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P pressure, Pa

P. mixture pressure, Pa

AP pressure change on mixing, Pa

R molar gas constant, 8.31441 J K~' mol™!
T thermodynamic temperature, K

y mole fraction

Appendix I. Effect of Component Impurity on B,

If we label the primary components 1 and 2, consider an
impurity in 1 labeled 6, and use the truncated pressure series
virial equation, we obtain the following.

V=(RT/P+ B, Xn,+ ng) (A1)
V= (RT/P+ Byn, (A2)
2V=(RT/Py+ B )n, + ny+ nyg) (A3)

Equating (A3) with (A1) + (A2) and dividing by (ny + n, + ny),
we obtain

RT(1/P=1/Pp) = By = (Y1t ¥e) Bm1 — ¥2B2; (Ad)
Substituting B, = 3_,3_,¥,yB;, we obtain
RT(1/P-1/Py) = y{Byy + ¥,?Bys + ys’Bes +
2y1¥2B12t 2y1¥eB1s t 2¥o¥eBas - ¥ B 11 /1 + ye) -
Ye*Bes/ 1+ Vo) - 2¥1eB1s/ (V1 +ye) - ¥2B 2y (AB)
Since y¢ is much smaller than y ,, the approximation 1/(1 +
Ye¥1) = 1-y4/y,is a good one, especially for the purposes
of error estimation. With this substitution, collecting coefficients
gives
RT(1/P-1/Py) = 2y.y,[B 12 - 0.5(B4, + By)] -
Biuyey1- 1) - Boyeya t 2Bigyely1 -1+ ys/y) +
2B,e¥eys T BegVelVs - Yo/ Y1+ y62 /YD) (A6)
This expression may be used to calculate B, — 0.5(B; + B,,)

or alternatively to assess possible uncertainties.
Now

Bf, = By, - 0.5(B4, + By,
and
B S,(apparent) = RT(1/P- 1/P.)/2y.y,

To assess the likely magnitude of the error associated with
ignoring the effect of the impurity, we may assume y, = y, =
0.5 and ignore terms containing y¢2. This gives

B S.(apparent) = B, + yg[B1y - By + 28, ~ 2B 4]

The extension to the case of more than one impurity is
straightforward.
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Heat Capacities of the Water—Lithium Bromide—Lithium Iodide

System

Shigeki 1yokl,* Sanae Ohmorl, and Tadashi Uemura

Department of Chemical Engineering, Faculty of Engineering, Kansai University, Suita, Osaka 564, Japan

The heat capacities of the water—Iithium bromide-lithium
lodide system (salt mole ratlos 4:1) were measured in the
range of temperatures from 283.15 to 343.15 K and In the
range of absorbent concentrations from 15.4 to 66.8 wt

% . An empirical formula for this system was obtained
from the experimental data by the least-squares method.
Maximum and average absolute deviations between the
experimental data and the calculated values from this
emplrical formula were 0.95% and 0.33 %, respectively.
The heat capacity data obtained for this system were
compared with the predicted values on the basis of the
principle of a corresponding state proposed by Kamoshida
et al.

0021-9568/90/1735-0317$02.50/0

Introduction

The water-lithium bromide system (7) is being used as the
working fluid in absorption refrigerating machines, absorption
heat pumps, and absorption heat transformers. The water~
lithium bromide-lithium iodide system (saft mole ratios 4:1) was
proposed in order to improve the performance characteristics
of the water-lithium bromide system.

The heat capacity data for working medium-absorbent sys-
tems are one of the most important basic properties for the
research and the design of absorption refrigerating machines,
absorption heat pumps, and absorption heat transformers. This
investigation was undertaken to obtain data on the heat ca-
pacities of lithium bromide-lithium iodide aqueous solutions in

© 1990 American Chemical Society
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Figure 1. Relationship between mixing ratio and crystallization tem-
perature.

the range of temperatures from 283.15 to 343.15 K and in the
range of absorbent concentrations from 15.4 to 66.6 wt %. An
empirical formula for the heat capacity of this system was
obtained from the experimental data. The heat capacity data
obtained for this system were compared with predicted values
on the basis of the principle of a corresponding state proposed
by Kamoshida et al. (2).

