.2 53537 | 2181.5 | 2716.% | 1.6072 | 7.0527 2.50
561.15 | 2543.6 561.47 | 2163.8 | 27253 [.6718 | 6.9919 3.00
583.95 | 25469 584,33 | 2148.1 | 27324 17275 | 6.9405 3.50
604.31 2553.6 604.74 | 21338 | 27386 1.7766 | 6.8959 4,00
62225 | 2557.6 62325 | 21207 | 27439 1.8207° | 6.8565 4.50
639.68 | 2501.2 64023 | 21085 | 27487 1.8607 | 6.8212 5.00
66990 | 2567.4 670.56 | 20863 | 2756.8 | 1.9312 | 6.7600 6.00
696.44 | 25725 697.22 | 2066.3 | 2763.5 1.9922 | 6.7080 7.00
720.22 | 2576.8 721.11 | 2048.0 | 2769.1 | 2.0462 | 6.6628 8.00
741.83 | 2580.5 742.83 | 2031.1 | 2773.9 | 20946 | 6.6226 9.00
761,68 | 2583.6 762.8% | 20153 | 2778.1 | 2.1387 | 6.5863 10.0
843.16' [ 25%94.5 844.84 | 19473 | 27922 | 23150 | 6.4448 15.0
906.44 | 2600.3 908.79 | 1890.7 | 2799.5 | 2.4474 | 6.3405 200
959.41 | 2603.1 96211 1841.0 | 2803.1 | 2.5547 | 6.2575 25.0
1004.8 2604.1 1008.4 1795.7 | 2804.2 | 2.6457 | 6.1869 300
1045.4 2603.7 1049.8 17537 | 2803.4 | 27253 | 6.1253 35.0
1082.3 2602.3 | 10873 1714.1 | 28014 [ 2.7964 | 6.0701 40.0
i1162 2600.1 | 11219 1676.4 | 2798.3 | 2.8610 | 6.0199 45.0
1147.8 2597.1 1154.2 1640.1 | 2794.3 | 29202 | 59734 | 500
12054 2589.7 | 1213.4 1571.0 | 27843 [ 3.0267 | 5.8892 60.0
1257.6 2580.5 | 1267.0 1505.0 | 2772.1 | 3.1211 | 5.8133 70.0
1305.6 2569.8 | 1316.6 14413 | 2758.0 | 3.2068 | 57432 80.0
1350.5 2557.8 1363.3 1378.9 | 27421 | 3.2858 | 5.6772 90.0
1393.0 2544 .4 1407.6 1317.1 | 27247 | 33596 | 5.6141 100.
1433.7 2525.8 1450.1 12555 | 2705.6 | 34295 | 5.5527 | 110




495

Tables in Sf Units

(Continued)

HZO

Specific Volume Internal Eﬁergy Eathalpy Entropy
m’fkg kifkg kifkg Kl/kg K
Usat | sa | sa | s | sa | | sa | sa | sa
Press. | Temp. Liquid Vapaor Liquid Vapor Liquid Evap. Vapor | Liquid | Vapor | Press.
bar °C v X 10° v, Iy u, By A h, 5 5 bar
120, | 3248 | 15267 | 001426 | 1473.0 | 25137 | 14913 | 1193.6 | 26849 | 3.4962 | 5.4924 | 120.
130. 330.9 1.5671 0.01278 1511.1 2496.1 1531.5 11307 | 26622 | 3.5606 | 54323 | 130.
140. 336.8 1.6107 0.01149 1548.6 2476.8 | 15711 1066.5 | 2637.6 | 3.6232 | 53717 | 140,
150. 3422 1.6581 0.01034 1585.6 2455.5 | 16105 10000 | 2610.5 | 3.6848 | 53098 [ 150.

160. 347.4 1.7107 0.009306 | 1622.7 24317 | 1650.1 930.6 | 2580.6 | 3.7461 | 5.2455 | 160.
170. 352.4 1.7702 0.008364 | 16602 2405.0 | 1690.3 856.9 | 25472 | 3.807% | 5.1777 | t70.

180. 357.1 1.8367 0.007489 | 1698.9 23743 | 17320 777.1 | 25091 | 3.8715 | 5.1044 | 180
190 361.5 1.9243 0.006657 | 1739.9 2338.1 | 17765 688.0 | 2464.5 | 3.9388 | 5.0228 | 190.
200. 365.8 2.036 0.005834 | 1785.6 22930 | 18263 583.4 | 2409.7 | 4.013% | 49269 | 200
220.9 374.1 3.155 0.003155 | 2029.6 2029.6 | 20993 0 2099.3 | 4.4298 | 44298 | .220.9




