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Direct Determlnation of Enthalpy of Mixing for the Binary 
System Methane-Carbon Dioxide by an Isothermal Flow 

Alpha 0. Barry, Serge C. KaHagulne,’ and Rubens S. Ramalho 
Department of Chemical Engineering, Lava1 Universe, Quebec, Quebec G7K 7P4, Canada 

Enthalpb of mbdng for the blnary gaseous system 
methanacarbon dbxlde were measured by an lsothermal 
flow calorhwtw at temperatures of 293.15, 305.15, and 
313.15 K, wRh mole fracUons of methane ranglng from 
approximately 0.2 to 0.8. For the flmt two Isotherms, the 
measurements were made at pressures of 0.507, 1.115, 
and 1.520 MPa (5, 11, and 15 atm, respodlvely). For the 
W d  koth.rm, measurements were mado at pressures of 
0.507, 1.013, 1.520, 2.533, 3.546, and 4.600 MPa (5, I O ,  
15, 25, 35, and 45.4 a h ,  reqectlvely). The experlmental 
rewlts were compared wlth those already available In the 
Iltra#ure, as well as with predktbns based upon the 
folkwlng equations of state: Bonedkt-Webb-Rubln 
(BWR), R.dlldr-Kwong, and the Redlkh-Kwong equatlon 
wlth the "cations proposed by Jacoby and Roblruon. 

I ntroductlon 

Enthalpy data for pure compounds and mixtures are of fun- 
damental importance In process design. They are also partic- 
ularly important from a scientific point of view, owing to their 
utilization In verifying predictive methods for thermodynamic 
properties of “res.  Such methods are based upon theories 
of molecular interaction. 

I t  is necessary to determine data for the enthalpies of mix- 
tures in the gaseous phase as functions of temperature, pres- 
sure, and mixture composition. The most direct method to 
obtah this network of data consists of the direct determination 
of heats of mixing, henceforth designated as excess enthalpies 
and denoted as HE. The excess enthalpy of a mixture at 
constant temperature and pressure is defined as 

Since for an ideal solution the heat of mixing is zero, Le., 
AHmU = 0, the excess enthalpy of a mixture is numerically 
equal to the heat of mixing of the pure components, i.e., HE = 
AH,,,. 

Although many calorimetric determinations of enthalpies of 
mixing for liquids are reported in the literature, relatively few 
data for gas mixtures are available. The experimental diffi- 
cutties involved in the determinations in the gas phase, as well 
as the high cost of the pure components, are the reasons for 
this scarcity of data. The investitions of excess enthalpies 
in the gas phase are summarized as follows. The first deter- 
minations by Beenakker et ai. ( 7 - 4 )  comprised the following 

002 1-95681 821 1727-0258$0 1.251 0 

Gaseous 
C aior imet e r 

systems: CH,-H,, CH,-Ar, H,-N,, H,-Ar, Ar-N,, He-CH,, and 
He-Ar. Klein (5, 6) studied the system CH,-N,. Hejmadi et 
ai. ( 7 ,  8) investigated the systems N,-O,, N,-CO,, and N,- 
C,&. Lee and Mather (9, 70) studi i  the systems N2-C0, and 
CH4-C0,, and Altunin et ai. ( 7 7 )  the system N2-C02. In  our 
laboratories, Ba et ai. (72- 74) obtained data for the systems 
N,-O,, N2-C2H4, and C,H,-CO,. This paper presents data for 
the system CH,-CO, at temperatures of 293.15, 305.15, and 
313.15 K, wlth mole fractions of methane ranging from ap- 
proximately 0.2 to 0.8. For the first two isotherms, the mea- 
surements were made at pressures of 0.507, l .  l 15, and 1.520 
MPa (5, 11, and 15 atm, respectively). For the third isotherm, 
measurements were made at pressures of 0.507, 1.013, 1.520, 
2.533, 3.546, and 4.600 MPa (5, IO, 15, 25, 35, and 45.4 atm, 
respectively). 

Experimental Procedure 

The experimental procedure, as well as a detaued description 
of the equipment utilized in this investigation, has been reported 
in previow articles (7, 72- 74). The two pure gases, CH, and 
C02, flow independently inside tubings of identical dimensions, 
arriving at the calorimeter at essentially the same temperature 
and pressure. The mixing of the two gases is accompanied by 
a temperatwe drop. To compensate for this temperatwe drop, 
a measured quantity of energy is supplied to the system by a 
Kepco Model SM-325-2A(M) power supply, with regulation to 
0.01 % . In  this manner, the temperature difference between 
the two pure gases at the calorimeter inlet and the exit gas 
mixture is essentially brought to zero. The energy supplied is 
determined by measuring potential drops across standard 
calibrated resistors, utilizing a Leeds and Northrup K-5 poten- 
tiometer. Mole fractions of the gaseous constituents in the 
mixture were calculated from the measured values of individual 
flow rates. 

