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\Abstract

The reduced‘eqﬁation of stafe for gases and liquids developed by
Benson and Golding in 1951 is modified and used to calculate 1iguid
enthalpy‘depargures for saturated pure substances and mixtures. The
temperature—indépendent coeffiqients in the modified equatioﬁ are
determined from critical properties and expérimgntal liquid enthalpies
at the boiling point and at the critical point. The results of the |
proposed method are compared with thoge predicted with the modified

Redlich-Xwong equation of state by Joffe and Zudkevitch.,
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Introduction

The enthalpy of a saturated liquid at any given temperature can
be obtained from the enthalpy departure evaluated analyticallj using
an equation of state such as the Redlich~Kwong equation with the two

coefficients, a and b, treated as temperature-dependent variables (1).

The method applied in this study has its origiﬁ in the modified
Van der Waals equation developed by S, W, Bengon and E. Gerjuoy in

1950 (2) :
P=RT/(V - bv o7 ) = as( vrP ) ' (1)

‘The various exponents in the equation were evaluated by Benson and R,
A, Goléing (3f based on the following criteria: |
(2) Trouton's rule: Eypp/RT = 9.5 ( at the boiling point )
(b) Critical ratio: 1/2, = RT¢/P.Ve = 3.70
(c) Liquid density rule: 1/¢, = 2,72 ( at the boiling point )
(d) The coefficients of thermal expansion and compressibility at
normal boiling points are about 1.3 x 1073/°K and 1.5 x 10~%/
atmos. respectively,

The equation with the best choice of exponents becomes:

e . v 5 a , ,
P=RT/(V =~bV *) = a/( V3T3 ) (2)

where a = 0,9099 R’I‘:i3 VZ’ | (2a)
b = 0,1567 Vz? : (2b)

and in reduced form:



. | | 5
) o S,
B/B, =7 = 3.624 (6/( § = 0.1567 ¢™% ) = 0.9099/( gie* ) (3)
where § = VNg; 6 = T/Té. v
It is shown by Benson and Golding (3) that this eguation in predicting
some physical properties such as liquid densities of non-associated
substances, heats of vaporization and gas isotherms gives better results

than the Van der Waals and Berthelot equations.

In the current studyquuation 2 was applied to,the calculation of
liquid enthalpy departures of non-polar substances and mixtures., The |
systems studied were methane, propane, nitrogen, carbon dioxide and
methane-propane mixtures., Satisfactory results were obtained with some
modifications of the equation. A.polar compound, ammonia, was also

investigated.



Pure Substances

Liquid enthalpy departure can be calculated using the following

thermodynamic relations:
. v ' .

(B =H)p =RT - PV + i(p~-r(ap/a'1' )y) av (4)

" Differentiating Equation 2,
-3 5 3

(9P/eT )y =R/(V = bV™2) + 2a/( 3ViT? ) (5)
Multiplying both sides by T,

T(OP/AT )y = RT/(V - bV™% ) + 2a/( avird) (6)

Substituting Equations 2 and 6 into Equation 4:

v ,
(H*-H)T R’J.‘-PV-!-J;(RT/(V-I:)VJ’)-a/(vg"l_‘%;
. - s 2
- RT/(V = bV™?) = 2a/( 3veT? ))dv

= RT - PV - f:(Sa/( i ) av

* 3 2 L :
(H =H)p =RT -~ IV + 5a/( 2v3T13 ) (7)

where P and T are given, V is calculated from Equation 2 with the
constants a and b evaluated from Equations 2a éna 2b, Results obtained f
from Eéuation 7 for saturafed liquid methgﬁe, prépane, nitrogen and
carbon dioxide were compared in the currént study with the exéeriméntal

values (4) and were found to be of low accuracy.

