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The Thermal Conductivity, Thermal Diffusivity and
Isobaric Heat Capacity of Toluene and Argon
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This paper presents absolute measurements for the thermal conductivity and
thermal diffusivity of toluene obtained with a transient hot-wire instrument
employing coated wires over the density interval of 735 to 870 kg-m~>. A new
expression for the influence of the wire coating is presented, and an examination
of the importance of a nonuniform wire radius is verified with measurements on
argon from 296 to 323 K at pressures to 61 MPa. Four isotherms were measured
in toluene between 296 and 423 K at pressures to 35 MPa. The measurements
have an uncertainty of less than +0.5% for thermal conductivity and +2% for
thermal diffusivity. Isobaric heat capacity results, derived from the measured
values of thermal conductivity and thermal diffusivity, using a density deter-
mined from an equation of state, have an uncertainty of + 3% after taking into
account the uncertainty of the applied equation of state. The measurements
demonstrate that isobaric specific heat determinations can be obtained success-
fully with the transient hot wire technique over a wide range of fluid states
provided density values are available.

KEY WORDS: argon; fluid thermal radiation; heat capacity; thermal conduc-
tivity; thermal diffusivity; toluene; transient hot wire technique.

1. INTRODUCTION

The transient line source instrument provides rapid and accurate mea-
surements of the fluid thermal conductivity. A series of corrections must be
made to account for differences between the actual and ideal heat transfer
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models. To measure the thermal conductivity of electrically conducting
fluids, or those with high polarity, a wire with a layer of electrical insula-
tion has been used to avoid current leakage. The original correction for the
influence of the coating was developed by Nagasaka and Nagashima [1].
There have been few attempts to measure the thermal diffusivity of fluids
using coated wires, however.

In this work, a new expression that considers the influence of wire
coating has been developed and measurements made for the thermal con-
ductivity and thermal diffusivity of liquid toluene. Additional corrections
for the influence of fluid thermal radiation [2], nonuniformity of the wire
radius, and a systematic zero time temperature bridge offset [2—4] were
employed and the results verified with measurements on argon. Measure-
ments of the thermal conductivity and thermal diffusivity of toluene have
been made from 296 to 423 K at pressures to 35 MPa and for argon from
296 to 323 K at pressures to 61 MPa. The thermal conductivity data have
an estimated uncertainty of less than +0.5%, while the uncertainty for the
thermal diffusivity and the derived isobaric heat capacity is estimated at
+3%.

2. METHOD

The transient hot-wire method is widely accepted as a primary
instrument for accurate measurements of fluid thermal conductivity for a
wide variety of fluids. Its use for thermal diffusivity has, however, been
limited due to the lack of reproducibility in the results [4]. The ideal
working equation for thermal conductivity is based on the transient solu-
tion of Fourier’s law for an infinite line source [5]. The ideal temperature
rise of the fluid at the wire-fluid interface, r = a, at time ¢ is

q 4ot
T=———In—— 1
ani(p, T) | aC’ M
where
AT = AT, + 20T, ?2)

and X207}, are appropriate corrections to the measured temperature rise,
AT, and q is the power per unit length to the wire; 4 is the thermal con-
ductivity; a = 1/(pC,) is the thermal diffusivity; p is the density; and C, is
the isobaric heat capacity, all for the fluid, with C = 1.781--- the exponen-
tial of Euler’s constant.
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The thermal conductivity is usually determined from the slope of a
linear regression of the temperature difference, A7, vs. In(z) data via
Eq. (1) and assigned to a reference temperature, 7, [5]

T, =Ty +;[AT(t,) + AT(1,)] A3)

since over the measurement period from ¢, to ¢, both 4 and C, vary linearly
with respect to temperature. Here A7'(¢,) and AT (z,) represent the temper-
ature rise at the start, #;, and end, ¢,, of the measurement.

In instruments using coated wires, an expression that considered the
influence of the coating was developed by Nagasaka and Nagashima [1].
In their analysis, however, even when the thickness of the coating is set to
zero, the influence of the coating still persists and since the process that
produced this equation is not provided in Ref. 1, the reason is not known.
For this reason, a new expression for the temperature rise that considers
the influence of the thermal properties of the wire, the coating, and the
fluid was developed (Appendix A [3]). This new analysis gives

q dost\ 24, . [a, a’ (A, A 4oyt
AT, 1) = 1 — —= ——— )1
1 (1) 471/13[ n<a§ C>+ Ay n<a1>+2ﬂ3t o 0 . a; C
14 (B Ay (At (@ ey (@
225t \o; oy a, C ot oyt a,

+l<a%—a§+a§ af_i_ r? >_/13(r2—af)}

2\ ayt st oyt 204t lai

4)

where subscripts 1, 2, and 3 denote the bare wire, coating, and test fluid,
respectively; r is the radial position relative to the axis of the wire; and a,
and a, are the radii of the wire core and outer coating layer, respectively.
In this expression, when the thickness of the coating goes to zero, the
influence of the coating disappears and the expression for the ideal bare
wire, Eq. (1), results. Though this result leads to a more accurate correc-
tion, its application produces little change in the reported thermal conduc-
tivity (< 0.1%) relative to those obtained through use of the previous result
[1].

