
J. Chem. Eng. Data W88, 33, 5-8 5 

T,-reduced representation for the a-picHCI + C&I2 system in 
Figure 12 insert and see that the expected behavbr is realized. 
The relative fragility of all of the liquids of this study can be 
appreclated from the position of our extreme cases in the 
overall “strong and fragile liquids” pattern of Figure 12. 

Concludlng Remarks 

This study and Its predecessor ( 7 )  have shown that the 
consequences, to ion mobility, of complexation processes in 
ionic liquids, depend on the sort of complex anions which are 
formed. For fixed charge types, viscosities may Increase on 
complexation if the coordination number in the complex formed 
is large rather than small (e.g. 6 rather than 4) so that the 
residual charge on the Wnds remains hrge (e.g., -1/2 in crCb3- 
vs - l i4  in FeC14-). TM provokes the question of whether sknilar 
effects can be seen in the case where the second component 
cation remains fixed but the coordination number adopted in- 
creases due to a smaller ligand size, e.g., NIFBC vs NiC142-. 
Experiments designed to test this idea have been carried out 
and will be reported separately (72). 

Reglsby NO. ~y-PlcHcI, 14401-913; COCI,, 7646-79-9 NICIZ, 7718-54-9 
CdCI,, 10108-64-2. 
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Thermal Conductivities in Seven Ternary Liquid Mixtures at 40 OC 
and 1 Atm 
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A translent hot-wire thermal conductivity cell has been 
used to measure ternary liquid mixture thermal 
conductivities over the entire composion range at 40 OC 
and ambient pressure. These data were used to evaluate 
a prevlously developed local-composition model for 
prediction of mMure thermal conductivity. Comparison io 
the previous resuits obtalned for these systems at 25 OC 
indicates that, over the small temperature range 
considered in this work, the iocal-compodtbn parameters 
(obtained from the literature from binary vapor-liquid 
equlilbrium) may be considered constant without loss of 
accuracy. 

Introduction 

Industrial needs for fluid-mixture thermal conductivity coupled 
with the variety of mixture compositions and constituencies of 
possible interest mandates development of an effective muitl- 
component predictive technique. A local-composition (LC) 
predictive model for multicomponent thermal conductivity has 
been reported and tested for binary liquid mixtures (7).  I t  is 
based on the nonrandom two-liquid (NRTL) model ( 2 )  originally 
developed for equilibrium properties. As such, the model uses 
only pure-component thermal conductivities and binary NRTL 
interaction parameters obtained from vapor-liquid equilibrium 
(VLE) data of the constituent binary systems. Lack of muiti- 
component mixture thermal conductivity data has until recently 
precluded testing of the model for other than binary mixtures. 

I n  order to provide ternary mixture thermal conductivity data 
against which multicomponent models can be evaluated, we 
designed and constructed a translent hot-wire thermal con- 

0021-956818811733-0005$01.50/0 

ductMty apparatus suitable for accurate measurements of iiquid 
thermal conductMtles over a moderate temperatwe range. The 
apparatus has been tested and evaluated for purecomponent 
and binary mixture data (3). I t  has also been used to test the 
efficacy of the LC model for ternary liquid mixtures at 25 OC 
(4) .  In  the latter study, It was found that the model’s as- 
sumption of binary Interactions is adequate and that reasonably 
accurate predictions can be expected from the model for ter- 
nary liquid mixtures wlth no adjustable parameters. We report 
here the measurement of ternary mixture thermal conductivities 
at 40 OC for seven systems. These data indicate that using 
temperature independent NRTL Interactions does not affect the 
predictions over moderately small temperature ranges. 

Experimental Sectlon 

The transient hot-wire technique is generally considered to 
be the most accurate method currently available for measure- 
ment of liquid mixture thermal conducthri. I t  has been em- 
ployed since the late 1930s and the bulk of the most recent 
thermal conductivity measurements have been made by this 
technique. Its history of use, equation derivation, analysis 
assumptions, experimental techniques, error analysis, assets, 
and limitations have been carefully studied and are readily 
available (5- 77). 