Some improvements were performed with respect to the 
equipment described in the previous articles, including a 
forceddraft system for the calorimeter assembly and a disposal 
system for safe elimination of the gas mixtures to the atmo- 
sphere. The methane and the carbon dioxide were supplied by 
Lynde Co. of Canada and Air Liquid of Canada, respectively. 
The methane has a certified purity of 99%, containing 0.1 % 
CO,, 0.2% 02, 0.2% N,, 0.3% C,y, and 0.2% CaHs. The 
carbon dioxide has a certified purity of 99.8%, containing 100 
ppm of CO, 50 ppm of H,, 100 ppm of H,O, and approximately 
0.2% N,. The effect of the impurities in the gases was 
evaluated by utilizing Hejmadi’s methods ( 7 ,  8) and found to be 
negligible. 

0 1982 American Chemical Society 



Journal of Chemical and Englneerlng Data, Vol. 27, No. 3, 1982 259 

Analysis of Results 

The three steps involved in the thermodynamic process 
taking place within the calorimeter are as follows: (1) The two 
pure gases A (CH,) and B (CO,) arrive independently at the 
respective inlet ports in the calorimeter at the temperatures and 
pressures denoted respectively as T,, P1 and T,, P,. The 
temperatures and pressures are nearly identical. (2) The two 
gases are thoroughly mixed within the calorimeter, this mixing 
process being accompanied by a temperature drop. (3) After 
the temperature drop is compensated by the addition of a 
measured quantity of energy, the gas mixture exits from the 
calorimeter at the outlet condition denoted as T o  and Po, for 
the temperature and pressure, respectively. These tempera- 
tures and pressures are nearly identical with the inlet values; 
thus, the calorimeter functions essentially in an isothermal and 
isobaric manner. 

Application of the first law of thermodynamics for a flow 
process to the three-step thermodynamic process just de- 
scribed yields the following equation: 

H t  = AH,,, = 

In eq 2 

Q / F  + X A ( H A , l  - H A . 0 )  + xB(HB,2 - HB,O) - U k  (2) 

where 

Equations 3 and 4 refer to the so-called primary corrections to 
be applied to eq 2 in order to obtain H Z  at the conditions Po 
and To at the calorimeter outlet. Notice that for application of 
the primary corrections only thermodynamic properties of the 
pure gases A and B are required. In  the case of our experi- 
ments for the system CH,-C02, the pressure drops across the 
calorimeter, i.e., AP,  = Po - PI and A P ,  = Po - P ,  are 
negligible. Also, the inlet pressures P ,  and P,, as well as the 
inlet temperatures T ,  and T,, were identical withln the limits of 
precision of the respective measurements. Consequently, the 
mean values of the Joule-Thomson coefficients $ A and $ can 
be utilized in the evaluation of the second integrals in eq 3 and 
4. 

This same reasoning is also valid for the first integrals in eq 
3 and 4. In fact, for the experiments with the system CH4-C02 

T i  = T2 = TI f 0.002 K 

T i  - To < 0.1 K 

Consequently mean values for the heat capacities, e, ,A and e, ,B, can be utilized in the evaluation of the first integrals in eq 
3 and 4. I n  this case, eq 3 and 4 become 

- HA,O = cp,A(T1 - T O )  + $ A ( P 1  - 
HB,2 - HB,O = cp,.B(T2 - T O )  + $B(P2 - P O )  

(8) 

(9) 

Substitution of eq 7-9 into eq 2 leads to 

HoE = Q / F  + X A ~ , , A ( T ~  - T O )  + X B e p , B ( T 2  - TO)  + 
XA$A(P l  - P O )  + XB$B(P2  - P O )  + XAEksA,l + 

XBEk.A.2 - €k,A,B,O (lo) 
The value of HC, obtained from eq IO, refers to the conditions 
at the calorimeter outlet, Le., Po and To. Nevertheless, it is 

T = 29315K 
1 , 0507 MPa 
II,1.114 
111 , 1.520 I -  

00 0.2 O 4 0.6 0.8 1.0 
X 1 CH41 

Flgum 1. Enthalpy of mixing, HEI(J mol-’), of methane-carbon dbxide 
system at 293.15 K. 

impossible to adjust the outlet pressures and temperatures to 
a unique set of values for a given experiment. I n  nearly all 
cases there is a small, but not necessarily negligible, dmerence 
between the measured temperatures and pressures and the 
nominal conditions (henceforth denoted as P,  and T,), which 
serve as base values for graphical portrayal of the data. The 
following equation, which refers to the so-called secondary 
correction, is utilized to obtain H:: 

where 

cPE = (dHE/dr),,, (12) 

4E = (dHE/dP)r ,  (13) 
Notice that, contrarily to the case for the primary corrections, 
the application of secondary corrections requires knowledge of 
thermodynamic properties for the gas mixture. Since in the 
literature there are not available data to calculate CPE and 4 E 

for the CH4-C02 mixtures, these values were determined from 
the equation obtained from the Benedict-Webb-Rubin equation 
of state for the pure components (75). The BWR constants for 
methane and carbon dioxide, as well as the mlxlng rules utilized 
to calculate CpE and 4 E for the CH,-CO, mixtures, were those 
presented by Bishnoi and Robinson (76). 