Experimental Section

Materials. The lithium bromide and lithium iodide used in this
work were from the Honjo Chemical Co., Lid. (Japan), analytical
reagent grade. The analytical results of the lithium bromide
aqueous solution were as follows: concentration, 55.0 wt %;
Ca, 0.0002 wt %; Mg, 0.00002 wt %; ClI, 0.01 wt %; SO,,
0.01 wt %. The analytical results of the lithium iodide aqueous
solution were as follows: concentration, 56.2 wt %; Ca, 0.0023
wt %; Fe, 0.0001 wt %; SO,, 0.012 wt %. All the reagents
were used without further purification. The absorbent con-
centrations of the lithium bromide—lithium iodide aqueous solu-
tions were determined by Fajans’ method (3) with use of di-
chlorofluorescein as an adsorption indicator. The solution was
titrated by using a microburette of 10-mL total delivery, with
divisions of 0.02 mL.

The optimum mixing ratio of lithium bromide and lithium iodide
was determined by measuring the crystaliization temperature
of sample solutions at constant absorbent concentration (62.5
wt %). Crystallization temperatures were obtained by changing
the mixing ratio of lithium bromide in 1 mol of lithium iodide
aqueous solutions. The constant-temperature bath was main-
tained to within £0.01 K. The temperature was measured with
a standard thermometer. Crystallization temperatures for
various mixing ratios are shown in Figure 1. Consequently, the
most suitable mixing ratio of lithium bromide and lithium iodide
was found to be 4 and 1 mol, respectively.

Apparatus and Procedure. The heat capacities of lithium
bromide-lithium iodide aqueous solutions were measured with
a twin isoperibol calorimeter (Tokyo Riko Co., Ltd., Model TIC-
22I). The accuracy of this apparatus was £0.1%. The
schematic diagram of the experimental apparatus used for heat
capacity measurements is shown in Figure 2. The twin iso-
peribol calorimeter consisted of two Dewar vessels of the same
size in a constant-temperature bath made of an aiuminum
block. The Dewar vessel was made of Pyrex glass. Each
Dewar vessel was equipped with a heater, a thermistor, and
a stirrer paddle. The Dewar vessel was sealed with a Teflon

A B
C D
E E
F
G H

Figure 2. Experimental apparatus for measurements of heat capacity:
A, recorder; B, integrator; C, power supply; D, amplifier; E, Dewar
vessel; F, constant-temperature bath; G, volt adjustment unit; H, tem-
perature controlier.

Oring. An accurately weighed sample solution and pure water
(100 cm®) were placed in each Dewar vessel. A magnetic
stirrer was rotated by a synchronous motor at 140 rpm. The
power supply was set at 50 mW. The heater was made of
manganin wire, and the electric resistance of the heater was
100 Q. After thermal equilibrium of both Dewar vessels was
reached, electric current was passed for exactly 600 s to the
heater. Dewar vessel temperature was measured with a
thermistor. The temperature rises were recorded by a two-
pen-type recorder. The heat capacities of the sample solutions
were then calculated from eq 1, where Q is the energy input

Q = (mC + W)AT (1

(kJ), C is the heat capacity (kJ kg™' K™'), W is the thermal
capacity (kJ K™') of the Dewar vessel determined from mea-
surements using pure water (4) of known heat capacity, mis
the weight (k@) of sample solution, and AT is the temperature
rise (K). To check the accuracy of the apparatus and proce-
dure, the heat capacities of p-xylene were measured at 298.15,
313.15, 333.15, and 343.15 K. The results are compared with
those of other investigators (5-7) in Figure 3. The values
obtained in this work agreed well with the results of Huffman
et al. (5) and Corruccini et al. (7) with an average absolute
deviation of less than 0.5%.