One of the original criteria used by Benson and Golding, the critical

ratio, 1/2., has a generalized value of 3.70, or Zc = 0,270, Since the
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critical compressibility factors of most com?ounds are differént from
0.270 (5),.one qf the exponents was changed in the Eurrent study to
fi£ the experimental critical compressibility factor. The modified

equation
P=RT/(V ~ by ) - a/( V“T":’) (8)

: % nel A ) .
where a = CjRT, Vg and b = CyV, , was made to satisfy the follow-

ing conditions:

| P = RT/( V¢ - bVT¥ ) - a/Vch;% = ZcRTeNe (9)
(2B/V )g,p, = ( =RTg ) ( 1+ & bUg? ) /( Vg = bUg™ )2
| + anvg=n1lr % = o (10)
( 22p/2v2 de.p. = 3Rchv;%/ (4( Ve - bve~™ 12) +
WT( 1+ % bV 2 )2/( v, - by )3

e B
-an(n+ 1)v., "2 %<0 - (11)

By substituting a and b as defined for Equation 8 into Equations 9, 10,
and 11, the constants Cl' Czand n can be calculated. The results are

listed in Table 1.

Table 1

Constants Used in Equation 8

z c n
CH4 0.290 0.910 0.1667 1.715
C3H8 0.277 0.910 0.1575 1.670
N2 0.291 0.909 | 0.1670 | 1,716

Co, » 0.2745 © 0.910 0.1558 1.662
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The enthalpy departure can be calculated with the following equation:

(B = H)g =Rr - ™ + 53/ (3( n = 1 )v0=17%) (12)

The above chénge did not show any substantiai‘improvement in accuracy'

over Equation 7.
Another trial was carried out by changing another exponent:

P=RT/(V -bV ™) - a/f v'§'r';') : {(13)

%
vhere a = C3RTZ§V03 and b = Cuv 1

Again, the three conditions at the critical point used before were
applied and C3, C4 and m were evaluated. This attempt was likewise
unsuccessful, since the change of the'exponent'of,thé volume in the

first term of the equation has almost no_effect on the enthalpy

‘departure.

From the previouély calculated results, it was apparent that thé
déviation from the experimental value bécomes larger as . the temperature
comes closer to the boiling point, Therefore, two ‘exponents were |
changed to fit the vapor pressure and liquid density data at the boil-

ing point in addition to the three conditions at the critical point:
P=RT/(V - bv 7 ) = a/( vOIR ) ~ (14)

vhere a = C5R'J?cmmlvc,n”1 and b = CGVZQ; and the enthalpy departure

becomes:

(.ﬁ* =H)p=RT =PV + (m+1)a/(( n-1)Tvn-1) | (15)
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This modification did not improve the reéults significantly; How~
ever, from the previous attempts, it was found that the temperature
exponent has a éreater‘effect on enthalpy departure than the volume -
exponent, and that the temperature~enthalpy profile is of an inyerse
exponential type. Since e™¥ =1 - x/11 + x2/2! - x3/31 + ..., the
exponential can be appioximated by omitting the terms after the second
one. In order to compensate for the texms omitted, an exponent was

added to the second term and a modified tempefature function, ( a - dTm ),

was tried:
P=RP/(V -bv"2) = (a~-a™ )An (16)
w?ere a= C7RTCVC§“1 . (16a)
b= cgvt . (16b)
1~ n-1
d = CgRT, mvc : (16¢c)

Applying the three conditions of Equations 9, 10 and 11, there is

obtéined for the enthalpy departure:
(B -g)p=rr -+ (a+ (n-1)a")/((n-1w"Jan

TheAthree conaitions at the critical point and the experimental
liquid enthalpies at the boiling‘point and at the critical point were
used to determine Cy, Cg, Cg, n and m for each of the puré substances
studied. The polar substance, ammonia, was added to those previously

studied. The values are given in Table 2,

To find the enthalpy departure with Equation 17, the following
procedure is used: the temperature and vapor pressure of the pure sub-

stance are substituted into Equation 16 and the latter is solved for
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" the liquid volume. The calculated liquid volume is substituted into

Equation 17 to obtain the enthalpy departure.

The calculated enthalpy departures are compared with the experi-

mental values as shown in Tables 3-7,

C7
2,250

3,680

' 2.340

3.580

'3.490

Table 2

Constants Used in Equation 16

Csg

0.1667

0.1575
0.1670
0.1558

0.1342

Co
1.340
2,770

1.431

'2.670

2,577

1.715

1.670

1.716

1.662

1,559

0.385
6.250
0.385
0.300

0.270



‘Binary Mixtures

The methane-propane system of three different compositions, 76.6
5.2 and 12 mole per cent propane-in-methane mixtures, were studied

* using the proposed method.