Results 

The experimental results for the system methane-carbon 
dioxide are presented in Table I for the nominal temperatures 
T ,  = 293.15 and 305.15 K at the nominal pressures P,  = 
0.507, 1.115, and 1.520 MPa (5, 11, and 15 atm, respectively) 
and also for T,  = 313.15 K at the nominal pressures P ,  = 
0.507, 1.013, 1.520, 2.533, 3.546, and 4.600 MPa (5, IO, 15, 
25, 35, and 45.4 atm, respectively). 

Figures 1-3 present the same data in graphical form. 
After application of the primary and secondary corrections, 

a series expansion of HE as a function of the mole fraction of 
methane has been performed to verify the approximation, made 
in the analysis of results, to the effect that heat losses from the 
calorimeter are negligible. The equation utilized for the corre- 
lation of resuh is of the same form as that utilized by Hejmadl 
(7, 8), i.e. 
H E / [ X , ( l  - X A ) ]  = c + B(x,  - 0.5) + A ( x A  - 0.5), (14) 
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I T =30515K 1 
1 , 0507 MPa 

11 , 1114 + 

I1I 7 1.520 

0, E X P T  
80 A, B.W.R. I , o , R K l  

t 

/ \ 

T 31315 K 

I , 0 507 MPa 0, E X P T  I 
11 , 1 5 2 0  .,,. 

60 I Ill 

00 0 2  0 4  0 6  08 10 
X [ CH4I 

2. Enthalpy of mixing, HEI(J mor'), of methane-carbon dbxide 
system at 305.15 K. 

where A ,  8, and C are constants, which were determined by 
polynominal regression. The testing to the effect that heat 
losses from the caiorlmeter are negligible was based on the 
technique suggested by Montgomery and De Vries (77) which 
consists of preparing a plot of HE vs. the inverse of flow rates. 
Ten experlmental points, all in the vicinity of a mole fraction of 
0.5 (ranging between 0.48 and 0.52), at 313.15 K and 1.013 
MPa (10 atm), were normalzed to xA = 0.5. The plots of HE 
vs. the inverse of flow rates indicate that, for varietlons of flow 
rates of f40% from a base value (of the order of 5.153 mol 
s-'), deviation of measured HE's never exceeded 1 .O % . This 
can be considered as a satisfactory test, since the maximum 
deviation is lower than the error in the experimental measure- 
ments. Table I1 presents the values for the constants In eq 
14. 

Accuracy of Experimental Reaultr 

There are two factors which affect the accuracy of the r e  
sub: (1) inaccuracies in the instruments and experimental 
techniques and (2) errors introduced in the analysis of results. 
The technique utiHzed in the evaluation of errors is that de- 
scribed by Mickley, Sherwood, and ReM (78). The procedure 
involves addii  weighed kxlMdual inaccuracies. The weighting 
factors are determined from a functional relation between the 
independent variables, e.g., accuracy of potentiometer, of 
standard resistors, etc. This method, as pointed out by the 
authors ( 78), actually overestimates the error in H:, since it 
does not take into account the possibility of a partlai canceiia- 
tion of errors of opposite slgns. I n  general, for a function G, 
whose value is a function of n Independent variables g/ ,  the 
error in G is determlned from the relationship 

The readings of the potentiometer and the dead-weight gauge 
etc. can be listed as the independent variables for the function 

The temperature and the pressure at the calorimeter outlet 
are known to f0.05 O C  and fO.OO1 atm; the error for the ratio 
Q/Fis estimated at 0.6% and the error in the value of the moie 
fractions varies between 0.003 and 0.005. Errors due to pri- 
mary corrections depend on the accuracy of the experimental 
measurements of temperatures, pressures, heat capacities, and 

HE. 

00 0 2  0.4 0 6  0 8  10 
X I C H 4 1  

B 
lV.2.533 MPa 1 

00 0 2  04 06 0 8  10 
X ICH41 

Flgue 3. Enthalpy of mixing, @/(J mol-'), of methane-carbon dioxide 
system at 313.15 K. 