The thermal conductivity cell used in this work was a sin- 
gle-wire cell, machined from 316 stainless steel and sealed wlth 
Viton O-rings. The platinum measurement wire, 0.0005 in. in 
diameter, was obtained from American Fine Wire Co. wlth the 
specifications of 99.95% purity and 266.8 f 5 %  Wft. A 
special cell insert, machined from thin-walled (0.04 inches), 
O.SOin.-o.d., stainless steel tubing, was employed to secure and 
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Flgure 1. Percent deviation of pure-component thermal conductivity 
data (over the range 20-40 " C )  reported in the literature from those 
measured in this apparatus. Each point represents an average value 
reported by a different laboratory. 

align the wire in its axial position. This secured wire prohibits 
use of the cell over a wide range of temperatures because of 
the difference in thermal expansivity of the wire and the insert 
in which the wire is held. However, the cell is assembled at 25 
OC, and at 40 OC the wire should be slightly tauter. Calculations 
using the linear thermal expansivity of stainless steel and 
platinum indicate that, for this temperature change, the stainless 
steel expands 0.022 mm more than the measurement wire. 
This is less than the tolerance of the original wire positioning. 
Details of the cell and its operation as well as the data analysis 
technique have previously been published (3, 4 ) .  

The cell has been used to measure pure component thermal 
conductivities at 25 OC, and the resultant data are generally 
within the range of values reported by other researchers as 
shown in Figure 1. Figure 1 illustrates the accuracy of the cell 
at the same temperature at which it was calibrated. To verify 
its use at temperatures slightly removed from 25 OC, thermal 
conductivities of carbon tetrachloride and toluene were mea- 
sured from 20 to 40 ' C ;  the results are shown in Figure 2. 
Figure 2 shows a comparison of measured values to best-fit 
values of the temperature dependence of other investigators' 
data reported by Jamieson (72). As reported earlier (3), the 
pure-fluid studies indicate the accuracy of the instrument to be 
about 1 .O% at the 95 % confidence level. Measured values of 
pure-component thermal conductivities are generally bracketed 
by values compiled and classified as superior quality by Ja- 
mieson (see Figure 1). The average absolute deviation (AAD) 
between our pure-component measurements and the average 
value from other laboratories for the pure fluids shown in Figure 
1 is just under 1 .O % with a bias of -0.5 % . Since the nemesis 
of older apparatuses was free convection which raises the 
measured thermal conductivity, the slightly negative bias is 
probably not only expected but desired. 

I n  accordance with the infinite line source model in cylindrical 
coordinates, the temperature rise can be written as (5- 7 7 )  

where q is the heat input to the wire by the step-function drive 
voltage, AT is the temperature rise, t is time in seconds, k is 
thermal conductivity, cy is thermal diffusivity, y = 1.7810, and 
r is the wire radius. Temperatures were sampled at equal 2-ms 
intervals over a 800-ms period. From eq 1, thermal conductivii 
can be obtained from linear least-squares analysis of the slope 

CARBON TETRACHLORIDE , - .- -- - ._  0 --'- -. - - - - - - - - -  - - - -  . . . . . . ......e. 
Y 

------E = :I-:: * 

Flgwe 2. Pure component thermal conductivity of toluene and carbon 
tetrachloride from 20 to 40 "C. Points represent values measured in 
this work: lines represent least-squares regression of values reported 
in ref 12. The ori inal data for these lines were reported for toluene 
by Pittman [ 19683 (-), by Brykov [ 19701 (- - -), and by Ziebland 
[ 19611 (- - -) and for carbon tetrachloride by Tree [ 19681 (- - -), by 
Riedel [1951] (---), by Mason [1954] ( - s a - ) ,  and by Schmidt [1954] 
(e). 

of AT vs In t and, in principle, thermal diffusivity can be obtained 
from the intercept. In  practice it was found that small imba- 
lances in the Wheatstone bridge at the beginning of the ex- 
periment would affect the value of the intercept but not the 
slope. An error analysis of the apparatus and procedure in- 
dicates less than 1 % uncertainty in the k values but up to 20% 
in a values. Since there are better ways to measure cy once 
k is known, we report here only the measured thermal con- 
ductivities. 

