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Abstract

Equipment modifications to a Freon 11 boil-off type calorimeter ére
described, and using the calorimetric system the enthalpies of thiophene
were measured experimentally., Data were taken over a temperature range of
100°F to 750°F at pressures of 50, 100, 200, 400, 600, 825.9 (the critical),
1000, and 1500 psia. Thermodynamic propertiés derived from the data are
compared to values in the literature, and the agreement is exceptionally
good. The data are then compared directly to results calculated by means
of two correlations: a modification of the BWR equation of state by Kesler
and Lee, and a modified SRK equation of state method. Roth correlations
are found to work well in predicting the enthalpy of thiophene.

Objective and Scope of Work

Thermodynamic property research is justly recognized as invalbab]e by
process and design engineers in the petroleum, chemical, and allied industries.
Calorimetric measurements of specific heats or enthalpies, pressure-density-
temperature measurements, and phase equilibrium determination, for pure
fluids or complex mixtures, are all essential in the optimum design of both
physical and chemical processing units.

Coal-derived 1iquids are a new and vital class of industrial compounds,
but have thermodynamic propertigs that are largely unknown and, presently,
unpredictable. The objective of this research is to measure one of the most
important thermodynamic properties, the enthalpy, for representative coal-
derived liquids over the pressure and temperature regions most likely to be

encountered in both liquefaction and processing systems.
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The research is divided into three major program areas.

I)

1)

I11)

Design, construction, and evaluation of a freon boil off
calorimeter for temperatures of 70 to 700°F and pressures

to 2000 psig.

Enthalpy measurements on approximately 10 samples of coal-
derived liquids. The samples for measurement will be selected
after consultation with the ERDA Bartlesville Energy Research
Center.

Preparation of engineering correlations for the measured
enthalpy data, and comparison with representative data for

petroleum and petroleum fractions.
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INTRODUCTION

As the United States and the world at large become
increasingly aware of our dwindling petroleum resources,
it becomes ever more obvious and imperative for alterna-
tive sources of energy to be discovered and utilized. At
this point in time, one of the best prospects is coal.
However, coal in solid form cannot be used in.certain
applications; several processes have therefore been
devised to either gasify or liquefy coal.

This present project, initiated by Dr. Arthur J. Kidnay
and Dr. Victor F. Yesavage at the Colorado School of Mines
and funded by the United States Department of Energy,
is concerned specifically with coal 1iquids; measuring cor-
relating, and attempting to predict the enthalpies of coal-
derived liquids. In the years whith have passed since
this project was begun, several coal-derived 1iquids have
been run through a flow calorimeter system in order to
determine their enthalpy as a function of temperature and
pressure, and subsequently the prevalent correlations for
predicting petroleum enthalpies were tested for applica-
bility. It was found that these correlations did not pre-
dict enthalpies of coal liquids well, and the cause was
suspected to be the unusually high proportion of aromatic

and associating compounds in coal-derived liquids



as compared to petroleum crudes. Thus, an alternative
method for correlating and predicting enthalpies for coal
liquids has been sought. To this end, numerous pure,
aromatic compounds have been measured on this apparatus:
benzene, l-methylnaphthalene, m-cresol, 2,6-1utidine,
m-xyléne and now thiophene. The two correlations which
seem to otter the hest hope of success at this Lime are
the Kesler and Lee correlation, and the Soave-Redlich-
Kwong equation of state. In this study, measurements of
enthalpy for thiophene have been taken and compared to
other thermodynamic data existent for the compound. Then,
these two correlations are compared to the data and their
applicability is evaluated.

Due to the physical limitations of the system, it was
necessary to choose a compound for thi1s study whose freez-
ing point is well below 65°F and whose viscasity is low
enough at room temperature that it can be readily pumped
through the calorimeter. In addition, it was hoped to find
a compound whose critical temperature was below 600°F and
whose critical pressire was below 1000 psia so that a ful]
range of liquid and vapor data could be obtained.

Thiophene was chosen because it fulfilled all of these
criteria, and because it should be representative of cyclic

sulfur compounds. Although thiophene itself is seldom



found in coal-derived liquids, derivatives thereof are
‘often present, and thiophene's behavior should be indica-
tive of these derivatives. Thiophene's structure is

c,/S\cand McClellan (1963) gives its dipole moment
H H ‘

\ /

CH-CH
as 0.51 to 0.55. Thus one would expect it to exhibit
some degree of association through dipole-dipole inter-
action. It was hoped that by measuring the enthalpy of

thiophene and comparing the results with predicted values,

some idea of the effect of this association would be gained.




THEORETICAL BACKGROUND

The system used for these measurements is built
around a flow calorimeter. This particular calorimeter
is a reference boil-off type utilizing Freon-11 (trichloro-
fluoromethane) as the reference fluid, since its.boilfng
point is 65°F, approximately room temperature.

By applying the first law of thermodynamics (assum-
ing steady state) to the flow calorimeter, the enthalpy
change of the sample as it passes through the calorimeter
may be determined. In the absence of shaft work and heat
leaks and ignoring negligible changes in kinetic and poten-

tial energy, the following equation remains:

- =0
(Hr,pdin = (1 plout = - (1)
where
(HT.P)in = enthalpy of the sample per unit
mass at the inlet conditions

(HT,P)out = enthalpy of the sample per unit

mass at the outlet conditions

Q
M

heat removed from the sample

mass flow rate of the sample
Thus, if Q and M are measured, the difference in enthalpy
between sample inlet and outlet conditions may be deter-

mined.



In order to determine accurately the value of Q, the
sample must be brought into contact with the Freon 11
within the calorimeter. The Freon is at its bubble point,
65°F, so that any heat given up by the sample goes to
vaporize the Freon. .If the Freon flow rate is sufficient
so that no superheating occurs, and if the contact time
within the calorimeter is long enough to cod] the sample
down cdmp]ete]y (to 65°F), Q may be determined simply by
multiplying the latent heat of vaporization of Freon at
65°F by the amount of Freon vaporized. This amount may be
measured if the vaporized Freon is immediately cooled,
condensed, and collected in a chilled collection flask for
weighing. If the Freon obtained in this manner and the
sample passing through the calorimeter are collected simul-
taheous1y and then weighed, Q and M may be inserted into

equation (1) and the enthalpy change calculated as follows:

=9—=
.0 0ut = W " MErtEr (2)

M

(H - (H

T,P)in

where

i

MFr mass of Freon 11 collected

latent heat of vaporization of Freon 11

xFr
at 65°F: 79.18 BTU/1b,
One constraint which has been assumed in the above calcu-

lations, yet which should be mentioned, is that there be



no significant heat leak into or out of the calorimeter

or the line between the inlet temperature thermometer and
the calorimeter. Before taking any thiophene data, hep-
tane was run in the system and measurements taken at a wide
variety of flow rates to assure this was the éase. Even
S0, some care must be taken, for if the sample flow ratc is
éxtremely low, even a sméll heal leak might become signifi-
éant. Conversely, the flow rate of the sample must not be
too high, or the rate of Freon boil-off will be too large
for the system to handle. The calorimeter used in this
study was designed for a sample flow rate of approximately

3 to 60 cm® per minute.

30 cm
By the method described above, enthalpy data were taken

for a wide range of temperafures at a number of isobars.

