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Figure 3.2: Sketch of experiment in which heat 15 added 1sobarically to water in a closed
piston-cylinder arrangement.
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Triple point: P = 611.7 N/m?; T = 0.01°C

Critical point: P= 220.64 x 10° N/m2; T = 374°C

Normal boiling point: 100°C; Normal freezing point: 0°C (1 atm) m
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Comparison of ideal and van der Waals gas
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van der Waals Equation

RT a

P =
V—b V2

e The parameter b is related to the size of each molecule. The
volume that the molecules have to move around in is not just
the volume of the container ¥, but is reduced to (V-b ).

e The parameter a is related to intermolecular attractive force
between the molecules, and 1/V is the density of molecules. The
net effect of the intermolecular attractive force is to reduce the
pressure for a given volume and temperature.

e When the density of the gas is low (i.e., when 1/V issmall and b

is small compared to V) the van der Waals equation reduces to
that of the ideal gas law.
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van der Waals Constants

Substance a b P, T,
(3 m3/mole2) | (m3/mole) | (MPa) (K)

Air 1.1358 3.64x10-> 3.77 133
Carbon Dioxide (CO,) | 1.3643 4.27x10-> 7.39 304.2
Nitrogen (N,) 1.1361 3.85x105 [3.39 |126.2
Hydrogen (H,) 1.0247 1 2.65x107> 1.30 33.2
Water (H50) 1.5507 3.04x105 22.09 647.3
Ammonia (NH5) 1.4233 3.73x10-> 11.28 406
Helium (He) 1.00341 2.34x10-> 0.23 5.2
Freon (CCI,F,) 1.0780 9.98x10> 4.12 385

Observe that inert gases like Helium have a low value of a as one would expect since
such gases do not interact very strongly, and that large molecules like Freon have

large values of b.
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Fig. 26.2 Isotherms of the van der Waals gas. Isotherms towards to the top right of the graph correspond to higher temperatures.
The dashed line shows the region in which liquid and vapour are in equilibrinm (see the end of Section 26.1). The thick line is
the critical isotherm and the dot marks the eritical point.
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An isotherm of the van der Waals equation forT < Tc.
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van der Waals Equation

12

(P + ) (V —b) = BT (21)
where [P = Pressure of the fluid
V' = Volume of the contaimner for containing one mole the
flud
a = correction term for pressure to account for the nter-
molecular forces of attraction
b = correction term for voiame to account for the volume
of molecules
R = Universal gas constant
1" = Absolute temperature.

Eqn.(2.1) can be written as

po 2:2)



At the critical conditions (7T, F., V)

0P __
- = 0 2.3¢
( 0 1) T. 2

2P __
= 0 2.3b
(mr’? ) T (2.3b)
Taking derivative of Eqn.(2.2) with respect to V' at constant 7', 1.e.,
P —RT 2a
AT 7 — T 5 + 13 (2.4)
ov ), (V—=0D) V

Using Eqn.(2.3a), Eqn.(2.4) becomes.

—RT, 2.
V- T (25)

Taking second derivative of Eqn.(2.2) with respect to V' at constant 7" and
using using Eqn.(2.3b)

2RT Ga
SR —— 2.6
Vo—up v (26)
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From Eqn.(2.5),

— 2.7
AR -
From Eqn.(2.6),
Gf-;. _ %RTC (2.8)
Vi (V.—1b)?
Using Eqns.(2.7) and (2.8), we get
V.
h = —= 2.9
= 2.9
Substituting for b from Eqn.(2.9) i (2.7)
—RT. N 2a 0
)2 3
(Vo—%) Ve
l.e.,
HTC_ B 2a
A/oVE V2
o1IvIng,
9 __
a= QR'TJ‘; (2.10)

—



Substituting for @ and b from Equns.(2.10) and (2.9) in Eqn.(2.2), and at
critical conditions.

