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Chapter 6
Thermodynamic Properties of fluids
Assoc. Prof. Kanyarat Holasut
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6.2 Residual Properties

» The definition for the generic residual property is:

M = the Residual
Molar gas
properties which

M =M-M*

M is the actual
molar value of
any extensive

Mg = the ideal
gas properties
which are at the

are at the same thermodynami same
temperature and cs property: V, temperature and
pressure. U, H,S,G. pressure.
Ca
L4
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* The fundamental property relation for residual
properties applies to fluids of constant composition.
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)—V—dp— H ir (642)

} ...(6.44)

Thermodynamic problems

T=300"C T=1 T=-20°C .
P=5MPa P=1MPa P=1MPa |

F(T,P) or F(T,V)

U H S G
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» Residual Gibbs energy:

Gt =G-G*

* Residual volume:

yr—y_yie_y BT [PV=zRT
P

RT
vR=""(z-1 ..(6.40)
)
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From Eq.(6.42), d(%J:Z—Tﬂ’ (const T)

) v Bl ) e
Then integrate, .

R R
(G +J.P—dP:J'P(Z—1)£...(6.45) G
RT )., JoRT 0 P RT

Diff (6.45) putinto (6.44) 1 -*'._"""'r’,"'- (6.44)

So, l =T I‘:[%l d—:...(6.46)

Put (6.45) and (6.46) into (6.47)

SR HR GR
From —=—-— ...(6.47,
RT RT RT ( )

s* »(0Z) dP » dp
So, ?:_TJ"[?T)P?_I"(Z_D? (const T) ...(6.48)
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Enthalpy and Entropy from Residual Properties

GRZGLGE - - coacs i 3 S
Applied to Hand S; H=H"+H" S=85*+S8"

Integration of Eq.(6.23)and(6.24);

H*=H?+[CHT % =SF+|ChdT - Rln%

0

Substitution; H =HP+[CsdT+H" ...(6.50)

S =8+ [car-Rin L+ 5 . (651)

0
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Calculate H and S of saturated isobutane vapor
at 630 K from the following information:

Table 6.1 gives compressibility-factor data

2. The vapor pressure of isobutane at 630 K
15.46 bar

3. Set H,9=18,115 Jmol' and S,¢ = 295.976
JmoI'*OK'1 for the ideal-gas reference state at
300 K 1 bar

4. C,9R =1.7765+33.037x10°T

N
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Egs. ( )and | ) are used to calculate HR and SR.
A 'P 'P
IP oz dp J‘P Z-1 ap
o\oT ), P g P

Plot (6Z/6T)/P and (Z-1)/P vs. P

From the compressibility-factor data at 360 K — (Z-1)/P
The slope of a plot of Z vs. T — (0Z/0T)e/P

Data for the required plots are shown in Table 6.2.
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H*=H!+(C,) (T-T,)+H" --(6.52)

) T P
§“=8+(C,) In——Rln—+S" ...(6.53
(), i RInp 8" (653)

TC;"dT
(c,) 5“7—>@:A+BTM+£(4T;‘—T‘T2)+L
" T-T R 3 TT,
t o dT
Ccr—
PR i S )
Pls ln (Tz /T ) R Im am™ Im

=A+BT +T,T, [C+L}

(rT.y

The true worth of the Eq. for ideal gases is now evident.
They are important because they provide a convenient base

for the calculation of real-gas properties.
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Table 6.1: Compressibility Factors Z for Isobutane

P/bar 340K 350K 360 K 370K 380 K

0.10  0.99700 0.99719 0.99737 0.99753 0.99767
0.50 098745 0.98830 0.98007 0.98977 0.99040
2 095895 0.96206 0.96483 0.96730 0.96953
4 0.92422  0.93069 0.93635 0.94132 0.94574
6 0.88742 0.89816 0.90734 0.91529 0.92223
8 0.84575 0.86218 0.87586 0.88745 0.89743
10 0.79659 0.82117 0.84077 0.85695 0.87061

12 s 0.77310  0.80103 0.82315 0.84134
14 e e 075506  0.78531 0.80923
I54T  mawss e 0.71727
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Table 6.2: Values of the Integrands Required in Ex. 6.3
Values in parentheses are by extrapolation.

Ploar  [(0Z/0T)p/P] x 104K Y bar!  [—(Z — 1)/ P] x 10*/bar™!

0 (1.780) (2.590)
0.10 1.700 == 2470
0.50 1.514 ;= = 2.186
2 1.293 = = 1759
4 1.290 1.591
6 1.395 L =TT 1544
8 1560 1.552
10 1777 | 1.592
12 2.073 e 1.658
14 2432 | 1.750
15.41 (2.720) ) T (1839)
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j;’(a—zj % =2637x10"K" j;’(Z—l)% =-0.2596

or

R

By Eq. (6.46), % =—(360)(26.37x10™ ) =-0.9493

By Eq. (6.48), ‘% =-0.9493— (- 0.2596)=-0.6897

For R=28.314 Jmol 'K
H" =(-0.9493)8.314)360) = ~2,841.3 Jmol *
§* =(~0.6897)8.314)=5.734 Jmol 'K
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6.3 Residual Properties by Equations of State

Residual Properties from the Virial Equatlon of State

The two-term virial eq. gives Z-1 = BP/RT o

——I z- 1)— .(6.45)
R
So, G _BP (654)
RT RT
R R
By Eq.(6,44),i:_TM =2 [E dBJ (655
RT or |, R\T ar
S*  PdB
Substitution int o Eq.(6.47 —:—7— ...(6.56
ubstitution int o Eq.(6.47), T (6.56)
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* The three-term virial equation.