To determine the influence of fluid thermal radiation, it is usually
necessary to consider the full form of the applicable integral-differential
energy equation. The solution of this, however, can not be obtained ana-
lytically and a numerical solution was previously used to examine the
potential for fluid thermal radiation in a series of the n-alkanes [6]. The
correction procedure proposed was computationally intensive and could
not easily be applied to routine experimental procedure. Nieto de Castro



1490 Sun, Venart, and Prasad

and colleagues showed, however, that for some fluids the dominant correc-
tion term arises from fluid emission. This consideration permitted a simpli-
fied but approximate analytic solution [7-9]. In their analysis, however,
the wire had been considered part of the fluid since the inner boundary
condition was taken to be r = 0. To eliminate this influence and examine its
impact, a new solution was obtained using the correct boundary condition,
r = a, and considering the thermophysical properties of the wire; this solu-
tion is written as [2, 3]

2a) 4ot 2/ _x? ot
AT (a, 1) = AT(a, 1)+ 1590 % 1y 4ot | /@ ( ™ %)

8nila,  a’C 16mA; \ 6 a’C
t 2
_4foast qfa ’ 5)
4nry,  8mA,
where
B 16Kn*eT;
f=— and =———,
®3 (pCp)s

and K is the mean absorption coefficient and » is the refractive index of
the test fluid (both considered independent of temperature) and o is the
Stephan—Boltzmann constant. The difference between the two solutions,
though small, is somewhat dependent upon the magnitude of B with a sig-
nificant influence on thermal diffusivity [2].

In this work, the thickness of the coating deposited on the long and
short wires was determined to be different, as SEM micro-photographs of
the wires indicate. The influence of this must now be considered. Since the
difference in resistance between the long and short wires due to tempera-
ture rise can be stated as

ARI _ARs = Rloﬂ ATI _Rsoﬂ ATs (6)

where AR, and AR, are the resistance changes, R,, and R,, are the long and
short wire resistances at the initial equilibrium temperature; T,; A7; and AT,
are the respective temperature differences with f denoting the temperature
coefficient of resistance. If there is no diameter difference between the long
and short wires, the temperature rise is

AR, — AR,

N =—— .
T=Ro—Ro) B

()
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If the radius is a,, Eq. (6) can be rewritten as
ARI_ARS =RIOBATI'_Rs0ﬂAT; +Rs0ﬁ AT;_RSOﬂAT;’ (8)
and Eq. (7) as

ARI_ARS RSO(AY;_A’I;)

AT = , €))
(RIO _RSO) ﬂ (RIO - RsO)
so that
AR, — AR
AT = AT — 6T = ——— =, (10)
(RIO _RSO) ﬁ
where
R T, — AT,
oT = M 11)

(RIO - RsO )

AT is thus the temperature rise of the hot wires assuming both have the
same radius, a,. Ignoring any differences in the thermophysical properties
of the wire, 0T, the difference attributable to the differences in radius can
be simplified to

R, q 1 a

oT=—20 4 1, %
Ry—R, 214 " a,

(12)

The thermal diffusivity of the fluid is often obtained directly [8] from
the same measurement as the thermal conductivity through use of Eq. (1)
in the form,

2

o ¢ exp[4nA(P, T,) AT (a,t")/q], (13)

T

where 7, denotes the reference temperature. However, in order to obtain
precise values of the thermal diffusivity at the specified thermostat or equi-
librium temperature, the temperature coefficient of the thermal conductiv-
ity, x, must first be measured and its influence corrected. Additionally,
a “zero” time temperature offset, caused by any small residual bridge
imbalance and/or timing effect, must be evaluated and corrected [2-4].
The thermal diffusivity then can be obtained via the slope of the linear fit
of AT vs. g, i.e.,

2

o= % exp[4nA(P, Ty) AT (a, ')/ 4], 14



1492 Sun, Venart, and Prasad

where 7, denotes the thermostat or “zero” time equilibrium temperature
and not the reference temperature 7;.

3. EXPERIMENT

A new transient hot-wire instrument was utilized in this work. The
measurement circuit and the measurement methods employed are described
elsewhere [2—4]. Two wires with nominal diameters of 12.7 um, each of
different length, were used to compensate for end effects. During a pre-
vious measurement program on carbon tetrachloride, the cell had become
contaminated, leaving the wires and cell coated with a silicon oxide deposit
(as determined by SEM electron probe [3]). Despite repeated attempts to
clean the cell chemically, the coating was still adherent to the wires. SEM
photographs of pieces of the original and coated wires are shown in
Figs. 1a to c. The coating can be seen to be somewhat variable and non-
uniform, with different thicknesses of coating (Figs. 1b, ¢ and Table I).
Wire diameters were measured photometrically and averaged at several
axial positions on samples of the wires removed after the present test series.