H,0

Tables in 51 Units

Sat.
80
120

160
200
240

280
320
360

400
440
500

Sar.
100
120

160
200
240

280
320
360

400
440
500

Sat.
i20
160

200
240
280

320
360
400

440
500
600

Kikg Kikg K

> Properties of Superheated Water Vapor

5

8.3304
2.5804
87840

8.9693
9.1398
9.2982

9.4464
9.5859
9.7180

9.8435
9.9633

| 3489.1 | 10,4336

7.4797
7.534]
7.6375

7.8279
8.0012
8.1611

8.3162
8.4504
8.5828

8.7086
8.8286
8.9991

72233
72693
7.4665

7.6433
7.8052
7.9555

8.0964
8.2293

8.3555

8.4757
8.6466
8.9101

u h
m¥kg  ki/kg
p = 0.06 bar = 0.006 MPa
(T = 36.16°C)
2373¢ | 2425.0 [ 2567.4
27.132 | 24873 | 2650.1
30219 | 2544.7 | 2726.0
33302 | 26027 | 2802.5
36.383 | 2661.4 | 2879.7
39.462 | 2721.0 | 29578
42540 | 27815 | 3036.8
45.618 | 2843.0 | 3116.7
48.696 | 2905.5 | 3197.7
51774 | 2969.0 | 3279.6
54.851 | 30335 | 3362.6
50.467 | 3132.3
~ p =0.70 bar = 0.07 MPa
(T.n = 89.95C)
2.365 | 2494.5 | 2660.0
2,434 | 2509.7 | 2680.0
2571 | 25397 | 271196
2841 | 2599.4 | 2798.2
3.108 | 2659.1 | 2876.7
1374 | 27193 | 2955.5
3.640 | 2780.2 | 3035.0
3.905 | 2842.0 | 31153
4170 | 2904.6 | 31965
4434 | 20682 | 3278.6
4698 | 30329 | 33618
5095 | 3131.8 | 3488.5
C p= 1Sbar = 0.15MPa
(T = 111.37°C)
1159 | 2519.7 | 26936
1.188 | 25333 | 27114
1317 | 25952 | 2792.8
1444 | 26562 | 28729
1570 | 2717.2 | 2952.7
1.695 | 27786 | 30328
1.819 | 28406 | 3113.5
1.943 | 2903.5 | 3195.0
2067 | 29673 | 32774
2.191 | 30320 | 3360.7
2376 | 31312 | 34876
2.685 | 3301.7 | 3704.3

v
m¥kg

4.526

4.625
5.163

5.696
6.228
6.758

7.287
7.815
8.344

8.872
9.400

q96

u h 5
Kikg kikg Kikg K
p = 0.35 bar = 0,035 MPa
(T = T2.69C)
24730 | 26314 | 7.7158
24837 | 26456 | 7.7564
25424 | 27231 | 7.9644
2601.2 | 28006 | 8.1519
2660.4 | 28784 | 83237
27203 | 29568 | 8.4828
2780.9 | 30360 | 8.6314
28425 | 3116.1 | 87712
2005.1 | 3197.1 | 8.9034
29686 | 32792 | 9.0291
30332 | 3362.2 | 9.1490
31321 | 34888 | 93104

10.192

p=lObar=040MPa

(T = 99.63°C)
1694 | 2506.1 | 26755 | 7.3594
1.696 | 2506.7 | 26762 | 7.3614
1,793 | 2537.3 | 2716.6 | 7.4668
1.984 | 2597.8 | 27962 | 7.6597
2.172 | 2658.1 | 28753 | 7.8343
2359 | 2718.5 | 29545 | 7.9949
2546 | 2779.6 | 30342 | 8.1445
2732 | 2841.5 | 31146 | 82849
2917 | 2904.2 | 31959 | 84175
3.103 | 29679 | 32782 | 8.5435
3.288 | 30326 | 33614 | 86636
3.565 | 3131.6 | 3488.1 | 28342

0.606

0.651

0716
0.781
0.844

0.907
0.969
1.032

1.094
1187
1.341

. p=30bar=030MPa

(T =

133.55°C)

69919

7.1276

73115
74714
7.6299

77722
7.9061
8.0330

8.1538
8.3251
8.5892



Sat
180
200

240
280
320

360
400
440

500
600
700

Sat.
200
240

280
320
360

400
440
500

540
600
640

Sat.
240
280

320
360
400

440
500
540

600
640
700

v

03749 |

0.4045
0.4249

0.4646
0.5034
0.5416

0.5796
0.6173
0.6548

0.7109
0.8041

0.896%

p=10.0bar = [.0MPa

0.1944 |

0.2060
0.2275

0.2480
0.2678
0.2873

0.3066
0.3257-
0.3541

0.3729
0.4011

34775

0.4198

u

- [(Continued)
k

(T = 151.86°C)

2561.2
2609.7
2642.9

2707.6
27782
2834.7

2898.7
2963.2
3028.6

31284
32996

27487
2812.0
2855.4

29399
30229
3105.6

3183.4
32719
3356.0°

34839
37017

3925

(T = 179.91°C)

2583.6 |
26219
2692.9

2760.2
2826.1
2891.6

29573
3023.6
3124 4

31926
3296.8

33674

[ 2778.1
2827.9
2920.4

3008.2
30939
31789

3263.9
33493
34785

3565.6
3697.9
378712

s

mikg kiikg ki/kg  klkg-K
p = 5.0 bar = 0.50 MPa

6.8213
6.9656
7.0592

7.2307
7.3865
7.5308

7.6660
7.7938
7.9152

8.0873
8.3522

8.5952

65865

6.6940
6.8817

7.0465
7.1962
7.3349

7.4651
7.5883
17622

7.8720
8.0280
8.1290

p =200 bar = 2.0 MPa
(T = 212.42°C)

0.0996
0.1085
0.1200

0.1308
0.1411
0.1512

0.1611
0.1757
0.1853

0.1996
0.2091

2600.3

0.2232

3470.9

2659.6
2736.4

2807.9
2877.0
2945.2

30134
31162
3185.6

32909
33622

2799.5
2876.5
2976.4

3068.5
3159.3
32476

33355
3467.6
3556.1

3690.1
37804

39174

| 6.3409

6.4952
6.6828

6.8452
6.9917
71271

7.2540
74307
7.5434

7.7024
7.8035
7.9487

v

u h

5

m¥kg  klfkg  Kkg Kikg-K

p = 7.0 bar = 0.70 MPa

02729
0.2847
0.2999

0.3292
0.3574
0.3852

04126
0.4397
0.4667

0.5070
05738
0.6403

p=150bar = L5MPa
(T, = 198.32°C) -

0.1318

01325

0.1483

0.1627
0.1765
0.1899

0.2030
0.2160
0.2352

0.2478
0.2668

0.2793

p = 300 bar = 3.0MPa
(T, = 233.90°C)