Joule-Thomson isothermal coefficients for the two pure com- 
ponents. For the case of the system methane-carbon dioxide, 
the relative error for the primary corrections was estimated to 
be between 0.5 % and 1.5 % . Relative errors due to the sec- 
ondary corrections were also estimated. The inaccuracies are 
due to the estimates for and cpE from the BWR equation 
of state. For the case of the system methane-carbon dioxide, 
the relative error in the secondary corrections was estimated 
to be between 0.5 % and 1 % . An appreciation of the order 
of magnitude for the primary correction can be obtained by 
calculating the average deviation 100[(H: - Q / F ) / ( Q / F ) ] .  
These deviations were 3.7%, 3.5%, and 2% at 293.15, 
305.15, and 313.15 K, respectively, while those for the sec- 
ondary corrections determlned as 100[(H: - H;)/H:] were 
2.3%, 2.2%, and 1.3% at 293.15, 305.15, and 313.15 K, 
respectively. 

Comparison with Literature Results 

The only results available in the tiierature for the system 
methane-carbon dioxide are those reported by Lee and Mather 
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of data whereas the corresponding value of k , ,  in the BWR 
equation was found to be 0.01296. The values of ail pertinent 
constBnt8 UtDiZed h this computation are presented in Table 111. 

The RK2 equation was also applied to calculate the excess 
enthalpies H:. The modifications proposed by Jacoby and 
Robinson (20) are as follows: 

(IO), which cover a range of temperatures and pressures of 
283.15-353.15 K and 1.013-101.3 MPa. 

For the temperature of 315.15 K and the pressure of 1.013 
MPa, which comespond to data encompassing the same regkn 
covered by these authors, thelr reported values of the excess 
enthalpies obtained by extrapolation are 24.5, 34.0, 28.5, and 
19.83 J mol-' for 0.248, 0.500, 0.679, and 0.784 mole frac- 
tions, respectively, whereas our values for the same mole 
fractions are 27.5, 34.4, 31.88, and 21 J mol-'. A comparison 
between these two sets of figures shows an average deviation 
of less than 7 % ,  wMch, as will be shown later, is less than the 
average devlation of the Rediich-Kwong and BWR equations. 
This agreement is considered satisfactory. 

Comparison of Experimental Data wlth Predictions from 
Equation8 of State 

The excess enthalpies H: for the system methane-carbon 
dioxide were compared with predicted values calculated from 
the following equations of state: Redlich-Kwong (79), hence 
forth referred to as RK1; Redlich-Kwong wtth Jacoby-Robinson 
modifications (ZO), henceforth referred to as RK2; and Bene- 
dict-Webb-Rubin ( 75). 

The RK1 equation was applied to calculate the excess en- 
thalpies H: in conjunction with the modified mixing rules pro- 
posed by Chueh and Prausnitz (27). The network of equations 
for these calculations is as follows: 

a = x12a11 + x22a22 + 2 x l x g 1 2  (17) 

(18) b = Xlb l  + x&2 

a 11 = Q ~ ~ R ~ T ~ ~ ~ ~ ~ / P ~ ~  (19) 

a22 = Qa~2Tc22.S/pc2 (20) 

(21) 

1 = QblRTC1/PC1 (22) 

b 2  = Q b 8 T C 2 / P C 2  (23) 

TCl2 = (TclTC2)1/2(f - kl*) (24) 

pc12 = Zc12RTc12/ VCl2 (25) 

Zc12 = 0.291 - O.OB(w1 + ~ 2 ) / 2  (26) 

v~~~~~~ = j / 2 ~ ~ ~ ~ ~ ~  + v c2 l I3  1 (27) 

The enthalpies of the pure components, CH, and CO,, were 
calculated from the following equation, which is derived from 
basic thermodynamic relationships and the Rediich-Kwong 
equation of state: 

a12 = (Qat + Qa2)R2TC122.5/(2PC12) 

(28) 

This equation is written for the CH, and COP (as pure gases) 
and the mixture CH,-C02. The excess enthalpy, HOE, is then 

(29) 

The values for the dimensionless constants a, and b,, and the 
eccentric factors w, utilized in our computations, were those of 
Chueh and Prausnitz (22). The interaction constant k 12 in eq 
24 was obtained by an Iterative procedure leading to the best 
possble fit for the excess enthalpy data. We found that a single 
value of k12 equal to 0.1327 represents well ow entire network 

HOE = Hm,o - (XlH1,O + X2H2,o) 

a 
R2 

- -  - (Y + @(T-  311) 

The values for constants a, 8, y, and 6 are also presented 
in Table 111. The value of the dimensionless constant K,,, 
obtained by an iterative procedure leading to the best possible 
fit for the excess enthalpy data, was equal to -0.2384. The 
value for this constant for the system CH4-CO2, obtained by 
Reamer et ai. (23) is -0.5. 