Fig. 1. SEM pictures of hot wires: (a) bare wire; (b) coated short wire; (c) coated long wire.
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Table 1. Wire and Test Fluid Specifications

1 1 4 . p— 2 . 0,
: 0 5 5
(a) Calibration equation: R = A, + A, T+ 4,7°+ B, P; T (°C), P (MPa)

(b) Wire specification and calibration coefficients; long and short wires

Purity (%) 99.999 99.999

Length (m) 0.08549 +0.00001 0.03395 +0.00001
Radius a, (um) 7.454+6.8% 7.09+5.4%
Radius @; (upm) 6.53+1.1% 6.53+1.1%

A, 62.22233 24.73335

A, 0.248691 0.0976522

A, —6.196378 x 10 —1.688681 x107°
B —1.28134x 1073 —6.27643x 10~

(c) Test Fluid: Toluene; M =92.134, 99.95% pure

T, (593.95K) P, (4.05 MPa) P (290 kg-m =)
(d) Test Fluid: Argon; M =39.944, 99.999% pure

T, (150.86 K) P, (5.00 MPa) P (536 kg-m ™)

The temperature-resistance characteristics of the wires were deter-
mined in situ over the temperature and pressure range of the measurements.
The wire specifications, as well as the calibration coefficients, are given in
Table I, along with the purity and properties of the fluids used.

3.1. Measurements for Argon

To verify the accuracy of the toluene measurements and the validity of
the corrections used for the effect of coating and differences in the coating
thickness, and thus the wire diameter, the thermal conductivity and thermal
diffusivity of argon were measured from 296 to 323 K at pressures to
61 MPa. These measurements are compared with the correlation made
from a earlier set of experiments using the same instrument but with
uncoated wires [3, 4]. The correlation for thermal conductivity there was
given as

AW-m™ 1K™ =4y +a[14+a, plkg- m ) +a,(p(kg-m))*],  (15)
where
/10 = bo + bl(T(K)) + bz(T(K))z, (16)

with the coefficients listed in Table II below.
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Table II. Coefficients for Egs. (15) to (18)

Argon
Toluene

Argon
Toluene

Toluene

Toluene

Ay

1.1212x107*
2.7717x 107

by
2.9946 x 1073

—1.6158x107°

Co
26.9377
do
2189.68

a;

2.0516x107°
—8.0377x 10~

b,

5.7376 x107°
6.3469 x 10~

5]
6.7988 x 102
d,
2.16975

a,

2.9472%x10°°
7.2520x 10~

b,

—2.2458x107*
1.0104x 1077

€
5.4667x 107

d,
—0.0031421

Deviations of the present argon thermal conductivity results from
Eq. (15) are shown in Fig. 2, along with the data of Ref. 4 from 296 to
323 K at pressures to 61 MPa. It can be seen that the present data agree
well with those measured with the uncoated wires with a maximum devia-
tion of less than 2.5%.
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Fig. 2. Deviation in the thermal diffusivity of argon from Eq. (15).
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Fig. 3. Deviation in the derived specific heat of argon from that obtained from NIST14 [10].

Via the measured thermal conductivity and thermal diffusivity mea-
surements, and a density determined from Ref. 10, isobaric specific heats
were also calculated. The resulting deviation in the present results and the
results given by Ref. 4, as compared to values given by Ref. 10, are shown
in Fig. 3; the standard deviation of the present data set from the work of
Ref. 4 is less than 2%. These measurements and the above comparisons
indicate that the corrections due to the influence of the coating and the
differences in diameters may be considered valid.

The experimentally determined values of the thermal conductivity of
argon from the present measurement program are listed in Table III. The
boldfaced type quantities are for the determinations of thermal conductiv-
ity, thermal diffusivity, and isobaric specific heat at the equilibrium or bath
reference temperature after correcting for the variation in thermal proper-
ties and the “zero” time bridge imbalance temperature difference [2-4].

