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ABSTRACT

Real gas thermodynamic functions, C,. S. (H—FHy)/T. and —(F— Ff,)/T. have been caleulated for
naphthalenc from 0.25 to 8 atm within the temperature range 273.15-1200 K, correcting the thermody-
namic property ideal gas values by means of the Berthelot equation of state.

INTRODUCTION

In this work, using the ideal gas state thermodynamic property values of naph-
thalene as obtained by Lielmezs et al. [11 and correcting these values by means of the
Berthelot equation of state, temperature- and pressure-dependent thermodynamic
functions C,,, S. (H — H,)/T and —(F — H,)/T have been calculated from 0.25 to
8 atm within the temperature range 273.15-1200 K (Table 1).

The calculated thermodynamic function values for both of the proposed sets of
assignments (A and B, see ref. 1) have been correlated by a five constant polynomi-
nal '

A=a+bT+cT? +dT3 +eT* (1)

where A is the real gas thermodynamic function at temperature 7 and pressure P.
The constants a, b, ¢, d and e [eqn. (1)] were obtained using linear least squares curve
fitting methods [2] and are found in Table2. All of the assigned frequencies (both
sets, A and B) as well as other values of molecular parameters used ** are found in
the work of Lielmezs et-al. [1].

* Present address: Texaco Canada Resources Ltd., Willesdan Green, Alta.. Canada.
** The values of critical parameters used have been taken from ref. 4: critical temperature. 7, =748.4 K:
critical pressure, P, =40.0 atm.
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TABLE 1

Heat capacity. enthalpy and free energy functions and entropy for assignment sets A and B

Temp. Cp (calg ™! (H—H)/T —(F—H,/T S(calg !
(K) mole"'K™h (calg ~! (calg ™! mole "' K~
mole "' X" mole” ' K™
A B A B A B A B
P=0.25 atm
451.00 48.67 48.39 2468 24.52 74.12 74.04 08.81 98.56
522.70 54.86 54.61 2841 28.23 78.04 77.93 106.44  106.16
273.15 29.53 29.27 15.07 15.00 64.36 64.34 79.43 79.33
298.15 32.40 32.11 16.40 16.31 63.74 65.71 82.14 82.02
200.00 32.61 32,33 16.50 16.41 65.84 65.81 82.34 82.22
350.00 38.29 37.99 19.21 19.0% 68.59 68.54 87.80 87.63
400.00 43.66 43.36 21.94 21.79 71.33 71.26 93.27 93.06
450.00 48.58 48.29 24.63 24.47 74.07 73.99 98.70 98.45
500.00 53.00 52.74 27.25 27.08 76.80 76.70 104.05 103.78
550.00 56.97 56.73 20.77 29.59 79.52 79.40  109.29  108.99
600.00 60.51 60.29 3219 32.0t 82.2} 82.08 114.40 114.08
630.00 63.69 63.49 34.49 34.31 84.88 84.73 11937  119.04
700.00 66.54 66.36 36.68 36.50 R7.52 87.35 12420 123.85
750.00 69.12 68.95 38.76 38.57 90.12 8%.94 128.88 128.52
800.00 71.45 71.30 40.73 40.55 92,68 92.50  133.41 133.05
850.00 73.57 73.44 42.60 42.42 95.21 ¢5.01 137.81 137.43
500.00 75.51 75.39 44,38 44.20 97.69 97.49 142.07 141.69
950.00 77.28 77.17 46.06 45.89 100.14 99.92  146.20  145.81
1000.00 78.91 78.80 47.67 47.49 102.54  102.32 150.21 149.81
1050.00 80.40 80.31 49.19 49.02 104.91 104.67 154.10  153.69
1100.00 81.77 81.69 50.64 50.47 107.23 10699  157.87 157.46
1150.00 83.04 82.96 52.02 51.86 109.51 109.26  161.53 161.12
1200.00 84.21 84.13 53.34 53.18 11175 111.50 165.09  164.68
P=0.50 atm
451.00 48.81 48.53 24.61 24.45 72.77 72.69 97.38 97.14
522.70 54.95 54.70 28.36 2819 76.67 76.56 105.03 104.75
273.15 30.17 29.91 14,75 14.67 63.09 63.07 77.84 77.74
298.15 32.89 32.61 16.16 16.06 64.44 64.41 80.60 80.48
300.00 33.10 32.81 16.26 16.17 64.54 64.51 80.80 80.68
350.00 38.60 38.30 19.06 18.94 67.26 67.21 £6.32 86.15
400.00 43.87 43.57 21.84 21.69 69.98 69.92 01.82 91.61
450.60 48.72 4844 24.56 24.40 72.71 72.63 97.27 97.03
500.00 53.11 52.85 27.20 27.02 75.44 7534 102.64 . 10236
550.00 57.05 56.81 29.74 29.56 78.15 78.03 107.89  107.59
$600.00 60.57 60.35 32.16 31.98 80.84 80.71 113.00.  112.69
650.00 63.73 63.54 34.47 34.28 83.51 83.36 117.98 117.65
700.00 66.58 66.40 36.66 36.48 85.98 122.81 122.46