RT. 9/8RT.V.
V.—-V./3 12
3RT. 9RT,
2V, 8V,

P. =

1.e..
3 RT,
pP=—-—"
8 P,
oIVINg,
3 AT,
Vo= ot (2.11)
Using Eqn.(2.11) in Eqns.(2.9) and (2.10), we get
27 R*T7?
S ¢ 2.12
T (212
and
RT, o 1
h = 3P, (2.13)




2.1.2 Derivation for ¢ and b/ in another way
van der Waals equation 1s given as

a

V2

(P+ )WHJQZRT
Expanding the equation and rearranging, we get the following cubic equation
for V.

RT a ab

VA3 bt = | VP = —— =0 (2.14)

P P P
Being a cubic equation. 1t has three roots for V.. At 1" = T., all the three
roots merge mto one. L.e., V.. Le.,

Expanding the above.

V-3V V2 4 3V2V — V2 =0 (2.15)



Comparing the coeflicients of Eqns.(2.14) and (2.15), at T, and F., we get

RT,

3V, = -

. )+ 2
V2 = =
C PC
1h
vy o= 2
C PC

Eliminating P, from Equs.(2.17) and (2.18), we get
p =28
h = —=
3
Substituting for V. using Eqn.(2.19), in Equn.(2.16), we get,

RT.

9 =1
) ) + Pg_

l.e.,

(2.16)
(2.17)

(2.18)

(2.19)

(2.20)



Substituting for V. using Eqn.(2.19), in Eqn.(2.17), we get

a
3 x (3b)? = —
(3b) P
1.e..
a
276 = —
P.
Using Eqn.(2.20) in above equation. we get.,
27 RT?
a=—
64 P,

(2.21)

(2.22)
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Redlich-Kwong Equation

RT a

P=v—- TYVV(V +b)

0.42748 12725
(o = iy
P

i

b = 0.08664

LR
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Berthelot Equation

RT a
P= V—b TV2
o~ 27 I?ETE'
T 61 P
RT.
h = -
8P,



Dieterici Equation

BT —a
P = v_p P <R TF)

AR
T Ple(2)
g RT.
}:
P.exp(2)






26.2 The Dieterici equation

The van der Waals equation of state can be written in the form

P = Prepulsive ~+ Pattractive: (2531}

where the first term is a repulsive hard sphere interaction

RT

Prepulsive = 777 26.32
p pul 1 _ E‘-‘ [: }

which is an ideal-gas-like term but with the denominator being the vol-
ume available to gas molecules, namely that of the container V' minnus

Blundell - Concepts in Thermal Ftwsics.pdf



that of the molecules, b. The second term is the attractive interaction

i1
Pattractive = _ﬁ {2633)

There have been other attempts to model non-ideal gases. In the Berth-
elot equation, the attractive force is made temperature-dependent by

writing .
Pattractive = _m {2634)

Another approach is due to Dieterici,> who in 1899 proposed an alter-
native equation of state in which he wrote theai

a
P = Prepulsive €XP (_ RTTrr) ; {2635)

and using eqn 26.32 this leads to

- a B T
p(lm — b]l = RT exp (—m) g {263‘3)

which is the Dieterici equation, here written in terms of the molar vol-
ume. The constant a is, again, a parameter which controls the strength
of attractive interactions. Isotherms of the Dieterici equation of state are
shown in Fig. 26.7; they are similar to the ones for the van der Waals gas
(Fig. 26.2), showing a very sudden increase in pressure as V' approaches

b.

2Conrad Dieteriei (1858-1929)

Py




The critical point can be identified for this model by evaluating

Pp\ _[(dp\ _ .

and this yields (after a little alzebra)

a a
T = ——. e = =i, Ve =2b, 26.38
aRb PeT g (26.38)

for the critical temperature, pressure and volume, and hence
RT, &2

= 0.271. (26.39)



26.3 Virial expansion

Another method to model real gases is to take the ideal gas equation and
modify it using a power series in 1/Vy, (where V4, is the molar volume).
This leads to the following virial expansion:

p-ﬁn . B J

— 14 2
RT VL V2

T (26.40)

In this equation, the parameters B. C', etc. are called virial coetficients
and can be made to be temperature dependent (so that we will denote
them by B(I') and C'(T")). The temperature at which the virial coeffi-
cient B(1") goes to zero is called the Boyle temperature 1p since it is
the temperature at which Boyle's law is approximately obeyed (neglect-
ing the higher-order virial coefficients), as shown in Fig. 26.8.