3.2. Measurements for Toluene

The thermal conductivity and thermal diffusivity of toluene were
measured along four nominal isotherms, 296, 323, 373, and 423 K at pres-
sures to 35 MPa. These measurements are recorded in Table IV along with
their corresponding equilibrium, or 7;, values. The density values shown
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Table III. Thermal Conductivity, Thermal Diffusivity, and Specific Heat of Argon

ID T P p[l0] q ) ax 108 Cp
K)  KPa) (kgmH) (Wm?) (Wm'KY) m>sh) (ke KD

296.97 1136 18.5099 0.01813 188.8 519.0

A20_0I1C1 297.630 1136 18.4671 0.01451 0.01811
A20_01D1 297.630 1136 18.4671 0.01452 0.01811
A20_01A2 298450 1136 18.4146 0.03263 0.01834
A20_01B2 298.451 1136 18.4145 0.03264 0.01834
A20_01C2 299.610 1136 18.3408  0.05801 0.01838
A20_01D2 299.618 1136 18.3403  0.05801 0.01838
A20_01A3 301.147 1136 18.2439  0.09074 0.01847
A20_01B3 301.145 1136 18.2440  0.09072 0.01846

296.96 3773 62.4176 0.01928 54.78 563.8

A20_05C1 298.155 3773 62.1371  0.03259 0.01933
A20_05D1 298.163 3773 62.1353  0.03261 0.01931
A20_05A2 299.112 3773 61.9151 0.05803 0.01932
A20_05B2 299.114 3773 61.9146  0.05795 0.01934
A20_05C2 300.318 3773 61.6377 0.09063 0.01945
A20_05D2 300.319 3773  61.6375  0.09062 0.01943
A20_05A3 301.738 3773 61.3146 0.13053 0.01941
A20_05B3 301.777 3773 61.3058  0.13055 0.01941

296.95 7247 121.889 0.02094 27.93 615.1

A20_10C1 297.987 7247 121.372  0.03262 0.02102
A20_10D1 297.998 7247 121.366 0.03264 0.02095
A20_10A2 298.785 7247 120977 0.05791 0.02094
A20_10B2 298.786 7247 120.976  0.05791 0.02095
A20_10C2 299.808 7247 120.474  0.09064 0.02096
A20_10D2 299.808 7247 120.474  0.09060 0.02094
A20_10A3 300.983 7247 119.904 0.13048 0.02103
A20_10B3 300.981 7247 119.905 0.13043 0.02101

296.55 14454 247.808 0.02472 14.01 712.0

A20_20C1 297.328 14454 246912  0.03255 0.02484
A20_20D1 297.329 14454 246911  0.03260 0.02466
A20_20E1 297.365 14454 246.87 0.03260 0.02473
A20_20F1 297.360 14454 246.845 0.03262 0.02488
A20_20A2 297.950 14454 246.202 0.05790 0.02483
A20_20B2 297.951 14454 246.2 0.05791 0.02486
A20_20C2 298.776 14454 245.226  0.09050 0.02489
A20_20D2 298.809 14454 245.229  0.09050 0.02488
A20_20A3 299.702 14454 244.227 0.13031 0.02485
A20_20B3 299.700 14454 244229  0.13029 0.02450
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Table III. (Continued)
ID T P p[10] A ax 108 Cp
K)  (kPa) (kg m>) (W- m ) Wm™-KY) m?s?) (-kg-K
296.64 21231 361.064 0.02904 10.45 769.7
A20_30C1 297.275 21231 359.958  0.03261 0.02903
A20_30D1 297.282 21231 359.945 0.03254 0.02905
A20_30A2 297.780 21231 359.086 0.05791 0.02902
A20_30B2 297.783 21231 359.081 0.05794 0.02913
A20_30C2 298.431 21231 357.971 0.09040 0.02911
A20_30D2 298.436 21231 357.962 0.09042 0.02906
A20_30A3 299.225 21231 356.621 0.13015 0.02908
A20_30B3 299.224 21231 356.623  0.13015 0.02906
A20_30C3 300.103 21231 355.143 0.17715 0.02908
A20_30D3 300.104 21231 355.141 0.17713 0.0291
296.69 27996 462.573 0.03337 8.870 813.3
A20_40C1 297.244 27996 461.383  0.03250 0.03327
A20_40D1 297.244 27996 461.383  0.03251 0.03343
A20_40A2 297.683 27996 460.44 0.05783 0.03341
A20_40B2 297.680 27996 460.446 0.05781 0.03335
A20_40C2 298.222 27996 459.288  0.09040 0.03343
A20_40D2 298.221 27996 459.29 0.09035 0.03340
A20_40A3 298.873 27996 457.905 0.13014 0.03345
A20_40B3 298.828 27996 458.000 0.13014 0.03329
A20_40C3 299.616 27996 456.338 0.17715 0.03338
A20_40D3 299.627 27996 456.315 0.17715 0.03338
296.82 34907 551.433 0.03787 8.218 835.6
A20_50C1 297.316 34907 550.244 0.03253 0.03804
A20_50D1 297.311 34907 550.256 0.03252 0.03772
A20_50A2 297.691 34907 549.349  0.05794 0.03772
A20_50B2 297.692 34907 549.346  0.05790 0.03786
A20_50C2 298.160 34907 548.233  0.09041 0.03777
A20_50D2 298.160 34907 548.233  0.09040 0.03778
A20_50A3 298.732 34907 546.879 0.13014 0.03777
A20_50B3 298.731 34907 546.882 0.13017 0.03772
A20_50C3 299.372 34907 545.373 0.17716 0.03777
A20_50D3 299.374 34907 545.368  0.17707 0.03772
296.85 41779 626.143 0.04207 7.957 844.4
A20_60C1 297.296 41779 625.036 0.03251 0.04221
A20_60D1 297.302 41779 625.021 0.03251 0.04194
A20_60A2 297.626 41779 624.216 0.05780 0.04209
A20_60B2 297.625 41779 624.219 0.05781 0.04194
A20_60C2 298.054 41779 623.155 0.09042 0.04200
A20_60D2 298.052 41779 623.160  0.09040 0.04189
A20_60A3 298.564 41779 621.896 0.13014 0.04191
A20_60B3 298.560 41779 621.906 0.13010 0.04189
A20_60C3 299.167 41779 620.414 0.17712 0.04194
A20_60D3 299.170 41779 620.406 0.17711 0.04194
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Table III. (Continued)