0.0667 |

0.0682
0.0

0.0850
0.0923
0.0994

0.1062
0.1162
0.1227

0.1324
0.(338
0.1484

25725 | 2763.5
25998 | 2799.1
26348 | 2844.8

2701.8 | 29322
2766.9 | 3017.1
2831.3 | 31009

2895.8 | 3184.7
29609 | 32687
3026.6 | 33533

3126.8 | 34817
3298.5 | 3700.2

2594.5 | 27922
2598.1 | 2796.8
26769 | 2899.3

2748.6 | 29927
2817.1 | 30819
2884.4 | 3169.2

2951.3 | 32558
3018.5 | 33425
31203 | 3473.1

3189.1 | 3560.9
3293.9 | 3694.0

(T = 164.97°C)

| 3476.6 | 3924.8

2604.1 | 2804.2
26197 | 28243
2709.9 | 29413

2788.4 | 30434
28617 | 31387
29328 | 32309

3002.9 | 33215
3108.0 | 34565
31784 | 3546.6

3285.0 | 36823
3357.0 | 37735

3364.8 | 378338

34665 | 39117

6.7080
6.7880
6.8865

7.0641
72233
7.3697

7.5063
7.6350
7.7571

7.9269
8.1956
8.4391

6.4448
6.4546
6.6628

6.8381
6.9938
7.1363

7.2650
7.3940
7.5698

7.6805
7.8385
7.9391

6.1869

6.2265
6.4462

6.6245
6.7801
6.9212

7.0520
7.2338
73474

7.5085
7.6106
175710

Tables in §1 Units
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H,0
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Tables in 51 Units

Sat.
280
320

360
400
440

500
540
600

640
700
740

Sat.
320
360

400
440
480

520
560
600

640
700
740

Sat.
360
400

440
480
520

560
600
640

700
740

U
mkg

(Continued)

H
klfkg

k

Kifkg  klfkg K

b

p = 40 bar = 4.0 MPa
(T = 250.4°C)

0.04978
0.05546
0.06199

0.06738
0.07341
0.07872

0.08643
0.09145
0.09885

0.1037
0.1110
0.1157

© p—80ber=80MPa

0.02352
0.02682
0.03089

0.03432
0.03742
0.04034

0.04313
0.04582
0.04845

005102
0.05481

0.05729

P

0.01426
0.01811
0.02108

0.02355
0.02576
0.02781

0.02977
0.03164
0.03345

0.03610
0.03781

| 26023
2680.0
2767.4

2845.7
2919.9
2992.2

3099.5
3
3279.1

3351.8
3462.1
3536.6

2801.4
2901.8
3015.4

31172
3213.6
3307.1

34453
3536.9
3674.4

3766.6
3905.9

6.2568
6.4553

6.6215
6.7690
6.9041

7.0901

7.2056

7.3688
7.4720

7.6198

3999.6

(Te = 2
2569.8

2662.7
27727

2863.8
2946.7
3025.7

3102.7
3178.7
3254.4

3330.1
34439

95.06°C)

2877.2
3019.8

31383
3246.1
3348.4

34477
35453
3642.0

37383
38824

27580 | 5.

35204

3978.7 .

7.7141

= 20bar = 120 MPa
(Tq = 324.75°C)

25137
2678.4
2798.3

2896.1
2984.4
3068.0

3145.0
3228.7
33075

34352
3503.7

26849 |

28957
3051.3

3178.7
32935
3401.8

3506.2
36083
3705.0

3858.4

3957.4

5.836}1
6.0747

6.2586
6.4154
6.5555

6.6840
6.8037
6.9164

7.0749
7.1746

6.0701

54924

u

v h s
mikg  Kikg kilkg  Klkg K
p = 60 bar = 6.0 MPz
(T, = 275.64°C)

0.03244 | 25807 | 27843 | 5.8892
0.03317 | 26052 | 28042 | 5.9252
0.03876 | 27200 | 29526 | 6.1846
0.04331 | 2811.2 | 30711 | 63782
0.04739 | 2892.9 | 31772 | 6.5408
005122 | 20700 | 32773 | 6.6853
0.05665 | 30822 | 347222 | 6.8803
0.06015 | 31561 | 3517.0 | 69999
006525 | 3266.9 | 3658.4 | 7.1677
0.06859 | 33410 | 37526 | 7.2731
0.07352 | 3453.1 | 3894.1 | 7.4234
0.07677 | 3528.3 | 39892 | 75190

001803

0.01925
3.02331

0.02641
0.02911
0.03160

0.03394
0.03619
0.03837

0.04048
0.04358

0.04560

27247
27813
29621

3096.5
32132
33214

3425.1
3526.0
36253

37237
38705

3968.1

p=100bar = 100MPa
(T = 311.06°C)

56141

5.7103
6.0060

6.2120
6.3805
6.5282

6.6622
6.7864
6.9029

7.0134
7.1687

7.2670

p = 140 bar = 14.0 MPa
(T = 336.75°C)