26.4 The law of corresponding states

For different substances, the size of the molecules (which controls b in
the van der Waals model) and the strength of the intermolecular inter-
actions (which controls a in the van der Waals model) will vary, and
hence their phase diagrams will be different. For example, the critical
temperatures and pressures for different gases are different. However,
the phase diagram of substancez should be the same when plotted in
reduced coordinates, which cae e obtained by dividing a quantity
by its value at the critical point. Heonce, if we replace the quantities
p.V,T by their reduced coordinates .V, 7" defined by

. P -V = T -
- =, V= —, T=—. 26.61
P Pe Tf"c . Tc . ( }
then phase diagrams of materials which are not wholly different from
one another should lie on top of each other. This is called the law of
corresponding states.



Virial Equation

Z2=14+B' P+ P4 D' P
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Corresponding State Principle
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Z = f(1;.F))

To improve the accuracy of pioperty predictions, Pitzer
and coworkers introduced the acentric factor w as a third
correlating parameter.

7 =7NT,..P)+wZY(T,, P

w = - l‘--’Hm P_],, \Tr:u.? —1



l‘::"-‘gl I}(P vp,rli';)

—4.0

Ar, Kr, & Xe
(@=0.0) -

L0 -
(0 = 0.344)
EtOH |
(0= 0.635)

w =—log,,(P,, |r—o7) =1




The Lee/Kesler Generalized Correlation for the Compressibilty Factor

7°
Tr (Pr— 0.01 0.05 0.10 0.20 0.40 0.60 0.80 1.00
v

0.30 0.0029| 0.0145| 0.0290| 0.0579| 0.1158| 0.1737| 0.2315 0.2892
0.35 0.0026| 0.0130] 0.0267| 00522 0.1043| 0.1564| 0.2084 0.2604
0.40 0.0024| 0.0719| 0.0239| 0.0477| 0.0953| 0.1428| 0.1904 0.2379
0.45 0.0022| 0.0110| 0.0221: 0.0442| 0.0882| 0.1322| 0.1762 0.2200
0.50 0.0021| 00703 0.0207| ¢.0413] 0.0825| 0.1236| 0.1647 0.2056
0.55 0.9804| 00098 00195 00320, 00778 0.1166| 0.1553 0.1939
0.60 0.9849| 0.0093| 00186 00371 00747 0.1109| 0.1476 0.1842
0.65 0.9881 09377 0.0178| 0.0356| 00710 0.1063| 0.1415 0.1765
0.70 0.9904 0.9504 0.8958| 0.0344| 0.0687| 0.1027| 0.1366 0.1703
0.75 0.9922 0.9598| 0.9165| 0.0336| 00670 0.1007| 0.1330 0.1656
0.80 0.9935| 09669 09319 0.8539| 0.0667| 0.0985| 0.1307 0.1626
0.85 0.9946| 09725 0.9436] 0.8810] 0.0661| 0.0983| 0.1301 0.1614
0.90 0.9954 09768 0.9528| 0.9015| 0.7800| 0.71006| 0.1321 0.1630
0.83 0.9959| 0.9790 0.9573| 09115 0.8058| 06635 0.1359 0.1664




Specific Volume, m'/kg

Steam Tables

Internal Energy, kJ/kg

Enthalpy, kJ/kg

Entropy, kJ/kg

Temp. Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat.

“C kPa, MPa Liquid Vapor Liquid Evap. Vapor Liquid Evap. Vapor Liquid Evap.