ID T P p[l10] ) ax 108 Cp
K)  (kPa) (kg m~) (W- m‘l) W-m™-K™) (m’s™) (J-kg?-K™)
296.89 48339 686.675 0.04585 8.130 821.3

A20_70A2 297.593 48339 684.907 0.05781 0.04577
A20_70B2 297.593 48339 684.907 0.05780 0.04574
A20_70C2 298.030 48339 683.816 0.09040 0.04575
A20_70D2 298.029 48339 683.819  0.09036 0.04582
A20_70A3 298.519 48339 682.600 0.13007 0.04585
A20_70B3 298.520 48339 682.597  0.13009 0.04570
A20_70C3 299.091 48339 681.182 0.17697 0.04572
A20_70D3 299.089 48339 681.187 0.17701 0.04578
A20_70A4 299.701 48339 679.676  0.23098 0.04566
A20_70B4 299.658 48339 679.782  0.23101 0.04556

296.92 55379 742.331 0.04979 8.229 815.0

A20_80A2 297.577 55379 740.708  0.05780 0.04979
A20_80B2 297.570 55379 740.725  0.05780 0.04965
A20_80C2 297.975 55379 739.725  0.09038 0.04970
A20_80D2 297.974 55379 739.728  0.09040 0.04987
A20_80A3 298.415 55379 738.641  0.13006 0.04979
A20_80B3 298.418 55379 738.634 0.13012 0.04970
A20_80C3 298.935 55379 737.364 0.17703 0.04961
A20_80D3 298.938 55379 737.357 0.17703 0.04965
A20_80A4 299.522 55379 735927  0.23097 0.04962
A20_80B4 299.548 55379 735.863  0.23096 0.04973

296.96 62283 789.544 0.05346 8.436 802.6

A20_90A2 297.564 62283 788.072  0.05783 0.05347
A20_90B2 297.565 62283 788.070  0.05788 0.05349
A20_90C2 297.907 62283 787.241  0.09040 0.05333
A20_90D2 297.917 62283 787.216 0.09035 0.05335
A20_90A3 298.352 62283 786.164  0.13008 0.05334
A20_90B3 298.354 62283 786.160  0.13008 0.05346
A20_90C3 298.871 62283 784.912 0.17700 0.05346
A20_90D3 298.873 62283 784.907 0.17701 0.05346
A20_90A4 299.453 62283 783.512  0.23100 0.05348
A20_90B4 299.449 62283 783.522  0.23097 0.05336