The enthalpy départure of each component was calculated at a
" reduced temperature which is the same as the pseudoreduced temperature
| bf the mixture, The latter is defined as the temperature of the
mixture divided by the pseudocriticai temperature. The pseudocritical
température can be.established by applying a mixing rule. Two mixing
rﬁles were'uséd: Kay's rule (6) anq the correlation developed by

Yesavage and Powers (7).

The'enthalpy departure of the mikture was.found as the‘summation
of the enthalpy departures of each component calculated as explained
gbove and multiplied by its mole fraction in the mixture. This
procedure for finding a residual property of a mixture has been

discussed elsewhere by Joffe (11).

The results are presented in Table 8 along with the experimental
values (8,9,10) and the calculations of Joffe and Zudkevitch who used
the modified Redlich~Kwong Equation of State with teﬁperature—dependent

coefficients (1).



Discussion of Results

The proposed method with the temperature—indépéndent coefficients
derived from the Equation of State of Benson and Golding predicts the
liquid enthalpy departures in close agreement with the experime£ta1_
values for the four non-polar, pure substances tésted; The maximum
absolute deviation is 3,3 Btu/ib ( Tables 3 to 6 ). It also works
reasonably well for the non-polar mixfures testéd.in';his study, pro-
vided that the propet mixing rule is applied ( Table 8 ). The average
deviation of the calculated values is of the same order of magnitude

as for the method of Joffe and Zudkevitch,

For the polar substance, ligquid ammonia, the calculated enthalpy
aepartu:e and the experimental value are fairly close at temperatures
near the boiling point and the critical ?oint ( Table 7 ). For t;e
temperature range from 280°K to 380°k, the average absolute deviéﬁion
is approximately 14.9 Btu/lb and the maximum deviation is abéut 20.6
Btu/lb., This is probably the result of the difference in the temperature=-
enthalpy profiles for non-polar and polar substancés; One possible
correction for this deviation is to add another tegperature term to the
" existing ( a = dT™ ) function presently employed. Another possible
solution is to make the exponent m, a temperature~dependent one, This

- will make the enthalpy departure expression very complicated.



‘msble 3

Enthalpy Departures of Saturated Liguid Methane

Temperature Pressure H* -~ H, Btu/lb
in °x in Atm Experimental = Calculated
120 ¥ 1,905 = 217.5 | 214.5
125 2.669 214,3 - 211.8
130 3.641 - 211.0 209,0
135 4,855 207.5 206.0
140 v 6.339 203,9 202.8
145 - 8.132 200,0 199.3
150 10.27 196.0 195.6
155 12,79 191.6 191.6
160 15.74 186.9 187.1
165 19.14 181.8 182,1
170 23,00 176.0 176.3
175 27.49 169.5 169.6