The thermal conductivity was obtained from a linear regres- 
sion of the AT vs In t data in accordance with eq 1. The first 
six data points (112 ms) were never included in the regression 
as the finite heat capacity of the wire causes a noticeable error 
at short times. A wire heat capacity correction by Healy et al. 
(9) was applied and found to be as large as 10% for times 
under 10 ms, but it rapidly drops to insignificant levels before 
40 ms. Other corrections were found to be insignificant be- 
cause of cell design and the short measurement time. Ac- 
cording to the requirements derived by Kierkus et al. ( 7 4 ) ,  the 
infinite heat source assumption is satisfied for our apparatus 
for wires longer than 13.4 cm. All wires used in the cell were 
at least 20 cm in length and axial conduction can therefore be 
neglected. The assumption of a constant heat production rate 
in the wire was also found to be valid. During the experiment, 
a 5 K temperature increase resulted in a 1.7 YO increase in the 
resistance of the wire and a 0.9 % drop in the applied voltage 
across the wire resulting in a 0.1 % change in the heat rate of 
the wire. As the actual power at each datum point (as opposed 
to an overall or effective power) was used in the data analysis, 
the overall effect of the change in wire resistance on the 
thermal conductivity was found to be less than 0.0025%. 
Solution of the thermal conduction problem for the wire indi- 
cated that the isothermal wire assumption was also valid to 
about the resolution of our temperature measurements (3 mK 
maximum radial temperature difference). McLaughlin and 
Pittman ( 8 )  and Healy et al. (9) have derived geometrical 
conditions for neglect of bounded medium errors. Over the 
8-ms experimental run time, their criteria are satisfied by sev- 
eral orders of magnitude and thermal penetration is much less 
than the cell radial size. Radiation effects and other end effects 
were not corrected for, but should be negligible because nearly 
the same temperature rise (approximately 5 K) was used for 
each run, and the cell was calibrated for this condition as 
previously described (3, 4 ) .  

Mixtures were prepared volumetrically, mixed in closed flasks 
at room temperature, and immediately infused into the bottom 
of the cell until fluid appeared in the waste lines. Fluid was then 
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Table I. Measured and Calculated Thermal Conductivity for Seven Ternary Systems at 40 O C  and Ambient Pressure 

w1 w, mW/(m.K) u mW/(mK) % w1 w, mW/(m.K) u mW/(m.K) % 
Mexpt), k(LC), dev, Mexpt), k(LC), dev, 

1 0 
0 1 
0 0 
0.500 0.500 
0.498 0 
0 0.500 
0.331 0.334 

1 0 
0 1 
0 0 
0.500 0.500 
0.500 0 
0 0.500 
0.332 0.335 

1 0 
0 1 
0 0 
0.499 0.501 
0.502 0 
0 0.500 
0.332 0.330 

1 0 
0 1 
0 0 
0.499 0.501 
0.497 0 
0 0.498 
0.332 0.331 

1 0 
0 1 
0 0 
0.499 0.501 
0.499 0 
0 0.500 
0.334 0.334 

1 0 
0 1 
0 0 
0.499 0.501 
0.501 0 
0 0.500 
0.332 0.331 

1 0 
0 1 
0 0 
0.501 0.500 
0.499 0 
0 0.500 
0.329 0.332 

135.8 
96.0 
114.4 
109.6 
120.4 
100.5 
108.9 

114.4 
96.0 
126.8 
100.5 
117.1 
106.0 
107.3 

93.0 
135.8 
96.0 
106.7 
87.8 
109.6 
98.7 

93.0 
135.8 
114.4 
106.7 
102.5 
120.4 
108.1 

112.6 
135.8 
96.0 
118.3 
97.4 
109.6 
106.5 

116.6 
126.8 
96.0 
119.9 
101.5 
106.0 
109.1 

112.6 
126.8 
96.0 
118.5 
97.4 
106.0 
108.8 

1. BenzenelCarbon Tetrachloride/Cyclohexane 
0.01 0.250 0.250 109.7 
0.04 0.251 0.500 103.2 
0.13 0.598 0.202 118.0 

109.8 0.2 0.400 0.402 108.6 
0.26 124.4 3.3 0.399 0.201 113.3 

103.0 2.5 0.203 0.400 104.8 
0.02 111.2 2.1 

2. Cyclohexane/Carbon Tetrachloride/Toluene 
0.13 0.155 0.213 115.1 
0.04 0.201 0.598 99.8 
0.04 0.598 0.201 109.5 

102.7 2.2 0.400 0.399 104.2 
120.9 3.2 0.401 0.199 111.6 
107.9 1.8 0.198 0.399 106.9 