T P Yr Ve s Uy He h, hy, h, Sy Sre
0.0ITP 0.6113 0.001000 206.132 0.00 2375.3 23753 0.00 2501.3 2501.3 0.0000 9.1562
5 0.8721 0.001000 147.118 2097 2361.3 23822 20.98 2489.6 2510.5 0.0761 3.9496
10 1.2276 0.001000 106.377 41.99 2347.2 2389.2 41.99 2477.7 2519.7 0.1510 8.7498
15 1.7051 0.001001 77.925 62.98 2333.1 2396.0 62.98 24659 2528.9 0.2245 8.5569
20 2.3385 0.001002 57.790 83.94 2319.0 24029 83.94 2454.1 2538.1 0.2966 8.3706
25 3.1691 0.001003 43.359 104.86 23049 2409.8 104.87 24423 2547.2 0.3673 8.1905
30 4.2461 0.001004 32.893 125.77 22202 2416.6 125.77 2430.5 2556.2 0.4369 8.0164
35 5.6280 0.001006 25.216 146.65 2276.7 2423.4 146.66 2418.6 2565.3 0.5052 7.8478
40 7.3837 0.001008 19.523 167.53 2262.6 24201 167.54 2406.7 25743 0.5724 7.6845
75 38.578 0.001026 -~ 4.131 313.87 2162.0 2475.9 313.91 23214 2635.3 1.0154 6.6670
80 47.390 0.001029 3.407 334.84 21474 2482.2 334.88 2308.8 2643.7 1.0752 6.5369
85 57.834 0.001032 2.828 355.82 2132.6 2488.4 355.88 2296.0 2651.9 1.1342 6.4102
90 70.139 0.001036 2.361 376.82 2117.7 2494.5 376.90 2283.2 2660.1 1.1924 6.2866
95 84.554 0.001040 1.982 397.86 2102.7 2500.6 397.94 2270.2 2668.1 1.2500 6.1659
100 0.10135 0.001044 1.6729 41891 2087.6 2506.5 419.02  2257.0 2676.0 1.3068 6.0480
580 145%6  wwvioss  LOUIV/YT 157026 w943 24045 159415 10279 26220  3.6593  1.6763
350 16.514 0.001740 0.008813 1641.81 776.6 24184 1670.54 893.4 2563.9 3.7776 1.4336
360 18.651 0.001892 0.006945 1725.19 626.3 2351.5 1760.48 720.5 2481.0 . 3.9146 1.1379
370 21.028 0.002213 0.004926 1843.84 384.7 2228.5 1890.37 441.8 2332.1 4.1104 0.6868

374.1CP22.089 0.003155 0.003155 2029.58 0 2029.6 2099.26 0 2099.3 4.4297 0

SOF7



Single-phase tables

FABLE AN Superheated Vapor Water (51 Units)
P=10kPa (45.81) P=50kPa (81.33)
T v i h 5 v u h [
Sat. 14.674 24379 2584.6 2. 1501 3.240 248318 264549 7.593
50 14 869 24439 2592 .6 5.1749 — — —
100 17.196 25155 26R7T.5 84479 3418 2511.6 2682.5 7.694
150 19.513 2587.9 2783.0 B.6BEI 3.889 2585.6 27801 7.240
200 21.825 2661.3 28795 R.9037 4.356 2659.8 2877.6 B.157
250 24.136 2736.0 29773 Q.1002 4821 2735.0 2976.0 R 355
ETH 26.445 2812.1 3076.5 27812 5.284 2811.3 3075.5 R8.537
IABLE A L45] Compressed Liguid Water (51 Units)
P =500 MPa {263.99) P = 10.00MPa (311.06)
r v u [ 5 v u h s
Sat. 012859 1147.78 115421 2.9201 0014524 1393.00 1407.53 335
1) 0009977 0.03 5.02 0.0001 0009952 0.10 1H0.05 0.0
20 0009995 83.64 RE.64 0.2955 0009972 ®3.35 93,32 0,29
40 LO010056 166.93 171.95 0.5705 0010034 166.33 1 76.36 0.561
60 0010149 250.21 255.28 (.8284 0010127 249 34 259.47 0.82:
80 0010268 333.69 338.83 1.0719 0010245 332.56 342 81 106!
1O AN RA TN 417 &0 a7 7 1IN0 DNOARS 41609 426 .48 1.2
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F-v diagram for water
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I-v diagram for water
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Two kilograms of water at 25°C are placed in a piston cylinder device
under 3.2 MPa pressure as shown in the diagram (State (1)). Heat is
added to the water at constant pressure until the temperature of the
fluid reaches 350°C (State (2)). Determine the final volume of the
fluid at state (2).