86.14



Table 1 (continued)

Temp. C,(calg™! (H—Hgy)/T —(F—H)/T S(calg™!
(K) mole”!' K1) (calg ™! (cal g ! mole ' K1)
mole"' K™ mole” ' K~
A B A B A B A B
750.00 69.15 68.98 38.75 38.56 88.75 88.57 127.49 127.13
800.00 71.48 71.33 40.72 40.54 91.31 91.12 132.03 131.66
850.00 73.60 73.46 42.59 42.41 93.83 93.64 136.43 136.05
900.00 75.53 7541 44.37 44.19 96.32 96.11 140.69 140.30
950.00 77.30 77.19 46.06 45.88 98.76 98.55 144.82 144.43
1600.00 78.92 78.82 47.66 47.49 101.17 100.94 148.83 148.43
1050.00 80.41 80.32 49.18 49.02 103.53 103.30 152.71 152.31
1100.00 81.78 81.70 50.64 50.47 105.85 105.61 156.49 156.08
1150.00 83.05 82.97 52.02 51.86 108.13 107.88 160.15 159.74
1200.00 84.21 84.14 53.33 53.18 110.38 110.12 163.71 163.30
P=10 atm
451.00 49.1C 4882 24.47 24.31 71.44 71.35 95.91 95.66
522.70 55.14 54.88 28.27 28.10 75.32 75.21 103.60 103.31
273.15 31.47 31.21 14.11 14.03 61.92 61.90 76.03 75.93
298.15 33.89 33.61 15.67 15.57 63.22 63.19 78.89 78.77
300.00 34.07 33.79 15.78 15.68 63.32 63.29 79.10 78.98
350.00 39.21 38.91 18.76 18.63 65.98 65.93 84.74 84.57
400.00 44.28 43.98 21.63 21.49 68.67 68.61 90.31 90.10
450.00 49.01 48.73 24.42 24.25 71.38 71.30 95.80 95.55
500.00 53.32 53.06 27.09 26.92 74.09 73.99 101.19 100.92
550.00 57.20 56.96 29.66 29.48 76.80 76.68 106.46 106.16
600.00 60.69 60.48 32.10 31.92 79.48 79.35 111.59 111.27
650.00 63.83 63.63 34.42 34.24 82.15 82.00 116.57 116.24
700.00 66.65 66.48 36.63 36.44 84.78 84.62 121.40 121.06
750.00 69.21 69.05 38.72 38.53 87.38 87.20 126.09 125.73
800.00 71.53 71.38 40.70 40.51 89.94 89.75 130.63 130.26
850.00 73.64 73.50 42.57 42.39 92.46 92.27  135.03 134.66
900.00 75.57 75.44 44.35 44.17 94.95 94.74 139.30 138.91
950.00 77.33 77.22 46.04 45.87 97.39 97.17 14343 143.04
1000.00 78.95 78.84 47.65 4748 99.79 99.57 14744  147.04
1050.00 80.43 80.34 49.17 4901 102.16 101.92 151.33 150.93
1100.00 81.80 81.72 50.63 50.46 104.48 104.23 155.10 154.70
1150.00 83.07 82.98 52.01 51.85 106.76 106.51 158.77 158.36
1200.00 84.23 84.15 53.33 53.17 109.00 108.74 162.33 161.91
P=120 atm
451.00 49.67 49.39 24.19 - 24.0> 70.15 70.07 94.34 94.09
522.70 55.50 5525 28.09 27.92 74.00 73.89 102.10 101.81
273.15 34.05 33.79 12.83 12,75 60.96 60.94 73.79 73.69
298.15 35.88 35.59 14.68 62.17 62.14 76.85 76.73