0.09 109.7 2.2 

3. 2,2,4-Trimethslpentane/Benzene/Carbon Tetrachloride 
0.05 
0.01 
0.04 
0.11 
0.06 

0.04 

0.05 
0.01 
0.13 
0.11 
0.03 
0.26 
0.08 

0.32 
0.01 
0.04 
0.09 
0.02 

0.05 

0.22 
0.04 
0.04 
0.02 
0.22 

0.07 

0.32 
0.04 
0.04 
0.03 
0.02 

0.23 

_ _  
0.200 0.203 93.8 
0.200 0.598 111.5 
0.611 0.200 95.1 

111.2 4.2 0.395 0.396 101.8 
94.7 7.9 0.403 0.207 94.0 
109.8 0.2 0.200 0.404 102.4 
103.9 5.3 

4. 2,2,4-Trimethylpentane/Benzene/Cyclohexane 
0.199 0.201 110.5 
0.200 0.598 116.5 
0.596 0.200 101.0 

111.2 4.2 0.398 0.397 107.5 
102.5 0.0 0.396 0.201 105.6 
124.3 3.2 0.204 0.396 112.6 
112.0 3.6 

5. n-HexanelBenzenelCarbon Tetrachloride 
0.201 0.198 98.2 
0.199 0.601 117.1 
0.597 0.200 108.0 

119.4 0.9 0.402 0.399 111.6 
102.2 4.9 0.399 0.199 102.3 
106.8 -2.6 0.200 0.401 107.0 
108.5 1.9 

6. n-HeptanelToluenelCarbon Tetrachloride 
0.202 0.200 99.7 
0.200 0.600 116.3 
0.604 0.201 114.0 

121.5 1.3 0.401 0.400 112.9 
104.3 2.8 0.402 0.201 104.7 
107.6 1.5 0.198 0.403 105.4 
110.2 1.0 

7. n-HexanelToluenelCarbon Tetrachloride 

120.0 1.3 
102.2 4.9 
107.7 1.6 
109.1 2.8 

infused alternately from the top and bottom of the cell to ensure 
complete removal of all gas bubbles. Measurements were 
repeated between five and ten times from which a standard 
deviation was determined. Additionally, some points were 
checked by refilling the cell with a newly prepared mixture and 
repeating the thermal conductivity measurements. 

Results and Dlscusslon 

Seven ternary liquid mixtures were studied at 40 O C  and 
ambient pressure. Generally the thermal conductivity of the 
pure components, the 50-50 wt % mixture of each of the 
three binaries, and seven additional ternary compositions were 
measured for each ternary system. The results of the mea- 

0.200 0.200 100.0 
0.199 0.599 114.8 
0.600 0.204 109.2 
0.401 0.400 112.5 
0.400 0.200 104.5 
0.199 0.401 105.9 

0.13 
0.05 
0.04 
0.06 
0.24 
0.02 

0.43 
0.05 
0.01 
0.02 
0.16 
0.02 

0.01 
0.04 
0.02 
0.08 
0.01 
0.17 

0.04 
0.05 
0.01 
0.05 
0.03 
0.06 

0.06 
0.08 
0.09 
0.04 
0.03 
0.15 

0.04 
0.03 
0.72 
0.16 
0.04 
0.11 

0.13 
0.02 
0.02 
0.06 
0.46 
0.01 

112.0 
106.2 
119.7 
110.6 
116.0 
107.7 

116.2 
103.0 
111.5 
106.8 
113.9 
109.0 

100.1 
114.6 
99.4 
106.4 
99.9 
106.4 

112.9 
121.0 
103.4 
111.6 
108.0 
116.6 

102.2 
114.9 
110.0 
112.4 
105.7 
107.8 

103.4 
116.3 
112.9 
114.5 
107.8 
109.2 

102.7 
115.7 
110.7 
113.2 
106.3 
108.6 

2.1 
2.9 
1.4 
1.8 
2.4 
2.8 

1.0 
3.2 
1.8 
2.5 
2.1 
2.0 

6.7 
2.7 
4.5 
4.5 
6.3 
3.8 

2.2 
3.9 
2.3 
3.8 
2.3 
3.6 

4.1 
-1.9 
1.9 
0.7 
3.3 
0.7 

3.7 
0.0 
-1.0 
1.4 
3.0 
3.6 

2.7 
0.8 
1.4 
0.6 
1.7 
2.5 

surements as well as predicted values using the LC model are 
shown in Table I .  Also shown in Table I is the standard 
deviation of the replicate measurements made on the same 
mixture. 