The enthalpy difference between inlet and outlet conditions

was corrected to outlet conditons nf 1 atmospherc and 65°F,

the conditions arbitrarily selected as the reference point

where the enthalpy of the sample is zero. 1In the two-phase

regions, only the enthalpy of the overall mixture was

measured,




EXPERIMENTAL EQUIPMENT AND PROCEDURES

Much has been written on the equipment originally
built for this project and on the myriad of modificationsv
which have since been made. Sufficient information may be -
obtained from the theses by Andrew (1978),AMcConne11
(1976), and Sharma (1977). The most recent mddifications.
which have improved the performance of the system markedly,
are described in the thesis by G. D. Mohr (1980). Opera-
ting procedure is discussed by Hinman (1979).

Two equipment changes have Been made subsequent to
Mohr's thesis. A 500 psig Heise gauge was put in place of
a 2000 psig Heise gauge on the inlet side of the system,
providing greater accuracy at pressures less than 500 psig.
A pressure gauge was also inserted into the nitrogen line
between the supply bottle and the pressure regulator valve.
This allows a greater degree of control when setting the
system pressure by indicating more accurately the pressure
in the supply line. Fig. 1 shows the flow calorimeter, and

Fig. la is the system as it now stands.
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EXPERIMENTAL RESULTS

The thiophene was purchased from the Aldrich Chemical
Company, Inc. The specified purity is 99+%, and the pro-
perty specifications are listed as follows: molecular

20 _

weight 84.14; boiling point 85°C;nS” = 1.5278; d = 1.051.

The critical properties are T = 579,40, P. = 56.2 atm,
from Reid (1977 p. 639).

Before beginning experimentation with thiophene,
numerous runs were made with n-heptane; at 154 psia;the
results, given in Table 1, were compared with a plot of
previous measurements made in this lab as well as with
data at 150 psia published in Thinh (1974). The excellent
agreement indicated the system was working well. All three
2000 psig Heise pressure gauges were checked against each
other, and 1t was discovered that one was substantially in
error. This gauge was shipped back to the factory for
recalibration and a 500 psig Heise gauge installed in its
place. The resulting system contained the 500 psig gauge
as an inlet gauge, a 2000 psig outlet gauge, and a 2000
psig gauge used as backup and as an inlet gauge for pres-
sures above 500 psig. Finally, the platinum resistance
thermometer used to measure the sample inlet temperature
was checked against one kept as a reference, and once

again agreement indicated good working condition.
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Table 1
Heptane Enthalpy Check Data

Pressure | H This H Previous
psia Temperature Investigation Investigation
154 279.2 124.3 124.3

302.3 140.3 140.2
345.3 168.0 170.1
429.4 321.7 322.2
524.8 382.2 385.4
601.3 435.0 438.3
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Following this thorough evaluation of the system,
the n-heptane was drained out and the system was flushed,
first with benzene, then with thiophene. After each flush,
the entire system was purged with nitrogen. Only then was

the -system charged with fresh thiophene.

Enthalpy Measurements of Thiophene

Enthalpy data for thiophene were taken over a range of
temperatures from 100°F to 750°F along isobars of 50, 100,
200, 400, 600, 825.9 (the critical), 1000, and 1500 psia.
The outlet enthalpies were corrected to 65°F using a liquid
heat'capacity for thiophene of 0.30 BTU/]bmoF, which was
obtained from Fig. 2. This correction never amounted to

more than 0.26 BTU/]bm. The outlet pressure was corrected

to 1 atmosphere using the Kesler and Lee correlation (1975):

(H= W) _ (- w00 (- wx)l

RT, RT_ vOTRTC

These corrections are tabulated with the data, and
never exceeded 2.73 BTU/1b_. |

Two problems which occurred during the process of
"data-taking should be mentioned here. First, the low
temperature data points (those below 100°F) are not
reliable. To obtain any Freon flow, the‘ pump-governing
the sample flow rate had to be operating near its maximum

capacity. Even s0, the Freon flow was so small that it
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was highly susceptible to small pressure buildups in the
Freon system (due to vaporizing Freon), and was therefore
somewhat irregular. Consultation with previous experi-
menters confirmed this to be unavoidable at such low
temperatures. Second, in the midst of taking the 600 psia
data, the system began exhibiting drastic temperature
instability. After checking the final heater and its con-
trol system for irregularities, it became apparent that the
problem resided in a fluctuating flow rate rather than in
any part of the heating system. The diaphragms in the
dual-diaphragm pump, and the check valves attached thereto,
were replaced. The temperature problem was thereby reme-
died, so the 600 psia vapor and two-phase data were retaken
with a fresh charge of thiophene. This 600 psia isobar
shows more curvature above and bclow the two-phase region
than any of the lower isobars, so several points at lower
pressures, both liquid and vapor, were taken to discover

if the system had somehow chéngéd its behavior. After
proving satisfactorily that such was not the case, it is
felt that this curvature is simply due to the impurities

in the sample which affect the enthalpy to a greater

extent as the pressure and temperature approach the
critical values. With these two exceptions, little dif-

ficulty was encountered in the data-taking process.
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The experimental data obtained are presented in

Tables 2 through 9, and are also displayed graphically

in Fig. 2. Previous experience with this system as noted
in Hinman (1979), indicates that the error in the enthalpy
data is less than 1% of the measured AH at any temperature.
The temperatues are accurate to within 0.1 ®F. Pressures
below 50NN psia are accurate to within 0.5 psia, and above
500 are accurate to within 2.0 psia. From these data,
several comparisons, crossplots, aﬁd correlations may be

made. These will be discussed in the next section.



Table 2
THIOPHENE ENTHALPY DATA

50 ‘PSIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) 1Inlet Outlet BTU/1b BTU/1b_ BTU/1b_
35 L 127.3 49.1 24,9 19.7 0.02 19.7
1 L 146.7 50.0 32.0 25.9 0.17 26.1
22 L 186.7 30.0 22.5 42,6 0.02 u2.6
2 L 211.1 50.0 30.0 52.6 0.17 52.8
25 L 222.5 L9.8 28.7 58.0 0.02 58.0
23 L 243.0 49.8 23.0 63.8 0.02 3.8
29 L 247.5 49.9 32.4 66.4 0.02 66 .4
30 L 261.4 50.2 32.9 72.6 0.05 72.7
3 L-V 264 .3 50.0 29.0 81.3 0.02 81.3
26 L-V 266.1 50,7 27.9 93.9 0.02 93.9
L L-V 266.3 50.0 30.0 143.6 0.02 143.6
27 L-V 267.9 51.4 22.9 164.3 0.02 164 .3
32 v 270.9 50.0 24.9 223.1 0.02 223.1
28 v 277.7 50.7  22.b  226.1 0.02 226.1
36 v 337.2 50.6 20.9 243.2 0.01 243,2
5 v 355.7 49,5 32.0 248.0 0.02 248.0
32 v 68.2 50.8 2L .9 253.9 0.02 253.9
3 v 07.2 50.6 24,4 265.6 0.02 1 265.6
37 v L61.1 49,5 21.4 283.9 0.02 283.9
38 v 500.3 49.3 20.9 299.0 0.02 299.0
39 '/ s540.9 50.0 21.2 310.7 0.02 310.7
) v 582.8 50.0 18.9 325.6 0.02 325.6
41 v 623.2 50.8 18 .1t 42,2 0.02 2.2
L2 v 663.7 51.2 11.9 357.3 0.00 357.3
L3 v 705.1 49,2 20.2 373.0 0.02 ' 373.0
Ll ' -733.8 50.2 21.4 383.8 0