0.01149

0.01422
0.01722

0.01954
002157
0.02343

0.02517
0.02683
0.02843

0.03075
0.03225

2476.8
2617.4
2760.9

2868.6
2962.5
3049.8

3133.6
32154
3296.0

34157

3495.2

26376
2816.5
3001.9

31422
3264.5
3377.8

3486.0
3591.1
3694.1

3846.2
3946.7

53717

5.6602
5.9448

6.1474
6.3143
6.4610

6.5941
6.7172
6.8326

6.9939
7.0952

5




Sat.
360
400

440
480
520

560
600

700
740

3at.
400
440

480
520
560

600
640
700

740
800

400
440
480

520
560
600

640
700
740

800
300

v
mikg

0.00931
0.01105
0.01426

0.01652
0.01842
0.02013

0.02172
0.02323
0.02467

0.02674

0.02808

0.00583

0.009%4
0.01222

0.013%9
0.0155t
0.01689

0.01818
0.01940
0.02113

0.02224
0.02385

_ p
0.00383

0.00712
0.00885

0.01020
0.01136
0.01241

0.01338
0.01473
0.01558

0.01680
0.01873

© . (Continued)

L

klkg

24317
2539.0
2719.4

28394
2939.7
3031.1

3117.8
3201.8
32842

3406.0

3486.7

22930 |
2619.3
27749

2891.2
2892.0
3085.2

31740
32602
3386.4

3469.3

3592.7

k

kifkg

5

ki/kg- K

p = 160 bar = 16.0 MPa
(T = 347.44°C)

25806
27158

2947.6

3103.7
3234.4
33533

34654
35735
3678.9

3833.9

30359

2400.7
2818.1
3019.4

3170.8
3302.2
3423.0

35376
3648.1
3809.0

39141

4069.7

5.2455
5.4614
58175

6.0429
62215
6.3752

6.5132
6.6399
6.7580

6.6224
7.0251

7 =200 bar = 200 MPa
(T = 365.81°C)

49269
5.5540
5.8450

6.0518
6.2218
6.3705

6.5048
0.6286
6.7993

6.5052

7.0544

= 280 bar = 28.0 MPa

2235
26132
2780.8

2906.8
3015.7
3115.6

32103
3346.1
34339

3563.1
377143

2330.7
2812.6
3028.5

31923
3333.7
3463.0

35848
3758.4
3870.0

4033.4
4298.8

4.7494
5.4494
5.7446

5.9566
6.1307
6.2823

6.4187
6.6029
6.7153

6.8720
7.1084

14
m’/kg

0.00749
0.00802
0.01190

0.01414
0.015%6
0.01757

0.01904
0.02042
0.02174

0.02362

H

h

5

. ktkg kitkg kikg-K
p = 180 bar == 18.0 MPa

2418.9
2672.8

2808.2
29159
3011.8

3101.7
3188.0
32723

33963

0.02483

0.00673
0.00929

0.01100
0.01241
0.01366

0.01481
0.01588
0.0173%

0.01835
0.01974

0.00236
0.00544
0.00722

0.00853
0.00963
0.01061

0.01150
0.01273
0.01350

0.01460
0.01633

2477.8
2700.6

2833.3
2950.5
30511

3145.2
3235.5
3366.4

34517

1980.4
2509.0
2718.1

2860.7
2979.0
3085.3

3184.5
33254
34159

3548.0
3762.7

23743

2500.1
2564.5
2887.0

3062.8
32032
3378.0

3444.4
3555.6
3663.6

382L.5

3925.0

“p = 240 bar = 24.0 MPa

26394
2923.4

31023
3248.5
3379.0

3500.7
3616.7
3783.8

3892.1

35780 | 40§1.6

2055.9
2683.0
2949.2

3287.2
3424.6

3552.5
3732.8
3847.8

4015.1
4285.1

(T = 357.06°C)

5.1044
5.1922
5.6887

5.9428
6.1345
6.2960

6.4392
6.5696
6.6905

6.8580

6.9623

5.2393
5.6506

5.8950
6.0842
6.2448

6.3875
6.5174
6.6947

6.8038

3133.7.

6.9567

p = 320bar = 2.0 MPa
43239

5.2327
5.5968

5.8357
6.0246
6.1858

6.3250
6.5203
6.6361

6.7966
7.0372

Tables in 8l Units
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THERMODYNAMICS
Doctoral Qualifying Examination, Janaary 2010

Mechanical Engineering, Columbia University

1. A reversible process in a steady flow of air with negligible kinetic and potential
energy changes is shown in Figure below. Indicate the change in enthalpy, and the
transfer of work and heat as positive, zero, or negative, explain reasons.

P T4

f

%

2. A turbojet engine operates in an ideal air-standard cycle as shown below. The
pressure and temperature at the compressor inlet are 90 kPa and 290 K. The pressure
ratio of the compressor is 14, and the turbine inlet temperature is 1500 K. The gas
leaves the nozzle and expands to 90 kPa.

a. Determine the pressure and temperature at the nozzle inlet, and the velocity
and Mach number at the nozzle exit.

b. Ifthe same cycle is to be used for a turboprop engine, where the turbine is
used to power both the compressor and the propeller. Assume the turbine exit
temperature is 900 K. Find the specific work of the propeller and the nozzle
exit velocity. :




THERMODYNAMICS

Doctoral Qualifying Examihation, J anuﬁry 2010
Mechanical Engineering, Columbia University

Problem 3 Derive the expression for mass flow rate through a sonic nozzle:

k+1 172

m=A¥R, 1 k[ 2 ]k-—l
O JRT, | \k+1

where 4 is the throat area, P, and Tp are upstream stagnation pressure and temperatures
and % is the specific heat ratio. Clearly list the assumptions that are made during the

derivation. Speed of sound for an ideal gas is VART .