Finally, the BWR equation of state was also appkd to predict 
the excess enthalpies H:. The network of equations utilized 
in this computation is as follows: 

enthalpy departure 

P2 
2Ao - - 4c0 )e + (2bRT - 3a ): + 

T2 

Joule-Thomson isothermal coefficient 

= { ( B a r -  2A0 - ") T + (2bRT- 3a)p + 
e YP' 

T2 
6aap4 + -(5cp + 5cyp3 - 2cy2p6) 

- A - " ) + 3pYbRT - a )  + 6a (up6 + 
T2 

-(3cp2 + 3cyp4 + 2cy2p6) 
e-ye' 

T2 

heat capacity at constant pressure 

- 2C0P2 
R p  B@p2 + bRp3 + - 

T3 
L 

. f2c P3 

2coP3 3ap4 6aap' 
1 3  T T 

+ 3bRp4 - - + - + 

-(3cp4 + 3cype - 2cy2p8) 
e -YP' 

T 3  

In  the calculation of the excess enthalpies from the BWR 
equation of state, the constants for the methane and carbon 
dioxide and the mixing rules were those presented by Bishnoi 
and Robinson (76). The BWR constants are presented in Table 
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Table I. Excess Enthalpies (HE) for xCH, + (1 - x)CO, Where x Denotes Mole Fraction 
HnE, J mol-' 

293.140 
293.155 
293.166 
293.154 

293.160 
293.220 
293.180 
293.150 
293.180 
293.150 

293.150 
293.154 
293.147 
293.145 
293.149 

305.136 
305.155 
305.150 
305.153 

305.165 
305.151 
305.147 
305.141 

305.140 
305.161 
305.170 
305.148 

313.133 
31 3.135 
313.152 
31 3.156 

313.151 
313.152 
31 3.148 
313.149 
313.154 
313.156 
313.155 
313.149 
313.148 
313.145 
313.100 

313.183 
313.160 
31 3.180 
31 3.150 

313.140 
313.180 
31 3.133 
31 3.120 

31 3.161 
313.147 
313.154 
313.145 
313.140 

0.516 
0.521 
0.532 
0.521 

1.139 
1.101 
1.160 
1.160 
1.167 
1.146 

1.525 
1.539 
1.510 
1.493 
1.514 

0.522 
0.531 
0.532 
0.509 

1.140 
1.129 
1.127 
1.123 

1.565 
1.511 
1.549 
1.504 

0.522 
0.537 
0.524 
0.512 

1.033 
1.004 
1.007 
1.006 
1.005 
1.008 
1.010 
1.014 
1.020 
1.023 
1.060 

1.495 
1.513 
1.526 
1.523 

2.536 
2.541 
2.538 
2.562 

3.507 
3.559 
3.532 
3.522 
3.524 

0.253 19.50 
0.477 26.66 
0.501 28.83 
0.816 16.27 

Nominal Conditions: 
0.169 30.33 
0.317 46.47 
0.393 50.32 
0.445 49.30 
0.707 46.43 
0.883 25.18 

Nominal Conditions: 
0.165 37.81 
0.358 61.21 
0.500 61.18 
0.689 49.68 
0.829 33.39 

0.168 13.81 
0.459 17.08 
0.630 14.86 
0.799 11.49 

Nominal Conditions: 

Nominal Conditions: 
0.179 30.95 
0.493 43.02 
0.696 39.26 
0.817 22.78 

Nominal Conditions: 
0.181 30.94 
0.443 57.86 
0.689 51.18 
0.843 32.49 

Nominal Conditions: 
0.252 11.66 
0.456 19.02 
0.644 15.21 
0.770 10.26 

Nominal Conditions: 
0.248 31.59 
0.487 35.04 
0.490 33.35 
0.491 33.83 
0.500 33.92 
0.503 33.98 
0.504 33.79 
0.508 34.04 
0.520 33.09 
0.679 31.71 
0.784 21.12 

0.212 41.10 
0.493 53.20 
0.757 39.98 
0.842 28.80 

0.255 73.73 
0.361 88.82 
0.496 93.49 
0.630 87.20 

Nominal Conditions: 

Nominal Conditions: 

Nominal Conditions: 
0.095 61.10 
0.192 105.83 
0.313 128.80 
0.513 137.72 
0.668 107.16 