14.59
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Table 1 (continued)

Temp. C, (calg ™! (H—Hy)/T ~(F—Hy) /T Scalg™?
(K) mole ' K~H (calg ™! (calg ! mole ! K1)
mole "' K~ 1) mole™!' K~h
A - B A B A B A B
300.00 36.02 35.74 14.81 14.72 62.26 62.23 77.07 76.95
350.00 4044 40.14 18.15 18.03 64.80 64.75 82.95 82.78.
40060  45.10 44.80 21.23 21.08 67.43 67.36 88.65 88.44
450.00  49.59 49.30 24.13 23.97 70.10 70.01 94.23 93.98
50000  33.74 53.48 26.89 26.72 72.78 72.68 99.67 99.40
550.00 57.52 57.28 29.50 29.33 75.47 7535  104.97  104.68
600.00  60.94 60.72 31.98 31.80 78.14 7801 110.13  109.81
650.00  64.02 63.82 34.32 34.15 %0.80 80.65 115.13  114.79
700.00  66.81 66.63 36.55 36.37 83.42 83.26 11998  119.63
750.00  69.33 69.17 38.66 38.47 86.02 85.84 12467  124.31
800.00 71.63 71.48 40.65 40.46 88.58 88.39 129.22 128.85
§50.00  73.72 73.59 42.53 42.35 91.10 90.90 133.63  133.25
900.00  75.64 75.51 44.32 44.14 93.58 93.37 13790  137.51
950.00  77.39 77.28 46.01 45.84 96.02 95.80 14203  141.64
1000.00  79.00 78.90 47.62 47.45 98.42 98.20  146.05  145.65
1050.00  80.48 80.38 49.15 438.99 100.78  100.55 149.94  149.53
110000  &1.84 81.75 50.61 50.44 103.10  102.86 15371  153.31
115000  83.10 83.02 51.99 51.83 105.38  105.14 15738  156.97
1200.00  84.26 84.18 53.32 53.16 107.63  107.37 16094  160.53
P=40 atm
451.00 5082 50.54 23.63 23.46 68.95 68.87 92.58 92.33
52270 56.24 55.99 27.73 27.56 72.74 72.63 10047  100.19
273.15  39.23 38.97 10.26 10.18 60.43 60.41 70.69 70.59
29815  39.85 39.57 12.71 12.62 61.44 61.41 74.15 74.02
300.00 39.93 39.65 12.88 12.78 61.52 61.49 74.39 74.27
350.00  42.90 42,60 16.94 16.81 63.82 63.77 80.75 80.58
400.00  46.75 46.45 20.42 20.27 66.31 66.25 86.73 86.52
45000  50.74 50.46 23.57 23.40 68.90 68.82 92.46 92.22
560.00  54.59 54.32 26.48 26.31 71.53 71.43 98.01 97.74
550.00  58.16 57.92 29.20 29.02 74.19 7407 10338  103.09
600.00  61.43 61.21 31.75 31.57 76.84 76.70  108.59  108.27
650.00  64.41 64.21 34.15 33.96 79.47 7933 113.62  113.29
700.00  67.12 66.94 36.41 36.22 82.09 81.93 11850 11815
750.00  69.58 69.42 38.54 38.35 84.67 84.50 12321  122.85
800.00 71.84 71.69 40.55 4037 87.23 87.04 127.78 12741
85000  73.90 73.76 42.45 42.27 89.74 89.54 132,19  131.82
000.00  75.78 75.66 4425 44,07 92.22 920t 13647 136.09
950.00  77.51 77.40 45.96 45,78 94.66 94.44 14062 140.22
1000.00 79.11 79.00 47.58 47.40 97.06 96.83 144.63 144.24
1050.00  80.57 80.48 49.11 48.95 99.42 99.18  148.53  148.13
1100.00  81.92 81.83 50.57 50.41 101.73  101.49 15231  151.90
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Table 1 (continued)