Relevant Equations for Thermodynamics Problems:

k-1

. k k-1 iy
k
Isentropic relations for an Ideal Gas; [i] = [l] ' [E] = [—v-‘—] = (—]
: A Va I v, R/

U

A



Doctoral Qualifying Examination, January 2009
Mechanical Engineering, Columbia University : 4_7[ 31

- THERMODYNAMICS
Problem 1:

~ Consider a jet engine using liquid methane (CHy) as fuel with 300% theoretical dry air. The
‘methane enters the engine as saturated liquid at 1.4 MPa, while the air enters at 0.1 MPa and 298
K. Both have negligible entrance velocities. The products of combustion exit the engine at 0.1

~ MPa and 1000K, at an unknown velocity vp. Assume the engine is adiabatic. Determine the
following:

a) the balanced combustion equation for methane and 300% theoretical dry air.
b) the exit velocity of the combustion products in mefers/sec, vp.

NOTE:

. Ah H20(v} = =25 978 kJ/kgmole

o Ahcop=33 405 kJ/kgmole

o Al 02 reactant = 22,707 kJ/kgmole

e A N seactant = 21,460 kJ/kgmole

e Enthalpy of formation for liquid CH4 = 4/ cuuqy = -83,545 ki/kgmole

21 0f 24



Doctoral Qualifying Examination, January 2009 :
Mechanical Engineering, Columbia University ' LIL 3

THERMODYNAMICS
Problem 2:

You are given the following data about an actual gasoline engine assumed to operate on an air-
standard (use properties of air) cycle. The compression and expansion processes can be idealized
as polytropic with n=1.3 and 1.5 respectively. Air enters the engine at absolute temperature T,
degrees K. During compression the temperature rises to 2T,. During the constant volume heat
addition process, combustion adds enough heat to raise the temperature further to 7T,, followed
by expansion. After expansion the exhaust gases can be assumed to leave during a constant
volume process. We wish to carry out an energy balance of the cycle. Specifically, determine
what fraction of the heat supplied

a) ends up as useful work
b) ends up as heat lost from the walls and
c) ends up as increase in internal energy of air (and hence goes out the exhaust)

-Compare the efficiency of the above cycle to that of an ideal Otto cycle (both the compression
and expansion are isentropic) with the compression ratio of the above cycle.

TNidealotto = 1 — ( 1/(rk'1)) wﬁerc I = compression ratio

22 of 24



Doctoral Qualifying Examination, January 2009
Mechanical Engineering, Columbia University Hz3

THERMODYNAMICS
Problem 3:

a) Clearly identifying the assumptions involved, obtain the Tds relations
du=Tds-Pdv and dh=Tds+vdP.

. b) Define the Gibbs function g and the Helmoltz function, a. Hence obtain the Maxwell
- relations for a simple compressible substance

23 of 24



Doctoral Qualifying Examination, January 2009. -
- Mechanical Engineering, Columbia University

USEFUL EQUATIONS FOR THERMODYNAMICS QUESTIONS

Continuity:

dm_, . .
a2 2

I Law of Thermodynamics

dE : .
) o , . .
= QCV - WCV + Z mihmta[,i - Z meh[ora[ @
i e

dr
Qry +Zni(5}’ +Af_zl_ =W, +Zne(§}’ +Af7)e'
® 2

2 Iaw of Thermodynamics
S, =S = Ses, ~Ys, = X245,

Flow Availability (Exergy) Equation

WI - We = (hrbtal i hratal £ ) - To (Sr' - Ser' )

fotal

where 4, = .f‘fz+-;~v2 + gz

24 of 24



THERMODYNAMICS

Doctoral Qualifying ’Ekaminatibn, January 2008
Mechanical Engineering, Columbia University,

Problem 1 A combined power cycle couples two power cycles such that the energy

discharged by one cycle is used as energy input to the second cycle. A sketch of one such
combined gas turbine—vapor compression power plant is shown in Fig. 1. Air enters a
compressor at 0.1 MPa, 300 K (T}), where it is compressed isentropically, and exits at a
pressure of 1.3 MPa. The air passing through the combustor receives energy by heat
transfer at the rate of 50 MW with no significant drop in pressure. The temperature at the
exit of the combustor is 1580 K (73). Air expands isentropically in the turbine and exits
the turbine at 0.1 MPa. Only part of the work output of the turbine is used to run the
compressor. The air then passes through the heat exchanger where it transfers heat at
constant pressure to water from the exit of the pump. Air exhausts from the heat
exchanger at 0.1 MPa, 400 K (75). The steam cycle operates between pressures of 0.1
MPa and 0.01 MPa. The heat transfer in the heat exchanger and the condenser occur at
constant pressures. Steam enters the turbine at 0.1 MPa and 500 °C (7%). The exit from
~ the condenser is saturated liquid at 0.01 MPa. The isentropic efficiency of the turbine is
90 %. The pump in the steam cycle is isentropic. Answer the following questions:

Find 75, the temperature at the exit of the compressor in the air cycle.
Determine the mass flow rate in the air cycle, 7, . '
Determine 73, the temperature at the exit of the turbine in the air cycle.
Determine the power generated by the turbine and the power required to run the
compressor in the air cycle, W, .

Ealb i

5. Draw a T-s diagram of the vapor compression cycle and mark the points
corresponding to the points 6, 7, 8, and 9. Indicate the direction of the cycle.
Determine the enthalpies at 9 (exit from condenser), 6 (exit from pump), and 8
(exit from turbine).