14.3 
18.8 
18.8 
11.2 

25.8 
39.2 
42.9 
44.2 
36.3 
17.9 

37.0 
60.0 
64.1 
53.8 
35.1 

9.0 
17.5 
16.3 
11.2 

24.9 
41.3 
34.5 
24.2 

36.3 
58.5 
49.6 
30.3 

12.8 
16.7 
15.4 
11.8 

26.9 
35.4 
35.4 
35.4 
35.4 
35.4 
35.4 
35.4 
35.5 
30.6 
23.6 

38.6 
56.0 
40.3 
29.0 

83.5 
99.2 

104.8 
95.5 

66.3 
114.9 
15 2.4 
166.6 
142.3 

14.6 
19.7 
19.1 
11.4 

26.1 
39.6 
43.4 
44.7 
36.8 
18.2 

37.3 
60.5 
64.7 
54.4 
35.5 

10.0 
17.5 
16.4 
11.2 

24.9 
41.3 
34.5 
24.2 

36.2 
58.4 
49.6 
30.3 

12.7 
16.6 
15.3 
11.8 

26.7 
35.1 
35.1 
35.1 
35.1 
35.1 
35.1 
35.1 
35.1 
30.3 
23.5 

38.2 
55.5 
39.9 
28.1 

82.3 
97.8 

103.4 
94.3 

64.9 
112.6 
149.4 
163.7 
139.9 

To,  K P o ,  MPa X Q/F, J mol-' HOE, J mol-' expt BWR RK1 RK2 

T ,  = 293.15 K:P, = 0.507 MPa Nominal Conditions: . 1. 

18.20 17.90 15.4 
26.23 25.63 20.1 
27.47 26.39 20.1 
18.76 18.45 12.0 

30.01 29.30 27.7 
46.34 46.98 42.1 
50.39 48.21 46.1 
49.98 47.72 47.5 
44.86 42.78 39.7 
22.57 21.95 19.3 

37.00 36.82 39.7 
62.06 61.05 64.6 
62.00 62.54 69.1 
49.26 50.48 58.1 
33.60 33.78 37.9 

12.51 12.18 10.0 
17.76 16.89 17.6 
14.08 13.21 16.5 
11.16 11.12 11.3 

T ,  = 293.15 K;P, = 1.114 MPa 

T ,  = 293.15 K;Pn = 1.520 MPa 

T ,  = 305.15 K; Pn = 0.507 MPa 

T ,  = 305.15 K;P, = 1.114 MPa 
29.71 29.06 25.0 
42.59 41.97 41.7 
37.79 37.34 34.8 
21.73 21.53 24.5 

T, = 305.15 K;P, = 1.520 MPa 
40.18 38.85 36.5 
57.42 57.82 59.1 
51.34 50.23 50.2 
30.64 31.01 30.6 

T ,  = 313.15 K;P, = 0.507 MPa 
11.58 11.17 12.4 
19.55 18.51 16.2 
15.14 14.60 14.9 
10.01 9.88 11.5 

T, = 313.15 K;P, = 1.013 MPa 
31.50 30.94 
35.52 35.87 
33.72 33.94 
34.30 34.58 
34.40 34.7 1 
34.57 34.83 
34.27 34.38 
34.84 34.80 
33.79 33.54 
31.88 31.56 
21.00 19.83 

26.0 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
34.3 
29.7 
22.9 

T,= 313.15 K;P,= 1.520 MPa 
40.44 41.18 37.2 
53.08 53.35 54.3 
40.02 39.87 39.1 
28.51 28.45 28.1 

T ,  = 313.15 K;P, = 2.533 MPa 
74.83 74.71 80.4 
89.52 88.85 95.8 
94.66 94.38 101.6 
88.07 86.64 92.9 

T,= 313.15 K;P,= 3.546 MPa 
61.90 63.11 63.0 

107.08 106.48 110.0 
130.07 131.04 147.0 
138.91 140.56 162.0 
110.18 11 1.45 138.9 
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Table I (Continued) 

HnE, J mol-' 
To, K Po, MPa X Q/F, J mol-' HOE, J mol-' expt BWR RK1 RK2 

Nominal Conditions: T, = 313.15 K; P, = 4.600 MPa 
313.145 4.602 0.158 135.82 137.67 137.5 153.8 161.6 157.1 
313.150 4.599 0.351 218.54 219.87 220.0 240.0 248.0 241.9 
313.147 4.584 0.514 223.95 225.39 226.88 247.5 253.1 247.4 
313.131 4.601 0.686 192.78 193.25 193.13 201.8 205.2 201.0 
313.152 4.553 0.782 140.50 142.40 145.0 155.4 157.7 154.5 

Table 11. Regression Coefficients for the EquationHE/[xA(l - 
XA)] = c + B(xA - 0.5) + A(XA - 0.5)' 

~ 

P,, A,J B,J C , J  1001(HnEexpU- 
T, K MPa mol-' mol-' mol-l HnEcplc~)/HnEexp~lav 