.02 383.8

Sl



Table 3
THIOPHENE ENTHALPY DATA

100 PSIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) Inlet Outlet BTU/1b BTU/1b_ BTU/1b_
L5 L 216.7 99.9 81.9 54,8 0.17 55.0
L6 L 265.7 101.4 83.9 4.3 0.17 74.5
L7 L 28C.8 100.4 83.9 80.9 0.17 81.1
53 L 307.3 99.6 81.8 90.7 0.17 90.9
48 L 318.7 99.4 79.9 97.8 0.17 98.0
54 L 321.1 100.6 81.8 98.3 0.17 98.5
Lg L-v 323.0 99 .4 77 .9 161.4 0.17 161.6
50 L-v 323.5 i00.2 77 .9 172.9 0.17 173.1
55 L-V 323.8 100.5 81.8 106.9 0.17 107.1
51 L-v 24,2 100.6 77.9 184.9 0.17 185.1
56 L-V 2L 4 100.2 80.8 - 204,7 0.17 204 .9
52 \') 325.5 100.8 77 .4 235.9 0.17 236.1
57 \'f 356.5 - 100.6 80.8 246.0 0.17 2L6,2
58 \4 331.3 99.3 79.8 254 .4 0.17 254 .6
59 v 4%5.7 99.3 79.8 269.7 0.17 269.9
60 ) Lé2.0 99.4 79.8 281.3 0.17 281.5
61 \'f 502.7 100.7 80.8 294 .9 0.17 295.1
62 v 551,8 99.1 - 79.8 313.6 0.17 313.8
63 v 611.4 99.8 79.8 334.5 0.17 334.7
64 v 659.9 100.0  79.8 355.0 0.17 355.2
65 \'s 728.0 100.0 79.8 380.0 0.17 380.2

91



Table 4
THIOPHENE ENTHALPY DATA

200 PsIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) Inlet Ou%tlet BTU/1b_ BTU/1b BTU/1b
66 L 269.6 200.5 182.4 75.7 0.32 76.0
67 L 306.6 -200.4 182.8 90.U4 0.32 90.7
68 L 355.7 199.6 183.8 109.7 . 0.32 110.0
82 L 388.5 199.5 187.8 123.6 0.34 123.9
71 L-V 391.7 198.4 183.8 159.3 0.32 159.6
72 L-V 392.6 199.5 185.8 207.6 0.34 207 .9
69 L-V 393.3 199.6 183.8 236.4 0.32 236.7
70 v 93.6 200.3 183.8 254.8 0.32 255.1
73 \' 26.4 200.3 185.8 262.9 0.34 263.2
v \ L50.6 200.5 185.8 273.0 0.34 273.3
75 \'f 483.7 199.1 185.8 284.3 0.34 28L .6
76 \'s 531.4 199.8 186.3 300.2 0.34 300.5
77 v 577.8 200.2 186.8 319.5 0.34 319.8
78 v 62l .1 198.8 184.8 335.7 0.34 336.0
79 \' 662.9 199.7 184.8 352.2 0.34 352.5
80 v 709.0 200.0 185.1 370.5 0.34 370.8
81 \'f 728.3 199.6 184.8 378.6 0.3h4 378.9

98¢€¢d-1

LT



Table 5

' THIOPHENE ENTHALPY DATA
" 40O PSIA

Run No. Phase Temperature Pressure {(psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) Inlet Outlet BTU/lbm BTU/lbm BTU/lbm

8h L 340.2 400.,1  390.4 105.6 c.71 106.

85 L bou.2 4o1.1 391.9 132.7 c.71 133.

167 L §04.7 400.9 330.9 134.5 c.71 135.2
86 o 528.3 400,7 390.9 1k3.7 C.71 144 4
88 L 458.9 399.6 337.8 158.0 a.84 158.8
90 L-V 474 .9 400.7 338.8 196.6 0.71 197.3
119 L=V 475.6 400.8 338.5 177.2 0.86 178.1
91 L-V £76.9 ?99.6 386.8 227.7 0.69 228.4
92 L-V L79.4 +00.0 389.8 254.1 0.71 254 .8
164 v L86.5 401.9 389.9 276.5 0.71 277.2
165 \Y 488.0 401.9 389.9 2?2.7 0.71 276.4
168 Y 508.0 398.0 =85.0 284.5 0.69 285.2
120 \'f 337.7 400.3 287.0 299.4 0.84 300.2
9L \'f 853.2 400.1. 386.9 302.8 0.69 303.5
121 \J 589.6 koo.0 387.0 31s5. 0.69 316.2
96 \'J 629.3 Loo.4 387 .4 331. 0.69 332.1
97 \J 666.9 L0o.2 386.9 346.9 0.69 347.6
98 \'} 710.5 400.5 387.9 364.1 0.71 364 .8

81



600 PSIA
Run No.

13
1k
125
12
122

15
9
126
113
127
112
111
106
128
109
129
114
115
103

Phase

ol o

t“t“;‘r‘t"t“
<<« <<

A< <A<<<SSE<|E<C<S<<S<I

Temperature
Inlet (°F)

390.1
Ly2,2

507.4
526.7
530.0
530.5
531.2

Table 6

THIOPHENE ENTHALPY DATA

Pressure (psia)

Inlet

500
500
500
600
600
600
600
600
600
600
600
598
598
599
599
599
600
601
601
600
600
600

Outlet

571
71
592
290
587
592
589
592
588
589
588
584
586
586
586
588
587
590
586
. 587
587
592

AH Expt Pressure Correction AH Corrected

BTU/lbm BTU/lbm BTU/lbm
128.4 1.03 129.4
151.6 1.03 152.6
186.8 1.08 187.9
198.6 1.06 199.7
207.8 1.06 208.9
212.8 1.08 213.9
238.8 1.06 239.9
234,55 1.08 235.6
259.6 1.06 260.7
273.1 1.06 274, 2
280.4 1.06 281.5
285.1 1.06 286.2
288.1 1.06 289.2
295.1 1.06 296,2
304.2 1.06 305.3
306.8 1.06 307.9
309.3 1.06 310.4
314.1 1.06 315.2
326.9 1.06 328.0
330.3 1.06 331.4
349.5 1.06 350.6
370.4 1.08 371.5
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Table 7
THIOPHENE ENTHALPY DATA

825.9 PSIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (“F) 1Inlet Outlet BTU/lbm BTL'/lbm BTU/lbm
16 L 478.0 826 B16 167.6 1.48 169.1
130 L 529.3 826 B15 199.4 1.48 200.9
17 L 538.5 826 817 204,0 1.48 205.5
131 L 5#9.3 826 815 212.4 1.48 - 213.9
132 L 56l 4 826 815 222.5 1.48 223.0
18 5L 576.1 826 816 239.4 1.48 24k0.9
133 L 579.5 826 815 2ks.3 1.48 2u6.8
134 L 589.1 827 815 280.0 1.48 281.5
137 L 578.0 828 816 337.5 1.48 339.0
138 L 725.2 828 817 363.0 1.48 364.5

0¢



Table 8
THIOPHENE ENTHALPY DATA

100C PSIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) Inlet Outlet BTU/lbm BTU/1b n : BTU/lbm