Results and Discussion

The heat capacity data obtained in this work give C,. The
heat capacities of this system were measured in the range of
temperatures from 283.15 to 343.15 K and in the range of
absorbent concentrations from 15.4 to 66.6 wt %. The ex-
perimental resuits of 32 measurements for this system at
various temperatures and absorbent concentrations are shown
in Table I along with heat capacity values caiculated by the
empirical formula given in eq 2. The experimental resuits were

4 4 4
C,= LAX"+ TLBX"+ T2 CX" (2
n=0 n=0 n=0

piotted in Figure 4 as heat capacity at constant pressure. In
this figure, the solid lines indicate the calculated values from the
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Figure 3. Heat capacities of p-xylene at various temperatures.
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Figure 4. Heat capacities of H,O0-LiBr-LiI system (LiBr:Lil = 4:1 mol).

empirical formula of eq 2. These experimental results were
used to determine the constants for an empirical formula with
a least-squares method. On the basis of the experimental data,
the empirical formula (2) for the heat capacities of this system
was obtained, where C, is the heat capacity (kJ kg™' K™') at
constant pressure, T is the absolute temperature (K), and X is
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Table 1. Heat Capacities of HyO-LiBr-Lil System
(LiBr:Lil = 4:1 mol)

cPuxpv cPulv
T, K kJ ket K1 kJ kgl K 6 %
X=154wt %
283.15 3.518 3.513 0.14
298.15 3.508 3.510 -0.06
313.15 3.518 3.511 0.20
333.15 3.521 3.521 0
343.15 3.531 3.528 0.08
X=219wt%
283.15 3.227 3.222 0.15
298.15 3.222 3.223 -0.03
313.15 3.210 3.227 -0.53
333.15 3.244 3.239 0.15
343.15 3.237 3.248 -0.34
X=301wt%
283.15 2.883 2.865 0.62
298.15 2.879 2.871 0.28
313.15 2.860 2.879 -0.66
333.15 2.902 2.895 0.24
343.15 2.909 2.905 0.14
X=418wt %
283.15 2.404 2.399 0.21
298.15 2.415 2,410 0.21
313.15 2.429 2.423 0.25
333.15 2.448 2.444 0.16
343.15 2.474 2.455 0.717
X =528 wt %
283.15 2.005 2.024 -0.95
298.15 2.023 2.038 -0.74
313.15 2.054 2.054 0
333.15 2.062 2.076 -0.68
343.15 2.074 2.088 -0.68
X=619wt%
283.15 1.772 1.765 0.40
298.15 1.784 1.780 0.22
313.15 1.805 1.795 0.55
333.15 1.823 1.816 0.38
343.15 1.820 1.827 -0.38
X=666wt%
333.15 1.696 1.697 -0.06
343.15 1.703 1.707 -0.23

Table II. Values of A,, B,, and C, in Empirical Formula 2
n An B’I cn

5.505 36 -8.57079 % 107 1.37086 x 10
~5.86677 % 1072 1.19891 X 10+  -1.89141 x 107
-1.00096 X 10  3.36132 X 10®  -3.41522 X 10°®

2.06489 X 10°° -6.61676 x 10°®
-9.01809 X 10®  2.79597 x 1071°

7.26974 x 107!
-3.23037 x 10713

WM -=O

Table III. Comparison of Heat Capacities for the
H,0-LiBr-Lil System at 283.16 K

cPexp’ CPpm
X, wt% kJ kgt K kd kg K! & %
15.4 3.518 3.782 -6.98
21.9 3.227 3.616 -10.76
30.1 2.883 3.415 -15.58
41.8 2.404 3.142 -23.49
52.8 2.005 2.895 -30.74
61.9 1.772 2.690 -34.13

absorbent concentration (wt %) of aqueous solution. Values
of the constants A,, B,, and C, in empirical formula 2 are
shown in Table II. Maximum and average absolute deviations
between the experimental data and the calcuiated values from
empirical formula 2 were 0.95% and 0.33%, respectively.