293.15 0.507 -75 
1.114 167.22 
1.52 12.61 

305.15 0.507 182.31 

1.52 180.22 
313.15 0.507 242.71 

1.114 -0.88 

1.013 86.82 
1.52 192.25 
2.533 58.57 
3.546 516.87 

6.32 103.61 
24.51 198.36 

-50.72 252.19 
-30.68 62.96 
-64.02 176.88 
-30.06 234.18 

-4.13 74.25 
-92.57 137.93 
-53.38 215.85 
-47.37 377.78 

-190.1 573.89 

6.5 
2.2 
2.5 
5.1 
5.5 
0.9 
1 .o 
2.1 
1.0 
0.1 
1.2 

Table 111. Constants Utilized in RK1 and RK2 Eauations of State 

a,, dimensionless 
ab, dimensionless 
Tc,  K 
Pc, MPa 
Vc, cms moT1 
w ,  dimensionless 
a, K 2 a s  MPa-' 
p ,  Kiss  MPa-' 
7, K MPa-' 
10'6, MPa-' 

0.4546 
0.0872 
190.6 
4.60 
99.0 
0.0 13 
44.648 
-24.969 
3.375 
0.00 

0.4184 
0.0794 
304.2 
7.38 
94.0 
0.225 
90.175 
27.338 
3.316 
0.691 

10 
10 
18 
18 
18 
I8 
22 
22 
22 
22 

Table IV. Constants for the BWR Equation (15) 
CH. co, 

A , ,  MPa dm' mol-' 
lO'B,, dm3 mol-' 
C,, MPa dm' mor2 K' 
103b, dm' mol-' 
a, MPa dm9 m o P  
10-'e, MPa dm9 mol-s K' 
lo", dm9 mor3 
10'7, dm' mol'2 

0.189603 6 
4.320 305 
23 811.516 
3.978 738 2 
0.007 011 487 
0.305 791 7 
9.683 576 5 
5.711 812 50 

0.186 104 7 
3.201 492 7 
17 836.04 
6.253 007 8 
0.024 525 569 
0.192599 78 
4.878 406 6 
4.280 821 8 

IV. The largest deviation between our results and those pa 
dicted by the BWR equation was 21 % at 0.507 MPa (5 atm). 
I n  all other cases the deviation was below 10%. I n  general, 
the predictions from the BWR equation of state compare better 
wtthourexperknental results than the predlctkn from either the 
RK1 or RK2 equation. Also, the results obtained from the two 
latter equations are approximately the same. 

One of the interesting results of this comparison is the good 
fit obtained with the Redlich-Kwong equation either in the ori- 
ginai-version RK1 or wlth the Jacoby-Robinson modification 
RK2. Indeed repladng the t w m s t a n t s  RK equation wlth the 
elght-constants BWR equation yields a rather small improve- 
ment in the average deviation. I n  both cases only one ad- 
justable constant ku was utilized. 

a w r y  
a constant in Redllch-Kwong equation, Pa K1" cms 

a l l ,  a,,, terms in Redlich-Kwong equation defined by eq 

b constant in Redlich-Kwong equation, cms mol-' 

m01-1 

a 12 19-2 1, respectively 

b l ,  b2 terms in Redlich-Kwong equation defined by eq 22 

a, b ,  c ,  constants in BWR eauation of state. ea 33. dimen- 
and 23, respectively 

A 01 
BOB 
CO 

CP 

€k 
F 
H 
k 12 

K12 

P 
pc12 
Q 

R 
T 

V 
TC12 

zc12 
Subscripts 
A 
B 
A, B 
C 

X 

i 
m 
n 

P ,  T 
1 
2 
0 
E 

M - 

. .  
sions listed In Tabie I V  

molar heat capacity at constant pressure, J mor1 

kinetic energy, J mol-' 
flow rate, mol s-l 
molar enthalpy, J m0i-l 
characteristic binary constant for RK1 equation, eq 

24, dimensionless 
characteristic binary constant for RK2 equation, eq 

32, dimensionless 
pressure, MPa 
term defined by eq 25, MPa 
heat supplied to gas system by the power supply, J 

universal gas constant, J mol-' K-l 
temperature, K 
term defined by eq 24, K 
mobr volume, cm3 mo1-l 
mole fraction, dimensionless 
term defined by eq 26, dimensionless 

K-1 

8-1 

denotes pure gas A (CH,) 
denotes pure gas B (CO,) 
denotes gas mixture (CH,-CO,) 
denotes critical temperature or critical pressure: 

namely, Pcl and Pc2, critical pressures for gases 
1 and 2, respectively; Tcl and T,,, critical tem 
peratures for gases 1 and 2, respectively 

denotes component i 
denotes mixture 
denotes a nomimi outlet condition, in conjunction 

wlth H:, P,, or T ,  
denotes constant temperature and pressure 
denotes Inlet conditions ( P l ,  T , )  for gas 1 
denotes inlet conditions (P2, T,) for gas 2 
denotes outlet conditions (Po, To) for gas mixture 
denotes an excess thermodynamic property, name- 

ly, excess enthalpy, HE 
denotes ideal solution 
denotes mean values (for Joule-Thom coefficient 

and for heat capacities at constant pressure, Cp) 
denotes a hypothetical ideal gas state at tempera- 

ture T and zero pressure 

cireek Letters 
Y constants in BWR equations of state, eq 33, di- 

a, p, 7 ,  constants in RK2 equation of state (refer to eq 
6 

menslons listed in Table I V  

30-32), dimensions listed in Table I11 

calorimeter, J mol-' 
&k chew Of kinetic energy for System acTOSS 

AH enthalpy change, J mol-' 
AH,,, heat of mixing for a real solution, J mor1 
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AHmU 
mol-’ 