6. Determine the mass flow rate in the vapor compression cycle, r, .

7. Determine the power generated by the turbine, W, and the power required to

vap ?
run the pump in the steam cycle, va
8. Determine the overall efficiency of the combined cycle.

Properties of air: C, = 1.004 kikg 'K ™'; R = 0.287 kJkg 'K .
Properties of water: @ 0.01 MPa, 2, = 191.81 kJkg™'. For rest of the properties of water

or steam, use the h-s diagram provided. Make sure you mark the points legibly on the h-s
diagram and return it with your answer sheet. Make reasonable assumptions for any other
values not provided. Air can be treated as an ideal gas with the above value of specific
heat.

571
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THERMODYNAMICS

Doctoral Qualifying Examination, January 2008
Mechanical Engineering, Columbia University,

Problem 2. Consider a jet engine using liquid methane (CHyg) as fuel with 300%
theoretical dry air. The methane enters the engine as saturated liquid at 1.4 MPa, while

the air enters at 0.1 MPa and 298 K. Both have negligible entrance velocities.

The

products of combustion exit the engine at 0.1 MPa and 1000K, at an unknown velocity
vp. Assume the engine is adiabatic. Determine the following:

(a).The balanced combustion equation for methane and 300% theoretical dry air.
(b). The exit velocity of the combustion products in meters/sec, vp.

NOTE:

Al 1oy = 25,978 kl/kgmole

Ah co2 = 33,405 ki/kgmole

Al 02.veactant = 22,707 kl/kgmole

AW 2 seacant = 21,460 kI/kgmole . |
Enthalpy of formation for liquid CH4 = & cuaqy = -83,545 ki/kgmole

Problem 3. A steam turbine receives superheated steam at 350 °C and 2 MPa and
exhausts to a pressure of 8 kPa. The isentropic efficiency of the turbine is 75%.

(a). Draw a control volume and list asSumi)tions
(b). What fraction of the flow exergy (availability) is produced as work by the turbine?
(c). What is the second law efficiency of the turbine?

Property Data for Problem #2

To=25°C; Po=101.3 kPa

State T (°C) P (kPa) h(kdkg) | s (kIkgK) X (Quality)
Turbine In | 350 2000 3136.6 6.9556 —
Turbine Out | 41.5 8 2176.2 6.9556 0.8335
(Isentropic) .
Turbine Out | 41.5 8 TBD TBD 0.9335
(Actual)



- Some Thermodynamics Equations:

Continuity:

dm,, ) .
PRPYLASYL

I’ Law of Thermodynamics

dE. . o . |
dt = QCV - WCV + Zmihmml.i - zmehroml‘e
i e

Ocy + 3 (004 8K) =W, +3 n, (k2 + AF),

P

2 Law of Thermodynamics

S, =8, = Zn&ese =Y s, = z%sge,,

Flow Availability (Exergy) Equation

w:' - We = (klami,r' - klam[,e )—_ To (Si - Sei )

Where #

total

1
=h+—v’ + gz
> &

o)



THERMODYNAMICS

Problem 1:

Liquid propane (C3;Hs) enters a combustion chamber at 25 deg C at a rate of 1.2 kg/min

Doctoral Qualifying Examination, January 2007
Mechanical Engineering, Columbia University

where it is mixed and burned with 150 percent excess air that enters the combustion

chamber at 12 deg C. Assume the combustion is complete and the exit temperature of the

combustion gases is 1200 K (927 deg C).

a. [2 points] Write the complete and balanced chemical equation for this reaction.
Note that dry air is assumed.
b. [3 points] Determine the mass flow rate of air in kg air/min. Show all relevant

equations and clearly state assumptions.

¢. [5 points] Determine the rate of heat transfer from the combustion chamber in

kJ/min. Show all relevant equations and clearly state assumptions.

You are given the following information for this problem:

e Molar mass of liquid propane is 44 kg/kmol
e Molar mass of air is 29 kg/kmol

Substance Ry (KI/kmol) | hygsx (kI/Kmol) | hyggy (KIKMOD) | Frppox
(kJ/kmol)
CsHg () -118,910
O 0 8296.5 8682 38,447
N, 0 8286.5 8669 36,777
H,0 (g) -241,820 9904 44,380
CO;, -393,520 9364 53,848

372
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Some Thérmodynamic Equations:

Continuity:

1% Law of Thermodynamics

dECV 2 r . N
dr = QCV - WCV + Zmihmm[.i - anehloml.e
i e

Ocr +ZNR(}T_? +A'7’—)R =Wy +ZNP(}—‘.; +APT)P
R P

2" Law of Thermodynamics

S, =5, :ZmPSP_ZmRSR 22%+Sgen
P R

N N5, =D N5, = 22 +S,,
7 R T
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THERMODYNAMICS
Doctoral Qualifying Examination, January 2007
Mechanical Engineering, Columbia University

Problem 2: Sketch the air-standard ideal Diesel cycle on T-s and P-v diagrams. Define the
compression ratio and the cutoff ratios for this cycle. Now obtain an expression for the cycle
efficiency in terms of these and the ratio of specific heats. '

Problem 3 Derive the expression for mass flow rate through a sonic nozzle:
k112

m:A*PO 1 & 2 k-1
RT k+1

[¢)

where A" is the throat area, P, and T} are upstream stagnaﬁon pressure and temperatures and k is
the specific heat ratio. Clearly list the assumptions that are made during the derivation. Speed of

sound for an ideal gas is VART .