142 L Lo2.3 1001 990 131.4 1.80 133.2
143 L L62.3 1001 991 162.3 1.80 164 .1
1Ly L 530.0 1001 991 200.6 1.80 202.4
1ko L 567.6 999 990 224 .0 1.80 225.8

©1h1 L 597.5 998 989 253.2 1.80 255.0
148 L 606.7 1000 994 273.5 1.80 275.3
145 L 626.4 1001 991 294 .9 1.80 296.7
146 L 64l ,7 1000 992 ' 313.0 1.80 314.8
149 L 652.2 999 992 315.3 1.80 317.1
150 L 687.5 998 992 336.6 1.80 338.4
151 L 735.1 999 992 359.8 1.80 361.6

Ie



Table 9
THIOPHENE ENTHALPY DATA

1500 PSIA
Run No. Phase Temperature Pressure (psia) AH Expt Pressure Correction AH Corrected
Inlet (°F) Inlet Outlet BTU/lbm BTU/lbm BTU/lbm

153 L hé65.3 1501 1481 162.1 2.68 164.8
155 L 522.9 150C 1490 190.2 2.71 192.9
154 L 526.1 1501 1487 189.0 2.71 191.7
156 L 572.1 1499 1490 218.1 2.71 220.8
157 L 615.9 1499 1487 24k .9 2.71 247.6
158 L 656.7 1499 1485 273.3 2.71 276.0
161 L 676.5 1501 1493 293.1 2.71 295.8
163 L 635.9 1496 1488 308.3 2.71 311.0
162 L 722.5 1503 1496 330.9 2.73 333.6

22
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COMPARISON OF THIOPHENE MEASUREMENTS
WITH EXPERIMENTAL LITERATURE VALUES
Although there is a significant amount of data in the

literature dealing with thiophene, none of it is actual
enthalpy data. .Instead, there is an abundance of heat
capacity, heat of vaporization, virial coefficient, and
vapor precsurc data, but must of it at lower temperatures
than those of this study. A comparison of literature values
with derived values from these data will indicate the qual-

ity of the data.

Enthalpy Cross-Plot

After fitting the vapor phase isobaric enthalpy data
to the expression H = a + bT + cTz, where a, b, and ¢ are
constants, isothermal cross-plots of the data were construc-
. ted in Figure 3 for temperatures ranging from 400°F to
750°F in increments of 50°F. Error bars indicating a 1%
error in the enthalpy are included on the plot. Since
Figure 3 is a cross-plot of values estimated by a least-
squares fit of the data, the expected scatter in the data
should increase. Such is the case: the values at 50 psia
are high relative to the higher pressures, causing an
upward curvature in the isotherms of Figure 3. This should
not be true. Thiophene can be represented with the virial
equation; at lower pressures all virial coefficients beyond

the second should be negligible. If so, the plot of H vs P
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at constant T should be a straight line in this region. If
straight lines are fitted to the data points below 600 psia,
as is done in Figure 3, the slope of the resultant lines
follow the same trend as the virial equation indicates, but
with steeper negative slopes. The steeper slope is most
1ikely due to using higher pressure points (100 psia to 600
psla) to arrive at a slope, instead ot the 50 psia to 200 psia
points. The low pressure points obviously cannot be exclu--
sively used since the 50 psia points are consistently high.

A comparison between the calculated and observed slopes
is presented in Table 10. The columns marked "Calc. 1"
and “"Calc. 2" are both calculated by means of the virial
equation, but the formér uses Pitzer's general correlation
for the virial coefficient and its derivatives as given in
Smith and Van Ness (1975), while the latter uses the cor-
relation for the thiophene virial coefficient offered by
Waddington et al. (1949). A discussion of these calcula-
tions is given in Appendix A.

As further check on these data, the straight lines of
the isotherms were extrapolated back to zero pressure and
the enthalpy difference between each isotherm and the 400
bFisotherm calculated. These values are given in Table 11,
along with the same quantities calculated using the ideal

gas heat capacity expression from Reid et al. (1977, pp.




EFFECT OF PRESSURE ON THIOPHENE

Temperature
I"\

uoo.o
Ls0.0
500.0
550.0
600.0
650.0
700.0
750.0

THIOPHENE ENTHALPY

Temperature

o,
I

L50.0
500.0
550.0
600.0
650.0
700.0
750.0

[
I

AT

0.8243
0.8723
0.9202
0.9681
1.016
1.064
1.112
1.160
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TABLE 10
ENTHALPY
LOW PRESSURES
( ) BTU )
(lbm,p31a)
Calc. 1 Calc. Observed
-0.034 -0.042 -0.051
-0.032 -0.037 -0.045
-0.029 -0.034 -0.042
-0.027 "0-031 “OQOL"O
-0.024 -0.028 -0.031
-0.022 -0.026 -0,028
-0.021 -0,025 ~-0.026
TABLE 11

DIFFERENCES BETWEEN VARIOQUS
TEMPERATURES AT ZERO PRESSURE

(HT - HLLOO)'calc

BTU/1b

16.1
32.8
- 50.1
68.0
86-5
105.4

(HT - Hboo)obs
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629, 640). The observed values deviate no more than * 2%

from those ca]éu]ated.

Vapor Pressure

Due to the presence of impurities in the sample, the
tWo-phase data at each isobar do not fall on a truly verti-
~cal line. Instead, each two-phase region covers a span of
several degfees. In order to cbtain the boiling point,
the temperature at the top and bottom of each two-phase
region were averaged. The results should be accurate to
within * 0.5%. These temperatures were converted to 0R,
and a plot of log pS (the system pressure at that isobar)
vs 1/T was made. On the same plot, data from the American
Petroleum Institute Research Project 44 (1953) and from
Waddington et al (1949) were entered. The data are given
in Table 12, and the resulting  graph in Figure 4. The
figure illustrates how closely the data of this study cor-
relate with those of the other two sources. A straight line
constructed through all the data reveals very little scatter

among the data sets.

Heats of Vaporization

The impurities in the sample are much more noticeable
when attempting to calculate heats of vaporization. For
the higher pressures, it is often difficult to determine

exactly where the two-phase region begins and ends. Thus



Temperature

266.8
323.5
392.8
477.1
532.9
583,2
183.5
170.0
200.0
230.0
194.0
204.6
215.3
226.0

20aes

THIOPHENE VAPOR PRESSURE

xlcl)é'BR'1

1.377
1.277
1.173
1.068
1.008
0.9589
1.555
1.588

1.216
1.450
1.530
1.206
1.482
1.459

1.436
1.414

TABLE 12

pS
psia

50.0
100.0
200.0
uoo.o
600.0
825.9

14.70

11.60

19.32

30.56

17.52

20.78

2k .52

28.79

33.66

39.18

log pS

1.699
2.000
2.301
2.602
2.778
2.917
1016?

29

Source

This Investjgation
" \

Reid et al (1977, p. 639)

API Proj. 44 (1953, Table 114a-E)
API Proj. 44 (1953, Table 114K-E)

Waddington et al, (1949, p. 802)
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for the 600 psia isobar, the top of which is particularly
curved, the heat of vaporization was calculated from the
definite discontinuity in the liquid phase to the inter-
section of the measured vapor and two-phase lines. No
attempt was made to square off the vapor corner by extrapo-
lation of the vapor phase data. The inaccuracies inherent
in so doing would not improve the results. Once again, the
heats of vaporization obtained were tabulated and plotted,
along with available data from API Research Project 44
(1953) and Waddington et al (1949) in Table 13 and Figure
5. A nice smooth curve is formed, although here the margin
for error is much greater, from ¢ 2% at 50 psia to as much
as * 5% for the 600 psia value. Error bars in Figure 5

indicate these error ranges.