Temp. C, (calg™! (H—-H,)/T —(F—H)/T S(calg ™!
(K) mole "' K™ (cal g ~! (calg~! mole"' K™h
mole ™! K1) mole ' K1)
A B A B A B A B

1150.00 83.17 83.09 51.96 51.80 104.01 103.76 155.98 155.57
1200.00 84.32 84.25 53.29 53.13 106.25 106.00 159.54 159.13

P=80 atm
451.00 53.12 52.84 22.50 22.34 67.93 67.85 90.43 80.19
522.70 57.72 57.47 27.02 26.84 71.59 71.48 98.60 98.32
273.15 49.57 49.31 5.12 5.05 60.74 60.72 65.86 65.76
298.15 47.81 47.53 8.77 8.67 61.35 61.32 70.12 69.99
300.00 47.74 47.46 9.01 8.91 61.41 61.38 70.41 70.29
350.00 47.82 47.52 14.51 14.38 63.23 63.18 77.74 77.57
400.00 50.04 49.75 18.80 18.65 65.46 65.39 84.25 84.04
450.00 53.06 52.78 22.43 22.27 67.88 67.80 90.32 90.07
500.00 56.27 56.01 25.66 25.48 70.42 70.32 96.07 95.80
550.00 59.42 59.18 28.58 28.40 73.00 72.88 101.58 101.29
600.00 62.40 62.18 31.28 31.09 75.61 75.47 106.88 106.57
650.00 65.17 64.97 33.78 33.59 78.21 78.06 111.99 111.66
700.00 67.73 67.55 36.12 35.93 80.80 80.64 116.91 116.57
750.00 70.08 69.92 38.30 38.12 83.37 83.19 121.67 121.31
800.00 72.25 72.10 40.36 40.17 85.90 85.72 126.26 125.89
850.00 74.24 74.10 42.29 42.11 88.41 88.21 130.70 130.32
900.00 76.07 75.95 44.12 43,94 90.88 90.67 135.00 134.61
950.00 77.76 77.65 45.85 45.67 93.31 93.09 139.16 138.77
1000.00 79.32 79.21 47.48 47.31 95.70 95.48 143.19 142.79
1050.00 80.75 80.66 49.03 48.86 98.06 97.82 147.09 146.69

1100.00 §2.08 81.99 50.50 50.34 100.37 100.13 150.88 150.47
1150.00 83.31 83.23 5190 . 51.74 102.65 102.40 154.55 154.14
1200.00 84.44 84.37 53.24 53.08 104.89 104.63 158.12 157.71

DISCUSSION

For real fluids, the non-vanishing molecular size, intermolecula- potential fields
and molecular motions (chiefly vibrational and rotational modes of motion) contrib-
ute greatly to deviations from the ideal gas law
PV=RT (2)

for one mole of gas.
Assuming that these interactions can be principally described by the molecular
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van der Waals forces. then for low pressures and sufficiently high temperatures it is
possible to approximate this fluid behavior by the second term virial expression of
eqn. (2) as