Relevant Equations for Thermodynamics Problems:

k-1

k k-1 o

P Pk
Isentropic relations for an Ideal Gas: | =% | = R £ = A =|Z
B) \v) \5) R



- THERMODYNAMICS
Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University

Problem 1:

Consider a jet engine using liquid methane (CHy) as fuel with 300% theoretical dry air. The
methane enters the engine as saturated liquid at 1.4 MPa, while the E_iii‘ enters at 0.1 MPa and 298
K. Both have negligible entrance velocities. The products of comﬁaustion exit the engine at 0.1
MPa and 1000K, at an unknown velocity vp. Assume the engine is adiabatic. Determine the

following:

a. [3 points] the balanced combustion equation for methane and 300% theoretical
dry air.

b. [7 points] the exit velocity of the combustion products in mefers/sec, vp.

NOTE: ' ’7
o AR mow = 25,978 ki/kgmole ) NV
e Ah coz = 33,405 kJ/kgmole
° AE OZ"!reactant = 22,707 kJ/ kgmole
o Al N2 roctant = 21,460 kJ/kgmole
¢ Enthalpy of formation for liquid CH4 = E}) craq) = -83,545 kJ/kgmole

E {C0,)= -335500 KT/l ol

e /(OA‘:‘—_ZkIIQ?_G KJ—/JCV«Q‘
ST

20 0f22



THERMODYNAMICS
Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University

Problem 2:

A steam turbine receives superheated steam at 350 °C and 2 MPa and exhausts to a pressure of 8
kPa. The isentropic efficiency of the turbine is 75%.
a. [2 points] Draw a control volume and list assumptions

b. [4 points] What fraction of the flow exergy (availability) is produced as work by
the turbine?

c. [4 points] What is the second law efficiency of the turbine?

Property Data for Prbblem #2
To=25°C; Py=101.3 kPa

State T (°C) P (kPa) h (kJ/kg) s (W/kg K) x (Quality)
Turbine In 350 2000 3136.6 6.9556 —

Turbine Out | 41.5 8 2176.2 6.9556 0.8335
(Isentropic)

Turbine Out | 41.5 8 TBD TBD 0.9335
(Actual)

21 0f22



THERMODYNAMICS
Doctoral Qualifying Examination, January 2006
Mechanical Engineering, Columbia University

Problem 3:

" A device works in a steady thermodynamic cycle: it receives heat QO from the atmosphere at a
temperature To, and receives heat Q, at a temperature Ts. Simultaneously, the system rejects heat

QU at a temperature Ty. There are no other exchanges between the device and the surroundings.

a. [4 points] Express the first and second law of thermodynamics for a control
volume surrounding the device.

b. {6 points JAssuming Ts>Ty>T,, express the maximum theoretical value of QU as

a function of QS and the temperatures Ts, Ty, To.

Some Thermodynamics Equations:

Continuity:

dmc,_ - .
J “Zmi Zme

i ¢4

I Law of Thermodynamics

dE, . .. . .
d; = QCV - WCV + Z mr'hroml,t’ - Z m, hroral,e
i e

O +Zn,.(ﬁ}’ +Aﬁ)f =W,, +Zne(}7}’ +A}7)e
R P

2" Law of Thermodynamics

S2 —_Sl :Zmese —Zmisi =Z%+Sgen

Flow Availability (Exergy) Equation

v, v, = (hiarau',i - hloml,e )— To (Si - Sei)

Where A

total

L,
=h+—v +gz
5 &
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THERMODYAMICS
Doctoral Qualifying Examination, January 2005

Mechanical Engineering, Columbia University

(some useful relations are provided on the next page)
Problem 1. An insulated rigid tank is divided into two compartments by a partition. One
compartment contains 3 kmol of O2, and the other compartment contains 5 kmol of CO2.
Both gases are initially at 25 °C and 200 kPa. Now the partition is removed, and the two
gases are allowed to mix. Assuming the surroundings are at 25 °C and both gases behave
as ideal gases, determine:

(a). the entropy change, AS.

(b). the irreversibility, I, associated with this process.

(c). is this process actually possible? Why?

Problem 2. A gas-turbine cycle (Brayton cycle) shown below in Figure 1.0 is used the
basis for an automotive engine. In the first turbine, the gas expands to pressure Ps, just
low enough for this turbine to drive the compressor. The gas is then expanded through
the second turbine connected to the drive wheels. The data for the engine are shown in
the figure. Assume that all processes are ideal. NOTE: C; i = 1.004 kJ/kg K;; isentropic
coefficient, k =1.4 for air. ‘ )

(a). Draw T-s and P-v diagram; label processes 1-7 on diagram.
(b). Determine the intermediate pressure Ps.

(¢). Determine the net specific work output of the engine.

(d). Find the air temperature, T3, entering the burner.

(e). Calculate the thermal efficiency of the engine.

Exhaust . J
*—i———vwvw
Regenerator

PANAAANANS c{; m| Bumer
Air Intaki
. Power
Compressor * Turbine Turbine
Weompressor V‘u’,,,g =150 kW
P; = 100 kPa PdlP1= 6.0
T; =300 K . P; =100 kPa

- Ta=1600 K

Figure 1.0 Gas Turbine Cycle for Problem # 2

Problem 3 Clearly identifying the assumptions involved, obtain the Tds relations:
du=Tds-Pdv and dh=Tds+vdP.

Define the Gibbs function g and the Helmoltz function, a. Hence obtain the Maxwell
relations for a simple compressible substance.
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Some Thermodynamics Equations:

Continuity:
dm

d;' = }J;n'zi ~§n’ze

I Law of Thermodynamics

e, . . , ‘ .
Jt =0y —Wer + Zm:'hrara!,i - Z M, Pt o

2" Law of Thermodynamics
. . -0 .
S, =S8, = Zmese —Zm,.s,. = 2F+Sgen

Mixture Formulas

T, P T,
f * > s

© Where R~ 8.314 kJ/kmolK and ‘i’ is the “i-th” component of the mixture.