32212 811 12.1357 0.01927 303.3 528.7

A50_01C1 323.244 811 12.0927  0.02461 0.01925
A50_01D1 323.243 811 12.0927  0.02462 0.01931
A50_01A2 323731 811  12.0741 0.03542 0.01934
A50_01B2 323.711 811 12.0749  0.03540 0.01945
AS50_01C2 324954 811 12.0278  0.06300 0.01944
A50_01D2 324.944 811 12.0281  0.06300 0.01945
A50_01A3 326.507 811 11.9694  0.09852 0.01955
A50_01B3 326.526 811 11.9687  0.09851 0.01956
A50_01C3 328.288 811  11.9033 0.14189 0.01961
A50_01D3 328282 811 11.9035  0.14185 0.01957
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Table III. (Continued)
ID T P p[10] A ax 108 Cp
K)  (kPa) (kg m>) (W- m ) Wm™-KY) m?s?) (-kg-K
322.16 3679 55.6066 0.02029 63.1 578.3
AS50_05A1 323.036 3679 55.4425  0.02460 0.02031
AS50_05B1 323.04 3679 554418  0.02460 0.02040
A50_05C1 323.431 3679 55.36838 0.03541 0.02040
A50_05D1 323431 3679 55.3688  0.03540 0.02040
A50_05A2 324.426 3679 55.184 0.06300 0.02051
AS0_05B2 324423 3679 55.1846  0.06300 0.02050
AS50_05C2 325.753 3679 54.9397 0.09851 0.02069
A50_05D2 325.754 3679 54.9375 0.09841 0.02065
A50_05A3 327.189 3679 54.6779 0.14176 0.02071
A50_05B3 327.226 3679 54.6712 0.14178 0.02071
322.14 7179  109.537 0.02176 324 613.1
A50_10A1 322.893 7179 109.239  0.02460 0.02178
AS50_10B1 322902 7179 109.236  0.02460 0.02187
AS50_10C1 323.231 7179 109.106  0.03541 0.02176
A50_10D1 323239 7179 109.103  0.03542 0.02187
A50_10A2 324.073 7179 108.776  0.06300 0.02192
A50_10B2 324.078 7179 108.774  0.06292 0.02186
AS0_10C2 325.153 7179 108.355  0.09841 0.02199
AS50_10D2 325.153 7179 108.355  0.09840 0.02196
A50_10A3 326.419 7179 107.867 0.14174 0.02205
A50_10B3 326.441 7179 107.859 0.14173 0.02205
322.13 14151 217.318 0.02510 16.91 683.0
A50_20A1 322.741 14151 216.79 0.02461 0.02523
A50_20B1 322.741 14151 216.79 0.02463 0.02508
A50_20C1 323.012 14151 216.557 0.03540 0.02506
A50_20D1 323.022 14151 216.549 0.03542 0.02515
A50_20A2 323.683 14151 215.984  0.06290 0.02518
A50_20B2 323.684 14151 215983  0.06290 0.02518
A50_20C2 324.526 14151 215268 0.09841 0.02522
A50_20D2 324.598 14151 215.207 0.09842 0.02532
AS50_20A3 325.554 14151 214.402 0.14165 0.02524
AS0_20B3 325.559 14151 214.398 0.14168 0.02530
32211 20909 317.732 0.02871 12.23 738.8
A50_30A1 322.629 20909 317.06 0.02458 0.02873
A50_30B1 322.637 20909 317.05 0.02459 0.02865
A50_30C1 322.870 20909 316.747 0.03541 0.02864
AS50_30D1 322.868 20909 316.75 0.03538 0.02884
AS50_30A2 323.436 20909 316.014 0.06300 0.02884
A50_30B2 323.434 20909 316.017 0.06301 0.02877
A50_30C2 324.148 20909 315.098 0.09840 0.02881
A50_30D2 324.169 20909 315.071 0.09839 0.02896
A50_30A3 324.961 20909 314.059 0.14167 0.02881
A50_30B3 324.959 20909 314.062 0.14169 0.02876
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Table III. (Continued)

ID T P p[l10] ) ax 108 Cp
K)  (kPa) (kg m~) (W- m‘l) W-m™-K™) (m’s™) (J-kg?-K™)
322.11 27855 412275 0.03251 10.11 714.1

A50_40C1 322.752 27855 411.209  0.03550 0.03259
A50_40D1 322.753 27855 411.207 0.03551 0.03251
A50_40A2 323.249 27855 410.384  0.06300 0.0325

A50_40B2 323.246 27855 410.389  0.06300 0.03252
A50_40C2 323.837 27855 409.414 0.09841 0.03253
AS50_40D2 323.864 27855 409.369  0.09840 0.03253
AS50_40A3 324.560 27855 408.227 0.14171 0.03256
AS50_40B3 324.580 27855 408.194 0.14172 0.03249
A50_40C3 325434 27855 406.803 0.19284 0.03257
A50_40D3 325.441 27855 406.792  0.19282 0.03261

322.09 34713 494.94 0.03622 9.292 787.6

AS50_50C1 322.635 34713 493.889 0.03540 0.03640
AS50_50D1 322.638 34713 493.883  0.03540 0.03624
AS50_50A2 323.071 34713 493.059 0.06300 0.03624
A50_50B2 323.067 34713 493.067 0.06299 0.03627
A50_50C2 323.655 34713 491.953 0.09841 0.03640
A50_50D2 323.658 34713 491.947  0.09840 0.03640
AS50_50A3 324.332 34713 490.677 0.14162 0.03652
AS50_50B3 324.374 34713 490.598  0.14163 0.03658
AS50_50C3 325.100 34713 489.238  0.19273 0.03649
A50_50D3 325.093 34713 489.251 0.19272 0.03651