PV =RT+ BT (3)

where 8 = B(T) and is the second virial coefficient. While on one hand the second
virial coefficient temperature dependency could be obtained through the choice of a
reasonzble intermolecular potential function (for instance. Lennard-Jones), it is felt
to be more advantageous to express this temperature dependency in terms of
corresponding states. Noting the successful application of the Berthelot state equa-
tion to fluorobenzene thermodynamic property calculation {3}, this simple, two
constant equation of state was used also for this work. Indeed, the second virial
coefficient [eqn. (3)] may be expressed through Berthelot’s equation of state as
9 RT, T, 2]

=T 7 [1—6(—7:) J_ @)
where the gas constant R=282.06 cm® atm K ™! and the other entities are in
compatible units. The differences between the ideal gas thermodynamic functions
(Table 1) and the Berthelot fiuid properties, valid for low to moderate pressures up
to 8 atm. can be obtained through the application of the following equation set (5)
which connects P-V-T properties of the gas to the desired thermodynamic func-
tions.

)0 o8 81

()=~ (3): (3#), -7 (5F),

Combining eqgns. (3)—(3). we arrive at eqns. (6)-(8), yeilding the Berthelot fluid
deviation from the ideal gas state given at | atm pressure

(H—H3) 9 RT T, \?)
T 128 P, 1—18(?)JP (6)
oy _ 81 [ RT? |
(C - C )_T(PT:")P (7)
27 ( RT?
(SO—S)T=-3—2( °3)P+RlnP (8)

where the term R In P in eqn. (8) is a correction which must be added to obtain the
ideal gas entropy at pressure P provided that this correction has not already been
included in the ideal gas S° expression. It should be noted that for P=1 atm,
RInP=0.

The thermodynamic functions presented (Table 1) have been obtained using these
different equations [eqns. (6)—(8)].



ACCURACY

] have already discussed in detail the accuracy and the range of
1

culated thermodvnamic functions for nanhthalene, Thcy criti-
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cally compared the results obtained with available experimental and calculated data.

e

Thay ~hiafle anncidarad fave tvrevan AF & meanthaminti~an] arraere Avirva ¢a ¢tha ravem A AFF
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in the computer; errors in bond lengths, bond angles and in geometrical asymmetry

manlanislal Arenen Jm framicam At cosliommnan < 2

of the molecule; errors in ITequency aaalguulc its such as an i Nproper ai‘xal_yu;, uql.ilu
state frequency shifts; and errors due to the inapplicability of basic assumpuons
IOI' lnS[aﬂCC, [ﬂe annarmonlcuy LIEImeZS et al. ll] COHCIUGCG [na( [OI' napntnalene
the calculated ideal gas state thermodynamic function’s (both assignment sets A and
B) uncertainties shouid be well within the =0.5% variation up to temperatures of
1000 K.

The calcuiation of real gas thermodynamic properties additionally, however,
involves [eqns. (4), (6)—(8)] the knowledge of the critical state: the critical pressure
P_. and the critical temperature 7.. For naphthalene, the values of the critical
parameters [4] are fairly secure. It is expected that the overall error for the calculated
real gas values should be within the *=1.0% range. Indirectly, this estimate is
supported by the work of Butler and Lielmezs [3] who showed that. for fluoroben-
zene. the calculated Berthelot gas heat capacities did fit the experimental data of
Scott et al. [5] over a pressure range 0.25-10 atm.
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NOMENCLATURE

B = second virial coefficient, cm® mole ™!
ok = heat capacity, cal g =1 K~!

e.u. = entropy unit, cal g7 ! mole "' K 7!
—~(F—H,)/T = free energy function, cal g~ ' mole ™' K™
LI __ LY \ /T — amthalensr Farenmnts e

L4 l.lo)/ 4 - ltlldlyy LUlIV LIV

P = pressure, atm

R = universal gas constani

S = entropy, e.u.

T = temperature, K

14 = volume, cm® g ~! mole™!



[
n
]

Superscript

c =reference state referring to the hypothetical state of an ideal gas
at 1 atm.

Subscript

c = critical state

p = pressure
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