Vapor Phase Heat Capacity

"The equations generated by the previously mentioned
least-squares fit of the vapor phase eﬁtha1pyldata are
shown in Table 14. The derivative of each second order
gquation was taken in order to obtain an equation for CP.
The heat capacity was then calculated at selected tempera-
tures for each vapor isobar, and the results as shown in
Table 15 plotted as a function of pressure in Figure 6.
Siﬁce the heat capacity values are slopes of fitted curves,

they are none too accurate; the error is estimated at * 5%.



Temperature

OF

266.
323.
392.
477.
532.
583.

77.

183.
113.
145.
183.
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H

221.
235.
253.
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Hyiquid
BTU/Tb_
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BTU/]bm
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81.

0.
176.

160.
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167.
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TABLE 13

THIOPHENE HEATS OF VAPORIZATION

Source

This Investigation

Reid et al, (1977, p. 639)
API Proj. 44(1953,Table 23-14-2-
(9.2920)-m)

Waddington, et a1, (1949,p. 802)
. ; ; .
n [{] n fn
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TABLE 14

THIOPHENE VAPOR PHASE ENTHALPY EQUATIONS GENERATED
BY LEAST-SQUARES FIT OF EXPERIMENTAL DATA

Pressure Equation

psia T in OF

50.0 130.#8823 + 0.23961362T + 0.10748985x10” g
100.0 143.33750 + 0.25273997T + 0.10044471x10” 3
200.0 151.12955 + 0,20054828T + 0.15429498x10 2
L0, 0% 150,17810 + 0.179108407 + 0,17265162x10" 3
600, O#% 131.01018 + 0,21652675T 1 0.1493%5554%10°-T

¥  Runs numbered 164, 165, and 120 were not used to
generate the vapor enthalpy curve due to their
proximity to the two-phase region.

*#%* Runs numbered 126, 113, and 127 were not used to
generate the vapor enthalpy curve due to their
proximity to the two-phase region.




TABLE 15

THIOPHENE HEAT CAPACITY ESTIVMATES FROM SLOPE OF
LEAST-SQUARES FIT OF VAPOR ENTHALPY DATA

Temperature Pressure CP
Op psia BTU/1b_ °F

350.0 50.0 0.315
100.0 0.323

Ls50,0 50.0 0.336
100.0 0.343

. 200.0 0.346

520.0 50.0 0.351
100.0 0.357

200.0 0.361

Loo,0 0.359

600.0 50.0 0.369
100.0 0.373

200.0 0.386

L00.0 0.387

600.0 0.396

.700.0 50.0 0.390
100.0 0.393

200.0 0.417

L00.0 0.421

600.0 0,426
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As an aid in fitting a curve tcrthis data, the derivative
of Cé with respect to pressure at constant femperature was
calculated using the virial equation. The values calculated
in this manner were used to estimate the initial slope of the
lines fitting the data. These lines, as well as the calcu-
lated initial slope and ideal gas values from the litera-
ture are indicated in Figure 6. Table 16 provides the
initial slopes as calculated with the virial equation, as
before using both correlations for the virial coefficient.
Once more, the specific correlation for thiophene works

much better than the general one. The derivation of the
virial formula of the slope is provided in Appendix B. The
error in the zéro-pressure heat capacities extrapolated

in Figure 6 should be no less than *5%, and when these ideal
gas heat capacities are cdmpared with the extensive data
offered by El1-Sabban et al (1970), Hubbard et al (1955),

and Waddington et al (1949), and with the equation put forth
by Reid et al (1977, p. 629), the data from this study is
found to fall within #2% of the literature values. This is
especially good, given the fact that heat capacities were
not measured directly in this study. Table 17 and Figure 7
indicate the jdea] gas heat capacity data from this study

and from the literature,.



TABLE 16

EFFECT OF PRESSURE ON THIOPHENE IDEAL GAS
HEAT CAPACITIES AT CONSTANT TEMPERATURE

Tempgrature
. F

350.0
450.0
520.0
600.0
700.0

Tempgrature
F

350.0
450,0
520.,0
600.0
00,0

32.0

76.8

80.4
260.4
Ly, 4
620.4
800.4
980.4
1160.4
1340.4
159.5
264.5

325.6

3C ( BTU )
(E?E)mglbm°F psia )
Calc. 1 - Calc., 2
7.132x1073 1.343x107 ¢
2.145x1o_3 7.435x10'5
1.107x107; 5.201x10_2
5,917x107, 3.014x1077
3.122x10" 2.421x107°
TABLE 17
THIOPHENE IDEAL GAS HEAT CAPACITIES
Cp ( BTU )
_ (Iby, °F) :
This Inv. E1-Sabban Hubbard Wadding- Reid
ton
0.307 0.301
0.332 0.328
0.347 0.345
0.367 0.363
0.391 : 0.383
0.189 :
0.207 0,207 0.206
0.208 0.208 0.208
0.274 0.274 0.273
0.326 0,326 0.326
0.367 0.368 0,368
0.399 0.401 0.401
0.k26 0.428 0.427
0.4bl7 0,451 0.450
0.466  0.470 0.470
0.238 0.238
0,256 0.256
0.275 0.275
0.312 0.312

388.5

38
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FIG. 7- THIOPHENE IDEAL GAS HEAT CAPACITIES
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Enthalpy Correlations

The major purpose in studying coal-derived liquids
with this apparatus is to evolve a correlation which can
predict fairly ﬁccurately the enthalpy of such compounds.
The two major correlations which seemed most promising
before this study were the Kesler and Lee correlation
(1975) based on a modified Benedict-Webb-Rubin equation
of state, and a correlation utilizing the Soave-Redlich-
Kwong equation of state. The Benedict-Webb-Rubin equation

is 2
_RT BORT - Ao - CO/T

2

+ bRT - a +

3

[+
> 2

v v

<

_C . Y -y
+ (1 + ) exp

vIré Ve ve
b

where AO, B c a, b, ¢, a, and vy are constants

0?
for the fluid of interest. The Snave-Redlich-Kwong equa-

o,

tion is

P:ET__ra
V-b V{V+b)

where V is the molar volume and
a = a (TC) a
where 2.9

a (T,) = 0.42747 -t
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@ = (1+m (1-1,)0:3)2
m=0.480 + 1.574w - 0.1760°
RT,

b = 0.08664 —
C.

A coby of this second computer-aided method is found in
Appendix C. Both methods follow the same procedure:‘ (1)
calculation of the enthalpy departure from the real state
at the reference state (65°F and 1 atmosphere) to the ideal
gas state at 65°F; (2) calculation of the enthalpy change
within the ideal gas state from 65%F to the temperature
of interest; (3) calculation of the enthalpy departure from
the ideal gas state at the temperature of interest to the
real state at the temperature and pressure of interest.
Step 2 is accomplished in the same manner with both corré]a-
tions, Ly utilizing the ideal gas heat capacities. Steps 1
and 3 are accomplished by calculating the enthalpy departure
using on one hand the Kesler and Lee correlation based on
corresponding states and on the other the Soave-Redlich-Kwong
equation of state. The necessary parameters for using these
two methods were obtained from Reid et al. (1977): molecular
weight, critical temperature, critical pressure, acentric
factor, and ideal gas heat capacities.