Average absolute deviation 1.0



Eable 4

Enthalpy Departures of Saturated Ligquid Propane

Temperature
in K

248,06
| 259,33
268,05
275,24

281,44

286,90

291,83
296,30
300,44
317.42
330.70

341,71

Pressure
in Atm

2

3

10

15

20

25

' - H, Btu/lb

11

Experimental
179.5
175.2
171.7
169.4
167.1
165.1
163.2
161.4
152.6
1521
144,5

137.3

Average gbsolute deviation

Calculated
178.2
174.7
171.8
169.4

167.2



Table 5

Enthalpy Departures of Saturated Liquid Nitrogen

Temperature
in %k

71.91
74.45
77.35
83.80
88,04
94.09
98,60
103.88
110.57
115,80
120,13

123,86

Pressure
in Atm

0.5

0.7

1

10

15

20

25

30

*

H® -~ H, Btu/lb

12

Expgrimental
88,1
87.8
86.5
83.9

82,3
79.7
77.8
75.2
70,5
65.9
60.8

54.8

Average absolute deviation

Calculated
85,3
84,5
83,6
81,6
80,1
77.8

'75.8
73,2
69,2
65.2
60.7
54.8

1.8



Table 6

Enthalpy Departures of Saturated Liquid Carbon Dioxide

Tempergture
in C

=30
=25

=20

10
15
20

25

Pressure
in Atm

14,103
16,618
19,449
22,617
26,147
30,165
- 34,397
39,172
44,425
50,192
56.525

63,487

H® - H, Btu/lb

13

Experimental
143,2
140.7
138.3
135.4
134,2
129.3
126.0
122,7
118.6
113.9
109.4

102.7

Average absolute deviation

Calculated
143.0
140.8
138.5

R 136.1
133.5
130.6
127.6
124,2
120.3-
115.9
116.6
103.6

1.0



Table 7

'Enthalpy Departures of Saturated Ligquid Ammonia

Temperature
in °x

230
240
260
280
300
310
320
330
340
360
380

400

Pressure
in Atm

0.5982

1.0124
2,526
5,446
10.485

. 14,063
- 18,49
23,90
30.42
47.40
70.60

101.5

*
H - H, Btu/lb

14

Experimental
600.8
590.4
570.8
549,4
528,7
516.7
504.2
491.6
478.2
449.8
417.9

369.7

Average absolute deviation

Calculated
597.0
589,1
573.3
556.7
538.9
529,1
519.4
508.8
497.3
470f4
434.9
375.0

11.0



Table 8

Enthalpy Departures of Methane-Propane Saturated Liquid Mixtures

.H*

- H, Btu/lb
Calculated
Mole Kay's Yesavage Joffe and
Fraction Tempgrature Pressure Rule & Powers Zudkevitch
Propane F psia = Experimental __ 1936 1969 1970
cij = cij = 0,073

0,766 (8) -144 100 204,5 196,2 197.2 203.2 199.7
-100 ' 200 193.5 188,2 189.4 124.0 1%90,7
-62 300 184.3 181.2 182,5 184.8 181.6
~24 400 175.6 173.5 175.2 174.4 171.3
12 500 166,7 165.3 . 167.4 165,2 161.6
47 600 158.0 155.4 158.2 154.8 151.6
76 700 149,5 ©140.8 145,0 146,5 142.3
102 800 140.,4 132,5 138,0 1238.2 134.0
0,052 (9) -260 10 221.5 217.6 218,0 226,.4 222.5
-200 102 198,6 - 200,2 200,9 203.5 199.,7
-120 580 157.8 157.0 160,6 170.5 163,0
0,12 (10) ~209 100 210,6 202,9 204.5 211,.3 204.7
=150 300 188.1 183.,3 186,0 186.8 180.3
~-124 500 170,9 170.3 . 174.8 171.8 173.0
~101 700 159,.4 154,7 161.3 161.6 153.3
Average absolute deviation 4,2 2.9 2.7 4,6

ST
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Conclusions

For non-polar substances and mixtures, the propbsed method gives
a quick and fairly accurate estimate of enthalpy departure in the

saturated liquid phase up to the critical point.

For polar substances, a better approach is required. This can
. possibly be done by modifying the temperature function in the second

term of the eguation,

"In general, this empirical equation is simple to use. The co-
efficients are easily determined from critical properties and ex-
perimental enthalpies at the boiliﬁg point and the critical point.
Even though the procedure is a trial-gnd-errorlone, it only takes a
few trials to obtain the optimum value of the exponents for each

substance,



Nomenclature

a, b, d= coefficients in Benson-Golding and the modified eguations

Cyr Co» )

«+.Cg = constants for evaluating coefficients a, b, 4
Evap = heat of vaporization |

H* | = ideal gas state enthaipy above datum

H = enthalpy of saturated liquid

m, n = exponents in the modified eguation of state
P = pressure

P, = critical pressure

R = gas.constant

T = temperature

Té = critical temperature

v = volune

Ve = critical volume

Zo = critical compressibility factor

= reduced température
= reduced pressure

reduced volume

R " 3 o
"

= reduced volume at the boiling point
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Critical Constants of Pure-Components

Pe. T I Ze
Atm %k cm3/g~mole
CH, 45.8 191,06 98.72 | 0,29
C3Hg 42,1 370.0 200 0.277
N, | 33.5 126.2 90,094 0.291
co, 72,85 304,2 94,04 0.274
NH, 112.5 405.6 72,5 0.242

Source: Reid, R. C, and T. K, Sherwood, "The Properties of Gases

and Liquids", 2nd, Ed., 571, 572, 580, 583 (1966)

Pseudocritical Temperatures of Methane-Propane Mixtures

Mole Fraction Temperatures in °R z

of Propane in Yesavage & Powers

the Mixture Kay's Rule { Smoothed Optimum Values )
0,766 590,6 601,5

0.052 360.7 364.,3

0.12 382.6 391,5
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