Z-1=Bp+Cp> is substitued int o Eq.(6.58) through (6.60).

= ——28 += C -InZz ...(6.61

T /4 P (6.61)
H® _[(B 4B\ (C_1dC),

2=l £ LEE (6.6

RT [(T dTJp [T 2dT]p} (662)

R
5z T[B dB]p+ (E,&j ?1...(6.63)
R T dr)" 2\T dr

Application of these equations, useful for gases up to
moderate pressure, requires data for both the second and
third virial coefficients.
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CF
< z >"’ =A+BT, =1.7765+33.037x10"T,,

R
{cx) 4
P = A+ BT, =1.7765+33.037x10°T,
T =T0;—1] 3004360 .00
T-T, 360300

=329.09 K

" In(T /T,) In(360/300)
(Cr), =12.679(8.314)=105.41 Jmol "K'

3

(CF), =12.649(8.314)=105.16 Jmol 'K
Substitute into Eq.(6.50) and (6.51)
H =18,115+105.41(360—300) - 2,841.2 =21,598.5 Jmol '

360
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8 =295. 576+‘:105 16ln(—):| [8.314ln15.41]—5.734= 286.676 Jmol 'K

10/4/2020

In application p is a more convenient variable than V,
PV = ZRT is written in the alternative form.
%:J:\Lw%, (6A5)
P _dp  dZ

P=ZpRT .. dP=RT(Zdp+pdZ) = 7, i

—:T(Z—l)d—”+2—1—lnz..-

e ® ®
From Eq.(6.40) and (6. 42), H == 1(6}'] W[C(GRARTD)
_ RT° P \oT oar |,

-Hiz-iy

Substitue into Eq (645);

35

Differentition of Eq.(6.57) and (6.58); H— = —T]'(%J d—p+Z—1 ...(6.59)
P

From Eq(647),——an Tj( )dp j(z 1) .-(6.60)
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Residual Properties by Cubic Equations of State

Eq.(3.42) devides by pRT and substitut e V' =1/ p, as q given by Eq.(3.51).

B - A

1—pb U+ epb)1+oph)

Zo1= B, P 6w
1=pb ! U+ epb)i+opb)

[‘Zj %ﬁ]#
or),  \dT ) (1+epb)(1+opb)

The integrals of Egs.(6.58), (6.60);

foptenfo doh _f_dub

: 1 § L+ egb)(1+ opb)
I(QZJ dp__ I d(ph)

p ATy (l+2pb)(1+0ph)

= Z=

To simplify; J‘(Z-l)7 =—In(1- pb)—ql, There are 2 cases of |
0
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The generic equation of state presents two cases.

(TS PR 8 ..(6.650)
o—-¢ \l+epb
When p is eliminated in favor of Z.
ﬂ:bp Z= P whence Ezpb
RT PRT z
L p[ZF9B) (66sh)
o-¢ \Z+ep
Casell: ¢=0 I= pb = B
l+epp Z+ep
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Find values for the H? and SR for n-butane gas at 500 K
50 bar as given by the Redlich/Kwong Eequation.

T, =500/425.1 =1.176, P, =50/37.96 = 1.317
From Table 3.1:

P 1317
Eq.(3.53); f=0-C=0.08664—"——=0.09703
9.(3.53); B T G
Eq.(3.54); q= Yalr,)_ 042748 —=3.8689
QT (0.08664)1.176)°
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Z-p
Eq.(352): Z=1+fB-gf—_F
4-(3.52) B qﬂ(Z+8ﬂ)(Z+aﬁ)
~1+0.09703 - (3.8689)(0.09703) =703 _
Z(Z+0.09703)
Solution of this Eq. yields Z =0.6850. Then:

1=m¥=0.13247

With ]na(T,):—%]nT,, dine(T)/dInT, =7%‘ Then:
R

Eq.(6.67): II;I—T =0.6850—1+(—0.5-1)(3.8689)(0.13247) = —1.0838

R
Eq.(6.68): % =In( 0.6850—0.09703) — [0.5(3.8689)0.13247] = —0.78735

Thus, H* =8.314(500)(—1.0838)=-

ompo S =8.314(0.78735) = ~6.546 Jmol 'K~
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CaseIl: e=6a I= b = &
l+epb Z+gf

G~

—=Z-1-In(1-pb)Z —qI ...(6.66
R In(1—pb)Z —ql ...(6.66a)
GR

—=Z-1-n(Z-B)Z—ql ...(6.66b
G (Z-P)Z—ql ...( )
R

H 5 14| 40e@) 4\ 667)
RT dinT

Sk dina(T)
—=In(Z-p)+——2ql ...(6.68
B In(Z- ) dnT, gl ...(6.68) m

Table 3.1: Parameter Assignments for Equations of State
For use with Egs. (3.49) through (3.56)