Entha]ﬁ} values were calculated using both methods at
intervals of 100°F from 100°F to 700°F for each isobar on

which experimental data were taken. The results of these
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calculations are compared with values obtained from the
smooth curves fitted to the experimental data (see Figure
2) in Table 18. Close study of this tabulation yields
some distinct patterns.

Both the Soave-Redlich-Kwong and the Kesler and Lee
methods give excellent predictions in the liquid phase,
predictions falling within *5% of measured values. Vapor
enthalpies fall predominately within *1% of measured values,
with two notable exceptions. First, at the critical pres-
sure and above, both methods begin to fall significantly
below measured values: more than 1.5% at 600°F and 825.9
psia to almost 3% at 700°F and 1000 psia. Even so, this is
not far beyond the accuracy limits of the data. Second,
the enthalpy values close to the two-phase regions are
predicted somewhat lower in the 1liquid phase and somewhat
higher in the vapor phase at lower pressures, and just the
reverse at higher pressures. This is most likely due to the
impurities in the thiophene serving to "round off" the cor-
ners of the two-phase regions. Table 19 presents a com-
parison between vaporization temperatures and heats of vapor-
ization for pressures below the critical as measured in
this study and as calculated with the SRK equation. The
difference in boiling points is less than 1.8%F in any
instance, and the heats of vaporization are within *4% at

pressures of 200 psia and below, and within *15% at the



Pressure
psia

50.0

100.0

200.0

400.0

600.0

THIOPHENE ENTHALPY CORRELATIONS

Tempgrature
F

100.0
200.0
300.0
L00.0
500.0
600.0
700.0
1100.0
200.0
300.0
400.0
500.0
600.0
700.0
100.0
200.0
00.0
00.0
500.0
600.0
200.0
100.0
200.0
00.0
00.0
500.0
600.0
700.0
100.0
200.0
00.0
100.0
500.0
600.0
700.0

TABLE 18

Phacse

<<t <<<ptop<<<<tHp<<<<tp<<<<<t
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H  (BTU)
(1bp)
This SRK K-1
Inv
11.2 11.6 12.1
Lé6.7 L6.7 Lg.6
231.8 232.2 231.7
262.7 262.8 262.8
297.9 295.9 296.2
334.2 331.4 331.9
371.2 369.0 369.6
11.2 11.7 12.2
Lé6.7 46.8 u48.7
89.0 86.4 88.6
260.1 260.3 259.7
294.3 293.9 294.0
331.4 329.8 330.1
369.1 367.6 368.1
11.2 11.9 12.4
Lé6.7 46.9 48.8
88.3 86.5 88.7
256.6 254,5 252.6
288.9 289.5 288.9
326.9 326.2 326.3
365.8 364.6 365.1
11.2 12.4  12.7
Lé6.7 L7.3 49,1
88.3 86.7 8B.9
129.8 131.5 132.3
281.7 278.2 275.5
320.3 318.2 317.7
359.7 358.3 358.6
11.2 12.8 13.1
L6.7 47.6 49.4
88.3 86.8 89.1
129.8 131.2 132.3
180.9 184.2 181.9
313.8 307.8 306.5
354.7 351.1 351.2



Pressure
psia

825.9

1000.0

1500.0

(Continued)

Tempgrature
' F

100,0
200.,0
300.0
Loo.0
500.0
600,0
700.0
100.0
200,0
300.0
Loo.0
500.0
600.0
700.0
100.,0
200,0

00,0

00,0
500.0
600.0
700.0

TABLE 18

Fhase
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H  (BTU)
(1bpy)
This SRK K-L
Inv.
11.2 13.3  13.5
46,7 LB.0 49.8
88.3 87.1 89.4
129,8 131.0 132.3
180.9 182.2 180.0
292.9 288.,3 285.7
348.6 341.7 341.5
11.2 13.6 13.8
L&,7 48,3 50.1
88.3 87.2 89.6
129,.8 130.9 132.4
180.9 181.1 179.5
258 .4 251,0 245,8
342,9 333.1 332.1
11.2 1b,7 1.7
L6.7 L9,2  50.9
88.3 87.8 90,2
129.8 140.8 132.6
177.8 179.0 178.6
234,3 235,2 231.9
304.6 303.3

312.3




50.0 psia
This Inv.
SRK

100.0 psia
This Inv.
SRK

200.0 psia
This Inv.
SRK

400.0 psia
This Inv.
SRK

600.0 psia
This Inv.
SRK

TABLE 19

' PHIOPHENE BOILING POINTS AND

HEATS OF VAPORIZATION

Temperature

°F

. 266.8
267.2

323.5
325.3

392.8
94 .4

477.1
477..5

532.9
533.9

Hvapor

BTU/lbm

221.8
222.7

H) 5quia
BTU. lbm

5.3
70.5

© 97.2
95.2

127.7
127.1

167.6
170.4

198.7

45
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higher pressures. The greater errors in the predicted
values at the higher pressures are not surprising, given
the above-illustrated increased error in enthalpy values

at higher pressures exhibited by the correlation.

Discussion

Tn general, little difficully was encountered in
vblaining enthalpy data for thiophene. The only equip-
ment‘prob1ems which occurred were the previously discussed
pump malfunction and occasionally.finding coke buildup
around the final heater. The pump failure came as no sur-
prise since the check valves had not been replaced in more
than one year, and fhe diaphragms for a much longer period
of time. Coke formation around the:final heater has troubled
all who have worked with this equipment due to the narrow
clearance between the heating element and the inner walls
of the surrounding tubing. This narrow clearance is neces-
sary, however, to assure even heating nf the sample prior
to its entrance into the calorimeter.

These problems did not have any negative effect on the
data reported in this study. At the first sign of pump
irregularities or pressure drop due to coke formation, the
system was shut down and the anomaly repaired. In the case
of the pump, extensive data were retaken in order to assure
that the problem had not gone unnoticed for any period of

time.
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CONCLUSIONS

The excellent agreement between the quantities
measured in this study and those reported in the literature
bode well for this system and for the experimental proce-
dure employed. The incredible agreement in the area of
vapor pressures between the higher temperature data of this
study and the lower temperature measurements available in
the literature from several sources in especially gratify-
ing.