The LC model proposed by Rowley ( 7 )  is 
n n n  n 

(2) 
/=I /=1/=1 /=1  

where k/ represents the pure-component thermal conductivity 
of component i ,  w, is the mass fraction of component i ,  and 
Gp (GV # G/, and GI/ = 1 when i = /) are the binary interaction 
terms which appear in the original equilibrium NRTL model. The 
cross-interaction thermal conductivity, k,, (kt = k//),  is obtained 

k = C w h  + CCW/W/q/(k,/ - k / ) / (CWP/ / )  
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Tab le  11. Summary  of Average Absolute Deviat ions at 25 
and 40 "C 

AAD % max % dev 

system4 25 "C 40 "C 25 "C 40 " C  
1 1.9 
2 1.4 
3 4.8 
4 2.8 
5 3.9 
6 2.3 

2.8 
2.8b 

n 

2.1 3.0 3.3 
2.2 2.9 3.2 
4.6 9.6 7.9 
2.9 4.2 4.2 
2.3 4.9 4.9 
1.9 3.7 3.7 
2.0 4.6 4.9 
2.6b 

System number refers to the identification in Table I. *Overall 
AAD 70. 

from the purecomponent thermal conductivities and the NRTL 

Shown in Table I 1  is a comparison between the AAD 

(3) 

(4) 

for 
each of the seven systems at 40 O C  and that for 25 O C  as 
reported earlier (4). In  the earlier work, it was found that the 
binary interactions upon which the LC model is based are ad- 
equate for prediction of ternary thermal conductivities. The 
NRTL parameters used in this study were the same as those 
used before, taken from the open literature (75) where they 
were reported from regressed VLE data. In  general, NRTL 
constants have been shown to be temperature dependent ( 76). 
Many of the NRTL parameters were f i e d  from constant-pres- 
sure VLE data and so were not reported at any particular tem- 
perature. Others were taken from constant-temperature VLE 
data. Where multiple sets of parameters at different temper- 
atures were available, the set closest to 25 O C  was used as 
in the previous work. Thus, the comparison between the AAD 
values in Table I 1  is an indication of the temperature effect of 
those parameters on thermal conductivity predictions. Table 
I I shows no discemible temperature effect upon the predictions 
over this small temperature range. 

I t  is of interest to note that only at three compositions were 
predictions lower than experimental values. The method tends 
to overpredict ternary thermal conductivity as evidenced here 
and in the previous study (3). This does not occur in binary 
mixtures ( 7 ) .  In all cases that we are aware of, mixture 
thermal conductivities are lower than the ideal value or mass 
fraction average of the pure components. Thus, there may be 
an additional ternary effect, not accounted for by this model, 
which lowers the thermal conductivity below that predicted 
solely on the basis of binary interactions. 

Concludons 
Mixture thermal conductivities were measured for seven 

ternary systems at 40 OC and ambient pressure, including the 
purscomponent and binary-llmlt values. These data were used 
to test the LC thermal conductivity model for ternary systems 
at 40 O C ;  previously only 25 O C  tests have been reported. No 
decrease in the accuracy of the method was observed indi- 
cating that, for moderately small temperature ranges, one may 
consider the NRTL interactions independent of temperature for 
the purpose of predicting thermal conductivities. 
Glossary 

k 
k/ 
kJl 

NRTL nonrandomness factor 
thermal conductivity, mW/(mK) 
pure component i thermal Conductivity, mW/(m-K) 
cross-interaction thermal conductivity calculated 

molecular weight of component i ,  kg/mol 

radius of measurement wire, m 

GJ/ 

from eq 3, mW/(m-K) 

9 heat flux, W/m2 
r 
t time, s 
r temperature, K 
w/ 
w/ 

w// 

Greek Letters 
CY thermal diffusivity, m2/s 
Y 1.7810 
c7 standard deviation 

Regktry No. Benzene, 71-43-2; carbon tetrachloride, 56-23-5; cyclo- 
hexane, 110-82-7; toluene. 108-88-3; 2.2,4-trimethylpentane, 540-84-1; 
n-hexane, 110-54-3; n-heptane, 142-82-5. 
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