Yi =
' n

mixtire

Isentropic Relations

kf(k-1)
E_|L
BoAL




Thermodynamics Qualifying Exam (January 2004)
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Critical Point Data _ Triple Point Data
Water: 374.14 C, 22.09 MPa, 0.00316 m’/kg 0.01 C,0.6113 kPa
Nitrogen:  -126.2 K, 3.39 MPa, 0.00321 m*/kg 210 C, 12.53 kPa
Ideal Gas Properties at 25C. '
Gas Mol Wt R kI/kgK ¢, kl/kgK ey kI/kgK epfey =k
Air 29 0.287 1.004 0717 1.400
Steam 18 0.4615 1.872° 1410 1.327
Nitrogen 28 0.297 1.042 0.745 1.400
Problem 1: A 2 mi tall cylinder has very fine holes in the bottom as shown in the Figure below. The holes

- are covered with a water-tight lid. The cylinder is initially filled with liquid water 1 m high, on top of
which is [ m high air column. The air column is initially at atmospheric pressure of 100 kPa. When the
lid is suddenly removed liquid water begins to emerge out of the holes as the water pressure near the
holes is higher than the ambient pressure of 100 kPa. The holes are so fine that they do not allow air
bubbles from the outside to rise through the water column. At what water column height do you expect
the flow of water to stop? If you think the entire water column will flow out, you need to prove this result.
Assume a slow process with constant T at 27 C. Assume density of water=1000 kg/m3 and g=10 m/sec2.

\}é’\‘J ﬁp’\v‘e

allow H,0 sul bl \QKW/

’T\O oY W

(O{,’ ro.g‘fs‘kf”be s128)

Problem 2: Two rigid tanks, shown below, each contain 10 kg of N2 gas at 1000 K, 500 kPa. They are
now thermally connected to a reversible heat pump, which heats one and cools the other with no heat
transfer from either tank to the surroundings. When one tank is heated to 1500 K the process stops. Find
the final (P, T) in both tanks and the work input to the heat pump, assuming constant heat capacitics.
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Thermodynamics-

Problem 3. Two alternative systems are under consideration for bringing a stream of air from 17
to 52°C at an essentially constant pressure of 1 bar (1 atm):

System 1: The air temperature is increased as a consequence of the stirring of a liquid
surrounding the line carrying the air. (see Figure 1 below)

System 2: The air tempefatu.re is increased by passing it through one side of a
counterflow heat exchanger. On the other side, steam condenses at a pressure of 1 bar from
saturated vapor to saturated liquid. (see Figure 2 below) '

Assume: both systems operate at steady state; all kinetic and potential energy effects can be
“ignored and no significant heat transfer with the surroundings occurs.

For each of the two systems:

(a) Calculate the rate of entropy production, in kJ/K per kg of air passing through System
1 and System 2. LIST ALL ASSUMPTIONS and JUSTIFY where necessary.

-(b) Based on your answers to part (a) is the process possible for System 17 System 27
Justify your answers. (Brief statements are accepted)

(¢) Based on your answers to part (a) which system is better thermodynamically. Why?

"Relevant Data:

s%(T, = 325K) = 1.78249 kJ/kgK; $°(T; = 290K) = 1.66802 kJ/kgK
At 1 bar: sq = 1.3026 kl/kgK; 53=7.3594 kJ/kgK
h; =290.16 kl/kg; hy = 325.31 kJ/kg; hy=2675.5 kl/kg; hy = 417.46 kl/kg

Viscous Fluid

Airin 17'°<':,——+ | - -
1 ?ar Air out @ 52°C,
1 2 1 bar -

System 1

Figure 1 System 1 Schematic




SN

Safurated Liquid
Water @ 1 bar

4
-— —-—
Air in @ 17°C, Air out @ 52°C,
. 1bar + T~ 1 bar
1 ’ 2
-—
Systemn 2
3 T
Saturated Water

Vapor @ 1 bar
Figure 2 System 2 Schematic

Problem 4  Three SSSF (Steady State Steady Flow) flows are mixed in an adiabatic chamber
at 150 kPa. The characteristics of each flow are given as:

Flow 1: O; mdot = 2 kg/sec; T1(O;) = 340 K at 150 kPa; C, = 0.922 ki/kgK;
mass fraction =yg; = 0.2285; O, gas constant: Rgp = 0.2598 kJ/kgK

Flow 2: Ny; mdot = 4 kg/sec; T (N2) =280 K at 150 kPa; C, = 1.042 kl/kgK
mass fraction =yn2 = 0.5223; N, gas constant: Rya = 0.2969 kJ/kgK

Flow 3: COg; mdot = 3 kg/sec; T1(CO,) =310 K at 150 kPa; C, = 0.842 kJ/kgK
‘ mass fraction =ycg= 0.2493; CO; gas constant: Reo, = 0.1889 kl/kgK

NOTE: State ‘1° represents the inlet to the adiabatic chamber and state ‘2’ represents the outlet.

For this set-up: »
(a) Draw a control volume. List your assumptions and JUSTIFY (briefly)
(b) Find the exit temperature T; (K)
(c) Find the rate of entropy generation S’gm (kW/K) in the process.
{d) Is this process (3 SSSF flows mixing in the adiabatic chamber as described above)

possible? Justify answer _
(e) Calculate the irreversibility of the process if the environment is at T, = 25 °C.
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