Just as significant is the very good agreeement between
measured enthalpies and those predicted by the two correla-
tions. So far, these methods have proven quite successful
except for compounds which have a high level of associa-
tion, such as ii-cresol. Thus the corre1ationa1 development
is not complete at this point, for if it will not work
adequately for certain pure compounds it will probably not
be too successful for some coal-derived liquids. It is
hoped that the data presented in this study will aid in the
development of a correlation which will be successful for

predicting the enthalpies of all coal-derived liquids.
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APPENDIX A

DERIVATION OF (3H
3P/ g

Begin with the complete expression for dH

dH = C

PdT + (V - T(BV) )dp

At constant T this becomes

B v

e therefore need an expression for V. For this we will
use the virial equation:

IV = a(l +B'P+C'B° + .. .)

where a = RT. For low pressures, this may be truncated to
two terms, and utilizing the compressibility factor 2

2 =P =1+ B'P
RT

Then, substitute the approximation relation B' = B/RT

Z =P =1+ BP

RT RT

Solving for V yields

V =RT + B
P
Therefore

), F " hE

oF T P oT\P

Since B is independent of P

P

@), B PR @ T
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Calculation Method 1

Pitzer's correlation in Smith and Van Ness (1975, p 87)

represents B as RT
B =__p_C__ (BO + wBl)
C

and M. M. Abbott expresses B and B' as follows:

B® = 0,083 - 0,422 Bl = 0.139 - 0.172
1.6 T.2
T T
r r
Then
dB = RT_(dB° +de1)
aT ¢ \aT at
(o4
where
aB® = a4 s-0.4227 1+ \= 0.6751 1.6
- oty oo
ple P
gzl = g s-0.1727 *2\ = 0,7221 2
aT dT\—— ) 5
TV p5e
Therefore
aB = RTC(O.675TC1'6 + 0.722~WTC“°2>
aT
P_ R 5.2
and
(53) 7 ° %
3P, aT |
= Rr_(8° +wBl) - TRTC(O.675T01'6 + 0.722QTC”°2)

RT (0.083 + 0.13%w - 1.097 + 0.550w
?_C}_ .6 4,2
T T

o] r r

using R = 1,986 BTU _ o
lbmole R
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Calculation Method 2

Waddington et al (1949, p.803 ) correlates the second virial
coefficient for thiophene specifically as

B = -0.,435 - 0.0172exp(1200)
T

with B expressed in liters/gmole and T in °k. As above,

@),
Ak /o dT
= -0.435 - 0.0172exp{1200\ - T(-0.0172({-1200\exp 1200)
(T) T) T
= -0.435 - 0.0172exp(1200)(1 + 1200)
T T
in liters/gmole. The desired units are BTU » so to

=Y
lbm psla
convert:

1 liter = 0.03523 BTU
gmole lbm psia



APPENDIX B

P

p—

DERIVATION OF (ac )
P /g

Begin with the relation

- —— 3 2

As in Appendix A

P

V = RT + B
P

Calculation Kethod 1

Since B is independent of P

(%) "3 @

Then
B, "8 ey o)
c T"* T
(fﬁg) = Rr_a_[0.6757_ 16 + 0.722.,1 **?
ol ), F dT( 12+6 5.2 )
= RTc(i1.756Tc;'6 - 3-756chu‘2>
2 3.6 6.2
Therefore
(EEE) - -T(RTC<-1.756TC1‘6 - 3.756WTC“'2))
5P /g P_ 346 8.2

' 1.6 L,2
RTC(1.756Tc + 3-756wTC )

P T2;6 T5.2

(o]
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Calculation lethod 2

As above

(bV) =R~ daB
) 2

3T/ T
Then
2, = 121 = 42
(3_1) = d°B = 47 (-0.435 - 0.01729xp(1200)
0/, ar® ar® T )
= d (0.017271200 exp(}zoO)
g5(0-0172 (1200 )exp (1200
= 20.64(:1200exp(1200» + (-41.28)exp(1200)
o2 2 T p3 T
= exp(1200)(2u768 - 41.28
T T 77
Thus

T 4

(JC,) = -T(exp(lZOO)(-Zh?éB - L41.28
£ 3
¥ T ‘ T T

= exp 1200) 24768 + 41,28
( T ( m3 °

in liters/emole °K.

units:
1 liter = 0.0196 BTU .
gmole °K 1b, psia R

Again we must convert to the proper

54
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APPENDTX C

(" THF FNILI NRINR PRNGRAM 8NI UFS FNR THF VAPOR PRFSSIIRE AND
" THF FNTHAI PY AS A FIINFTINN NI° TFMPFRATIIRF AT CONSTANT PRF-
r REIIRF NF A CHFMICA! IISTNG THF SNDAUF MONIFICATION NF THF
r REDI TCK=-KWNNGR FRUATIAN NF STATF.,
r THF RFAUTRFND INPUT NDATA TS ARF THF RFFFRENCE TEMPFRATURE.,
r THF PRFSSIIRFE NF THF TRNRAR., THF FRITINAI TEMPERATIIRE, THE
[ THF CRITICAI PRFSSHRE, THF ACCFNTRIN FARTOR. THFE MNI FCUI AR
[ WETGHT. AND THF NAFFFINTIFNTS OF THE THIRD ORDFER POLYNOMIAL
r FNARM NF THF IDFAl GRAS HFAT CAPARTTY.

FIIRCOF(? .C2.01)sFXP(7=1.=-AL OG(7~C2)~C1/C2%

s AlLNGI(P+02)/2))

100 FORMAT  (1H1, ‘FNTHAL PY CAI I ATINN FOR THIOPHENE ‘', /7//)

200 FNRMAT (I1X.FR.3.3F14.7.3X.E12.8,10X, 'V’ ,5X,F10.5,2F18.2.F13.2)

200 FORMAT (IX.FR.R.3F148.7,3X,FI12.5,10X. 'L *+8SX.F10.85,2F15.2.,F13.2)

a0n0 FNRMAT  (IX. 'P/RAR ‘. 9%. 'T/K ‘,B8%X, '‘H/J MOL=1"',BX. 'V.CC/MAL *, 7%,

S'RANT *. 11X, "PHASF . 7X. 'FIIR COFFF . 7X. ‘P/PSIA’ ,8X, 'T/F*,7X. "H/PTI} }
tR=1',7)

700 FOARMAT (4G3)

RON FNARMAT (1IN, F10.%.10%,F10.%)

00 FARMAT  (1HT. ‘t NRATING THF UAPNR PRFSSIIRE ‘,/777)

ROO FONRMAT (1X,°T TPRIMF ‘./)

{00 FORMAT (1HO, ‘WHAT ARF THF VAl IIFS FNR THF [OFFFICTIENTS AN Fe’)
1000 FARMAT (1HN. 'WHAT ARF THF VAL IIFS FAR PCL.TC1,.MI, AND RMW?)
1100 FARMAT (1HO, ‘WHAT 1S THF RFFFRFNCF TFMP. AND SYSTFM PRESSIIRE ‘)
1200 EARMAT (1HO. 'TIRFF)z ' . FK.7.RX, 'P(SYS)e’,FB.3)

1200 FORMAT (1LHO. 'PR1a ', F5.2.7%,. 'TC1= ' ,FR.?,
SSN. ‘W1’ FR,.R,5). 'AMUW=z ' ,F7.R) ‘
1800 FARMAT (1H « "[Ps /i '+’ R, ‘8T, ‘'R, '4T88?
R+’ R.'8TaaAR’', /)
TYPF 800 '
RFAD  (4,%00) AN.RO.CN,.DD
TYPF 1000
RFAD (4.%00) PL1,.TC1,.WI.AMW
TYPF 1100 :