Egq. of State a(T,) o € Q W Z,
vdW (1873) 1 0 0 38
RK (1949) el 1 0 3
SRK (1972)  aspk(Ty: w)' 1 0 13
PR(1976)  oapr(Trie)® 1442 1-42Z 007780 045724 030740

; 5 12\12
Taspi(Tr; w) = {I + (0480 + 1.574 & — 0.176 %) (| —1V )}

2
fopp(Th; @) = [1 + (0.37464 + 1.54226 m41.2(ﬂ)92:.u2)(! — r,"z)]
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These results are compared with those of other
calculation in Table 6.3.

Table 6.3: Values for Z, H®, and S¥ for n-Butane at 500 K and 50 bar

Method z H®/Tmol="  §®/J mol~'K~!
vdW Eqn. | 0.6608 —3.937 —5.424
RK Eqn. 0.6850 —4,505 —6.546
SRK Eqn. | 0.7222 —4,824 —7.413
PR Eqn. 0.6907 —4,988 —7.426
Lee/Kesler! | 0.6988 —4,966 —7.632
Handbook® | 0.7060 —4,760 —7.170

" Described in Sec. 6.7.
¥ Values derived from numbers in Table 2-240, p. 2-223,
Chemical Engineers’ Handbook, Tth ed., Don Green (ed.),

McGraw-Hill, New York, 1997.
10/4/2020 45



6.4 TWO-PHASE SYSTEMS

G =G’, dG"=dG’ — V°dP" —S°dT=V'dP" - S"dT
dP* _§'-S° AS”

Rear t, = =

° dT V' -V* AV? P48
Integration of Eq.(6.8); AH” =TAS” (The latent heat of phase transition ) " - T
Thus, AS” =AH" /T = ars _ M (6.71) :The Clapeyron equation The Antoine eq.: InP* = A— B (6.76)

’ ar Ty U Rn e q. : =A-s (6
Phase transition from liquid to vapor; %= Ti}:/’ .(6.72) Antoine cons tants are given in Table B.2, App.B
» . , » Ar+Br” +Ct’ + Dt°
ButAV":EAZ” N dinP _ AH _.(673) A function of T; InP* (T )= = ...(6.77)
P dT RT*AZ" The Clapeyron eq.
dinP" AH" for pure-species where r=1-T
g d(/T) “RAZ" -+(6.74) vaporization
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Ex. 6.6

Determine the vapor pressure for liquid n-hexane at 0, 30,

60 and 90°C: (a) With constants from Apendix B.2.

Lee/ Kesler correlation :

(b) From the Lee/Kesler correlation for P sat

In PT) =1 P+l PT)) ..(6.79) Solution
(a) 2696.04
6.09648 In P*“=13.8193-———
where In P(T,) :5.92714—T—L28862]n T, +0.1693477°...(6.79) 14224317
, 15.6875 s (b) Eq.(6.78); g 3419 6736, P = LOI325 _ 03350
In P (K.):15.2518—7—13.4721}n T, +0.43577T° ...(6.80) From Table B.1, " 507.6 " 3025
’ From Eq.(6.81) —> ©=0.298
_Ih P - PI(T,) 681
7|11P'7(T,)”‘( -81) t°C | PkPa Psi/kPa | 1°C | Psai/kPa Psa/kPa
e (Antoine) | (Lee/Kesler) (Antoine) | (Lee/Kesler)

where 0 | 6052 5835 | 30 | 24.98 24.49
T, : The reduced normal boiling point 60 | 76.46 76.12 90 189.0 190.0

P,:“’ * The reduced vapor pressure corresponding to 1 atm
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Table B.2: Constants for the Antoine Equation for Vapor Pressures of Pure Species

B
InPSikPa— A— ——
n L 1/°C+C

Latent heat of vaporization at the normal boiling point (A Hy,), and normal boiling point (f,)

Parameters for Antoine Eqn. Temp. Range AH, In

Name Formula A B € °C kJ/mol %€
—19—92 28.85 68.7

n-Hexane
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Table L Characteristi Praperties of Fure Species

The average difference from the Antoine values is about 1.5%.
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6.5 THERMODYNAMIC DIAGRAMS

nV =n'V'+n'vV" n=n"+n" (moles)
Consn;l
!
_ iyl Vv . . /
V=xV+xV X: mass fraction g £/ constv
T
a | Solid
V=0-x"W'+xV" x'=1-x" = :
Vapor

Solid
Solid/Liquid

. . o
The generic equation :  Liuidvapor

Triple-point line

Triple-point line

M=(1-x"YM"+x"M" ...(6.82a) . Solid/Vapor
H 5
where M =V ,U,H,S,etc. An alternative form:
M=M"+x"AM" ...(6.82b) Figure 6.2: PH diagram. Figure 63: 7S disgram,
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6.6 Tables of Thermo.
Properties

End of Part 2
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