P gas density, moi cm3 
4 

a,, ab 
w 

heat of mixing for an ideal solution (AHmU = 0), J 

lsothennal Joule-Thomson coefficient, defined by eq 

constants in eq 19-2 1, dimensionless 
accentric factor, eq 26, dimensionless (0, and up 

refer to accentric factors for CH, and COP, re- 
spectively) 

5, J mol-‘ Pa-‘ 
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Investigation of Vapor Pressures and Heats of Vaporization of 
Condensed Aromatic Compounds at Elevated Temperatures 

Alwarappa Slvaraman and Rk i  Kobayashl’ 
Department of Chemical Engineering, Rice Universi@, Houston, 

A hightemperature static apparatus is used to Investigate 
vapor promure8 In the range 1-2780 “ H g  over the 
temperature range 425-640 K for three aromatk 
cmpomds SImUar to those which are often found in coal 
iiqukk: th#”, dlb.nzofuran, and dlbenzothlophene. 
The ewp.rinuntlrl vapor pressure data of fluorene and Its 
ho“0rphr cJted above have been fitted to Uwbyshev 
pdynomlab. The values of dp/dTcalculated from the 

saturated vapor and ilquld ..timated from three-parameter 
correspmdhg dates corrdatlon, and the acentric factors 
detwmlwd from thdr experimental vapor pressure data 
pre8ent.d In thk paper wore WBd to evaluate the heats 
of vaportr.tkn of the aromatk compounds mentioned 
above from the Cbpeyron equatlon. 

Introduction 

Chebystmv polymnkk, the wmp“Q factors of 

The purposes of this article are ( I )  to investigate the vapor 
pressures of some commercially important substances found 
in coal liquids, viz., fluorene, dibenzofuran, and dibenzo- 
thiophene, and ( I  I) to determine the heats of vaporization of 
fluorene and the homomorphs mentioned above. The deter- 
mination of vapor pressures of some oxygen- and suifur-con- 
taining coal-derived liquids is an important consideration from 
not only the purely scientific standpoint but also a commercial 
standpoint. Hydrocarbon fractions W e d  from the liquefaction 
of coal are composed largely of hydrogendeficient con- 
densed-ring molecular systems. Since many of the pure corn- 
pounds that are members of these systems are low vapor 
pressure solids at room temperature, the amount of reliable 
physical and thermodynamic data avakble for them, compared 
to that for alkane hydrocarbons (7 ) ,  is sparse. Vapor pressure 

002 1-9568f 821 1727-026480 1.251 0 
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is an important physical property required in designing coaHiquid 
processing and separation plants. The idea of choosing these 
condensed aromatic compounds is that the thermodynamic 
properties are virtuaily unknown, especially at high tempera- 
tures. Moreover, it is interesting and valuable to study the 

family or homomorphs (2) which will help to generate best 
correlations for better prediction of physical properties. No 
experimental vapor pressure values are reported in the Iitera- 
ture for these compounds in the temperature range of the 
present investigation. However, Edwards and Prausnitz (3) 
report vapor pressure measurements in solid and liquid di- 
benzothiophene at fairly low temperatures. The experimental 
data of vapor pressures were fmed to Chebyshev polynomiarS 
and values of dp ldT were calculated. No literature measue- 
m t s  of heats of vaporizatbn over the range of temperatures 
were found for these compounds. For design of mal-conver- 
sion processes these data are very much necessary. The 
following paper presents the calculated values of heats of va- 
porization from our experimental vapor pressure data over a 
range of temperature. The Clapeyron equation was used to 
calculate the heat of vaporization. The compressibility factors 
of saturated vapor and liquid needed for the above calculation 
were estimated from Pitzer’s three-parameter corresponding 
states correlation using the acentric parameters obtained from 
this study. 

Experimental Vapor Pressure Measurements 

Mstw/a/s. Ail compounds studied were purchased from 
Aldrich Chemical Co. with the following puities: fluorene, 98%; 
dibenzofuran, 98 % ; and dibenzothiophene, 95 % . These sub- 
stances were puiRed by 48 passes in a zone refiner to a purity 
of 99.99%. The purity was estimated by the freezing-point 

properties of the coakelated co“% belonging tothe 881118 
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