322.1 41648 567.591 0.04015 8.794 804.4

A50_60C1 322.598 41648 566.564  0.03540 0.04005
A50_60D1 322.605 41648 566.549  0.03540 0.04025
AS50_60A2 322992 41648 565.758  0.06298 0.04017
AS50_60B2 323.012 41648 565.717  0.06300 0.04013
A50_60C2 323.491 41648 564.741  0.09842 0.04018
A50_50D2 323.486 41648 564.752  0.09840 0.04014
AS50_60A3 324.156 41648 563.393  0.14167 0.04035
A50_60B3 324.137 41648 563.431 0.14165 0.04023
AS50_60C3 324.737 41648 562.220 0.19273 0.04010
AS50_60D3 324.728 41648 562.238  0.19273 0.04016

322.11 48371 628.699 0.04349 8.914 776.3

A50_70A2 322925 48371 626.983  0.06290 0.04367
A50_70B2 322.934 48371 626.964 0.06290 0.04357
A50_70C2 323.396 48371 625992  0.09830 0.04373
AS50_70D2 323.416 48371 625.950  0.09840 0.04368
AS50_70A3 323.939 48371 624.854 0.14157 0.04365
A50_70B3 323.944 48371 624.843 0.14162 0.04370
A50_70A4 324.679 48371 623.309 0.19273 0.04397
A50_70B4 324.679 48371 623.309 0.19271 0.04387
A50_70C4 325434 48371 621.740 0.25147 0.04396
AS50_70D4 325.437 48371 621.734  0.25148 0.04400
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Table III. (Continued)

ID T P p[l0] q ) ax 108 Cp
K)  KPa) (kgmH) (Wm?) (Wm'KY) m>sh) (ke KD

322.1 55241 683.241 0.04717 8.675 795.8

AS50_80A2 322.845 55241 681.642 0.06301 0.04725
A50_80B2 322.845 55241 681.642  0.06298 0.04717
A50_80C2 323.254 55241 680.773  0.09840 0.04712
AS50_80D2 323.288 55241 680.700  0.09838 0.04722
A50_80A3 323.803 55241 679.608 0.14161 0.04725
AS50_80B3 323.810 55241 679.593 0.1416 0.04709
A50_80C3 324.394 55241 678.359  0.19266 0.04712
A50_80D3 324.401 55241 678.344  0.19267 0.04715
AS50_80A4 325.079 55241 676.917 0.25139 0.04717
A50_80B4 325.081 55241 676913 0.25136 0.04730

322.07 61752 728.823 0.0506 8.893 780.7

A50_90C1 322443 61752 728.019 0.03540 0.05072
A50_90D1 322.449 61752 728.007  0.03540 0.05059
AS50_90A2 322754 61752 727.358  0.06292 0.05037
A50_90B2 322.763 61752 727.339  0.06290 0.05048
A50_90C2 323.162 61752 726.492  0.09833 0.05053
A50_90D2 323.175 61752 726.465 0.09828 0.05047
AS50_90A3 323.693 61752 725.368  0.14148 0.05040
A50_90B3 323.698 61752 725358  0.14142 0.05043
A50_90C3 324281 61752 724.127 0.19244 0.05037
A50_90D3 324282 61752 724.125 0.19252 0.05045

were calculated from Ref. 11. The over 253 individual experimental data
points for thermal conductivity were used to establish 24 determinations of
thermal diffusivity and specific heat. The derived values of thermal con-
ductivity, thermal diffusivity, and specific heat, at the established thermo-
stat equilibrium temperatures are indicated in boldfaced type. In addition,
values of B, which account for the influence of fluid thermal radiation are
also listed.

Deviations in the temperature rise of the hot wire from the linear fit of
AT vs. In(t) before and after correcting for the influence of fluid thermal
radiation are shown in Fig. 4 for a measurement at 323 K and 20 MPa
(ID# T50_30A7). Here, it can be seen that before correction, a systematic
convex curvature in the data exists out to 3 s that cannot be explained by
free convection since Ra is only 1.92 x 10* and much less than “critical”
[12]. Although the maximum deviation over this time period is smaller
than 0.1%, its curvature is very distinct and can only be eliminated through
use of a value of B=0.0088s~"; this procedure decreases the maximum
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Table IV. Thermal Conductivity, Thermal Diffusivity, and Specific Heat of Toluene