2 kg water
at25°C

Heat ((J)

http://www.ohio.edu/mechanical/thermo/Intro/Chapt.1_6/Chapter2a.htmi
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In this example since the pressure is known (3.2 MPa) and remains constant
throughout the process, we find it convenient to draw a P-v diagram indicating
the process (1) - (2) as follows.

Pi

Fer
2OWPa

ciifical
point

16 SMPa

Pressure

3IMPa

3 2kPa

Superheat Eegion

Teat@3 "MPa

(Juality Eeglon

25°C

specific volume V27 m




P=3.0 MPa (233.9°C) P=3.5 MPa (242.6°C)
Ternp || volume | energy |lenthalpy | entropy volume | energy |enthalpy| entropy
o0 | 3ikg) akIke) hikdike) skdikg K | [im3/ke) plkdikeg) hikdfkg) E(ldikg KO
aat. | 0.0667| 2603.2| 2803.7 6.186 0.0571| 2602.9| 28026 6124
250 || 0.0706| 2644.7| 2856.5 6.289 0.058%| 2624.0| 28297 6176
300 | 0.0812[2750.8[ 29943 6.541 0.0685(2738.8[ 29784 6448
350 | 0.0906[ 2844 4[ 3116.1 6.745 00762 28360 31048 6660
400 || 0.0994[29335[ 32317 6223 0.0846( 2927 2[ 32232 £.843
450 || 01079 3021.2] 3344.8] 7088/ o0o0920[30161]33380[ 7.007
s00 | 0.1162|3108.6| 3457.2| 7.236|| 00992[31045( 34516 7159
500 || 0.1325(3285.5| 36828 7.510 0.1133|32825| 36789 7436
700 | 0.1484]3467.0] 39122  7.759 0.1270[ 3464 7[ 39093 7635
200 || 0.1642[36543[ 41469 7989 0.1406[ 38525 4144.6] 7916
200 || 0.1799[ 3847 9[ 4387 5 8.203 0.1541[ 38464 43857 2.130
1000 || 0.1955| 40477 | 46341 8,405 0.1675| 40464 | 4632.7 8332

http:/Amwww.o hio.edu/mechanical/thermo/property tables/H20/H20O Super3.html| (18-Aug-2012)
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We find that we need to interpolate between pressure P = 3.0 MPa and
P = 3.5 MPa in order to determine the specific volume at the required
pressure of 3.2 MPa as follows:

Superheat Vapor Tables
P 30 3z 35 | MPa
Tsat | 2339°C | 2374°C | 2426°C
v @ 350°C | 00906 0085 00768 |m3/ke

(Toet =233.9)C _(3.2-2.0)MPa _
(2426 -233.9°C  (3.5-3.0)MBa
= Ty =2374°C

-

(00906 ~v7) [m” /kg] _ (3.2-3.0) MPa o4
(0.0906 —-0.0768) [m~ / kg] (3.5-3.0)MPa

— v, =0085 [m" / kg]

Vo =m.vo => 0170 [m°]

_Fﬂ',



From the corresponding state principle by considering Z as a function
of (T,, P,) estimate the volume of 1 kmol of oxygen at 200 K and 6 x

10° N/m?. (P, =5.05 x 10° N/m?; T, = 155 K). Z values for various T,
P.are as given below:

T, P> 0.8 1.0 1.2 1.5
1.17 0.7649 | 0.6880 | 0.5984 | 0.4580
1.2 0.833C | 0.7858 | 0.7363 | 0.6605
1.3 0.8764 | 0.2438 | 0.8111 | 0.7624
1.4 0.0062 | 0.8827 | 0.8595 | 0.8256
1.5 0.9278 | 0.9103 | 0.8933 | 0.8689

First by considering the interpolation at fixed values of Pr,
get Z; then at fixed Tr value get the Z.

That way, you will get Z as 0.807

SSY2