Moreover, the experimental data for this system at 283.15
K were compared with the predicted values on the basis of the
principle of a corresponding state proposed by Kamoshida et
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al. (2). An unsaturated solution was dealt with an isothermal
mixture of pure water and a saturated solution. The results are
shown in Table III. The deviations between the experimental
data and the predicted values were large, especially at high
absorbent concentrations. Therefore, without using the pre-
dicted values on the basis of the principle of a corresponding
state, it is necessary to measure heat capacity for this system.

Conclusions

The heat capacities of the three-component system using
water as the working medium and lithium bromide-fithium iodide
as the absorbent were measured at various temperatures and
absorbent concentrations. An empirical formuia for the heat
capacity of this system was obtained by the least-squares
method from the experimental data. The calculated values from
this empirical formula were in good agreement with the ex-
perimental data. The heat capacity data of this system are very
useful for the research and the design of absorption refriger-
ating machines, absorption heat pumps, and absorption heat
transformers.

Glossary
A,, B,, constants in empirical formula 2
n
Co heat capacity at constant pressure, kJ kg™' K™
n integer exponent in empirical formula 2

T absolute temperature, K

T. crystallization temperature, K

X absorbent concentration, wt %

Greek Letter

¢ deviation, %

Subscripts

cal calculated value from empirical formula 2

exp experimental data

pre predicted value on the basis of the principle of a

corresponding state proposed by Kamoshida et al.
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The Water Content of a CO,-Rich Gas Mixture Containing 5.31 mol
% Methane along the Three-Phase and Supercritical Conditions

Kyoo Y. Song and Riki Kobayashi*

Department of Chemical Engineering, George R. Brown School of Engineering, Rice University, P.O. Box 1892,

Houston, Texas 77251

The water content of a carbon dioxide (CO,)-rich phase
containing 5.31 mol % methane (CH,) and balance CO,
in equillbrium with a water-rich phase was measured
above the inltlal hydrate formation conditions and at
isobars of 6.21, 7.59, 10.34, and 13.79 MPa, or of 900,
1100, 1500, and 2000 psia, respectively, at temperatures
ranging from 15.6 °C (60 °F) to 50.0 °C (122 °F). The
measurements indicated that the presence of 5.31 mol %
methane in CO, lowered the water content value by
20-30% from that of pure CO,. The water content of the
mixture Is superimposed on the pure CO, data for
comparison. The relevant water content data are
presented in both tabular and graphical forms.

Introduction

Since most CO,-rich gases are likely to contain nitrogen or
light hydrocarbons even after purification, the effect of the
diluents on the saturated water content should be known.
Earlier corresponding states computations suggested that rela-
tively small amounts of diluents (§ mol %) would lower the
water content significantly. Experiments were, therefore, pro-
posed to measure the water content of CO, “contaminated”
with about 5 mol % methane.

* To whom ali correspondence should be addressed.
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The water content of the CO,-rich fluid phases had been
measured earlier by Wiebe and Gaddy (7) and more recently
by Song and Kobayashi (2). The latter studies were conducted
both in the nonhydrate and hydrate regions. The earlier studies
indicated that the water content was extremely sensitive to fiuid
densities, particularly in the supercritical CO, region. Therefore,
the experimental efforts were concentrated in this region of
temperature and pressure.

Experimental Detall

The experimental apparatus is divided into two major parts.
One is an equilibrium apparatus shown in Figure 1, and the
other is an analytical section, line diagram shown in Figure 2,
which detects the amount of water in the sample drawn from
the equilibrium cell.

The equilibrium apparatus was initially used for the study of
the methane-carbon dioxide system by Mraw et al. (3) and
subsequently for numerous vapor-liquid equilibrium (VLE)
studies. Shown are a visual cell and a magnetic pump to
promote efficient mixing and rapid equilibration of the contents
of the cell.

The celi with an internal volume of 100 cm? has four sam-
pling ports plus a bottom port. The multiplicity of sampling ports
facilitates the withdrawal of sample from each phase of interest
without contamination. The sampiing lines beyond the sampling
ports are heated to a temperature high enough to prevent the

© 1990 American Chemical Society