RFAD (4.500) T,PSYS
TYPF 700 ; TYPF. ROO
W=R.31474
. CAITI ATF THF AMMON PARAMFETFRS FNR ROTH PHASES
FK1:.4R0+1,.35748N1~-.17R¢«I oW}
Rs . 0RRR44R+TCI1/PCS .
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C CALCIN ATF THF RFRINDIIAI FNTHAI PY AT RSF AND 1 RAR-
Pal , 01328
T1aT
INaey
CALI. TRI(R . T.A/CT1,L2,TCLFK1,PLTI.P.R)
LAl URIIRIAR.P.R. TV, 7. TR, RNNT)
CAll ENTNEP(PLI . TRIR.FK1.T:AR.7.C2.-HNFP)
HisHDFP
PsPRYS
FXN=s1.0
Ta=700.0
FREBGB G BABBBBBBBBNES
TR X2 YRR XYY 22
FROWM 20 TN Z1. KRFARCHING FNR | NrATINN OF NEGATIVF "ROOT®
TF "RANT* 1S AT, O, THFRF TR ANF wFAl RDDT VN (IRF )
1F *RNNT*<0. . THFRF ARF THRFF RFAI #ONTISIUNIIIME).,. AT | FAST
TWR NF WHICH ARF FRIAL
1IF *wONT* 18 I T. O, THFRF ARKF THRFF RFAl LINFQLIAI. ROOTS(VUNL UME)
"ROOT" RFFFRFS TN THFE UXRTARIFE DEFINFD IN SUHRRMNMITINE UrLIR.
C FOAR INz=1 UVAPNAR RFRINN ~ FFNR IN=1 1 TONTN KEGINN
U 8835088883855 58008846
Iof} ) TaT=%.44F¥N
TNt
Fall TRIR.T,AC1.L72,.TL1.FK1.PC1.P.R)
Fatltl URIIF(ARP.R.T . V. 7. TD.RINT)
IF (RNAT . GF.O0.0) 6OATH 7O
1z2T+R, 281" 2
FXNab XN=1 .
TF (FYN.GT.=-3.) GNATA 20
COWF THFE PROABRSY DNFS WOT WOIRK. T8 HNST | TRELY PRORLEM IS
AN INCOARRFIET STARTINGIS TEFMPFRATIH . ALUIRT T AT STATEMENT 21 OR 20
1 TaT=1.0 :
£ CH83348B0BIUTRGRBRAS .
CFRNAM 22 TN H, RFARCHINIZ FNR THF UVAPNR PRFSSIIRF
»7 INu=?
FAll TRIP.T.A.N1.M2. TL1.-KY . PLYT.P,R)
rall WirR(AR,P.R. T, U, 72, TNR.RNNT)
PIVsFIIRNNF(Z 07 .C1)
?VUs?
UUsi)
INeed
Al Uik {a.R.P.R.T.U.7.TDH.RONT)
1 =RPIIACAR(Z. G701
rd X %4
Vi =V

-
4 -

b B T e Bw By
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TPRIMF= ((P/RBR.148734)# (U1 =UV))/(ALOGR(PIV/PIL)I®(2L=2V))
IF (ARS(T=TPRIMF).I T.0.001) ROTN S

TYPE B0O.T,.TPRIMF

NE! T=sT-TPRIME

TaT=(NDFL.T/10.)

ROTA 22

TSATU=-T

TSATI =TSATV

F SRIBBRBERLARLB08080

Y}

P&l

P1

TYPF 1200.T1.,PSYSR
TYPF 1300,PR1.TR1.W1,RMU
TYPF 1400,A0.R0,ITND.NO
TYPF 100
TYPF 400D
K-1
T=700.0
atl 18R T.AM1.C72.TC1 . FK1.PL1.P.R)
F (7.1, TSATY)Y 1D.=1
TEF (T.FQ (TSATU=.0) AND. TN . FR.=1) IND=1

VR (VLY U TSATULANDLID KR .-1) TOH DT

WW (Y 1. TSsATU.AN ID.YRN.~-1) T=-TSATY

IF (K. FA.=1) T=TAUD
TF () rice ATSATU=% 0) . AND. TN FR.1) T=TKATI
FAIT UL IA.R.P.R. T U, . Th.mINT)
AL FNIRERPIPRY TR, RFRT . T.A,R.7.NP.HNFEP)
Hide=HI T

CHIEATE TR- TDRFAL RS T TN

P (i T =T IV (R, P Vel Taa  =T108P 1+ (0/73.)8(THa3, -
TTIRET . I4(NN/8 (T8 . =T 22l 3 Yed . 1130

He (HT 4 37 4+ W3 -

[ BN 3 NIk of SERN Sndil o iNiad I |

IS THF FHIGACITY FOFFFTINTFENT

PERTA=13.5037274P

TF=(1~1 _ H)I=459_.R7

BRTH- (R%#453,.889) /(1085 . 03BMW) )

1F (IN.FR.=1) TYPF Z00,P:sTiH:V.RONT:PL,PSIA,TF,HATU
IF (IN.FR.1)Y TYPF R00.P.T,H. U, RANT, P! .PSIA,TF,HBTUI
TF (T.1T7.100.0) STNP

IF (T.FR.TSATI .AND.ID.FR.1) K==}
IF (T.FR.TDIDY K=1

T=T=S.

GATD 50

FND .
SHRRAUTINF ENTNEP(PCL.TLYI . R.FKT1.T,A,BR:,2,C2,HDEP)
APRIMF . .82747/PC14(RaT1)40782 (1 . +FK1=-FK1#SRRT(T/TC1))e
S (=FK1))a . S#(T/TCI)ae(=.5)/TC1 .

HDFEPzR#Te (1 .=2)+(THAPRIME=-A) /B8#AL.NG(Z/
S (7+07))

RETIIRN

FND
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SHRROHTINF UCUR(A.R.P.R,T,\U.7.1D,.RO0T) .
. SO UF THF CHIRIC FRUATION IN UNLIIMF FORM (Vea3+DUSe2+FVU+F=0)
Na=ReT /P
Fz==(R&R+RaTER/P-A/P)
Fz==Q#R/P
Ra(3.4F=-DaeD) /3. .
He={(B.8DuF=27 . 4F-7 . 8DaDaD)/27.
WONT= (&8, /27 .+HaH/4.)
TF (RONT.IF.0.) ROTO 10
Sz (ARS(=H/? . +SHIRT((#443./727.+HuK/4,)))%8(1./3.)
IF ((=H/2 . +SART(H#aR, /77 .+HWH/4.)) .1 T.0,0) Bu=~1 .48
TT=2(ARS(=H/7.=SART(R#43 ., /77 . +H#H/4,.)))e8(1./3.)
IF ((=H/?.-SRRT(G#4I./27.+H#H/8 . )) . LT.0.0) TTs=1.8TT
~ SINGIF RFAL ROANT
UzsS+TT=ND/A.,
B0TA a0
T THFELREF ARF THIKFF RFAl wNINTS
16 THFTA -« «ANNK( =, NeH/SRRT(=Ree3./727,)))2/3.
V1= 38138 T(=R/ZIDVIMNSITHFTA)
USs2 . oSN T(=R/R.I4MNSITHETA+? . 0844)
URZZ . #URARTI=R/RDIICASITIHFTA+A . 1 RRR)
TR The=1 TOKE THF | ARRKFST U EP THF UAPNR UVOILLIME .
3F N1 TARE THF SMAILLFST U FNie THIE | TRULTD U0 LIMF,
taaMak t (Ut ,U?2,UR)=-nNr13.,
1F (1 PRty UsaMInNt(us 2. U)=n/s3

A0 R AL R R I T
IFIE 3 I
AN ST U By T PROANISE WOF Al TESING R-R.731434
W T W
RD

SURFMITINS TRIA.T.AC1.0 TP K1PRYsPyR)
[0 I VAR ] :

Al 1201 +FR18(1 . =SART(TRI I

Az. 477475 (RATR1 &AL 1 Y422 /7PC

C1za8P/ (KeReTal)

CPz=RuP/(FaT)

WFTIIRN

I°ND
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