1d No. T P p[10] q 2 ax 108 Cp B
® (P2 (kgm™) W-m? WmKY @ s?) (ke? KD 7

29746 3357  869.404 0.1332 9.003 1702
T20_05A3 297.991 3357  868.887  0.12403 0.1330 0.005
T20_05B3 297.992 3357  868.887  0.12403 0.1330 0.005
T20_05A4 298.412 3357  868.492  0.21999 0.1327 0.005
T20_05B4 298.414 3357  868.488  0.22008 0.1328 0.005
T20_05A5 298.942 3357  867.982  0.34328 0.1326 0.005
T20_05B5 298.951 3357  867.979  0.34324 0.1326 0.005
T20_05A6 299.585 3357  867.360  0.49339 0.1323 0.005
T20_05B6 299.579 3357  867.359  0.49336 0.1324 0.005
T20_05A7 300.343 3357 866.633  0.66957 0.1322 0.005
T20_06B7 300.345 3357  866.634  0.66955 0.1322 0.005
29746 6763  872.023 0.1346 9.229 1672
T20_10A5 298.935 6763  870.635  0.34319 0.1340 0.0045
T20_10B5 298.933 6763  870.637  0.34321 0.1340 0.0045
T20_10A6 299.581 6763  870.031  0.49328 0.1337 0.0045
T20_10B6 299.583 6763  870.031  0.49322 0.1337 0.0045
T20_10A8 301.192 6763  868.504  0.87237 0.1330 0.0045
T20_10B8 301.234 6763  868.452  0.87238 0.1330 0.0045
297.50 13637 877.075 0.1369 9.369 1666
T20_20A3 298.034 13637 876.590  0.12401 0.1369 0.0045
T20_20B3 298.032 13637 876.590  0.12403 0.1369 0.0045
T20_20A4 298.431 13637 876.218  0.22003 0.1364 0.0045
T20_20B4 298.462 13637 876.196  0.22003 0.1363 0.0045
T20_20A5 298.953 13637 875.743  0.34329 0.1364 0.0045
T20_20B5 298.954 13637 875.743  0.34329 0.1364 0.0045
T20_20A6 299.585 13637 875.167  0.49341 0.1362 0.0045
T20_20B6 299.581 13637 875.167  0.49341 0.1362 0.0045
T20_20A7 300.424 13637 874.391  0.66982 0.1358 0.0045
T20_20B7 300.369 13637 874.450  0.66976 0.1359 0.0045
T20_20A8 301.175 13637 873.706  0.87253 0.1356 0.0045
T20_20B8 301.172 13637 873.707  0.87239 0.1356 0.0045
297.57 20565 881.884 0.1395 9.563 1654
T20_30A3 298.092 20565 881.419  0.12397 0.1392 0.004
T20_30A5 299.011 20565 880.606  0.34375 0.1386 0.004
T20_30A6 299.632 20565 880.048  0.49412 0.1384 0.004
297.56 27349  886.445 0.1412 9.625 1655
T20_40A3 298.081 27349 885.990  0.12412 0.1409 0.004
T20_40B3 298.083 27349 885990  0.12412 0.1409 0.004

T20_40A4 298.484 27349 885.652  0.22031 0.1410 0.004
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Table 1V. (Continued)
Id No. T P p[10] q 2 ax 10 Cp B
X)  (kPa) (kgm?) Wm?) Wm'KH s kg K 7
T20_40B4 298.479 27349 885.653  0.22024 0.1410 0.004
T20_40A5 299.583 27349 884.688  0.49405 0.1407 0.004
T20_40B5 299.571 27349  884.691 0.49406 0.1406 0.004
T20_40A6 300.293 27349 884.065  0.67070 0.1404 0.004
T20_40B6 300.303 27349  884.065 0.67074 0.1404 0.004
T20_40A7 301.131 27349 883.347  0.87359 0.1401 0.004
T20_40B7 301.114 27349 883.353  0.87367 0.1402 0.004
297.50 34320 890.965  0.22035 0.1434 9.684 1662
T20_50A4 298.421 34320 890.188  0.22035 0.1433 0.0038
T20_50B4 298.424 34320 890.191 0.22042 0.1429 0.0038
T20_50A5 298.902 34320 889.757  0.34380 0.1430 0.0038
T20_50B5 298.911 34320 889.774 0.34380 0.1430 0.0038
T20_50A6 299.532 34320 889.263  0.49421 0.1427 0.0038
T20_50B6 299.534 34320 889.266  0.49414 0.1428 0.0038
T20_50A7 300.271 34320 888.609  0.67067 0.1425 0.0038
T20_50B7 300.273 34320 888.609  0.67067 0.1425 0.0038
T20_50A8 301.140 34320 887.875 0.87354 0.1422 0.0038
T20_50B8 301.134 34320 887.879  0.87330 0.1422 0.0038
327.67 3364  840.234 0.1248 8.364 1776
T50_05A3 328231 3364  839.684  0.12662 0.1248 0.008
T50_05B3 328.223 3364  839.694  0.12663 0.1244 0.008
T50_05A4 328.674 3364  839.259  0.22472 0.1246 0.008
T50_05B4 328.662 3364  839.267  0.22469 0.1245 0.008
T50_05A5 329.234 3364 838.711 0.35062 0.1243 0.008
T50_05B5 329.275 3364  838.685  0.35063 0.1243 0.008
T50_05A6 329.953 3364  838.020  0.50398 0.1241 0.008
T50_05B6 329.961 3364  838.009  0.50407 0.1241 0.008
T50_05A7 330.783 3364  837.208  0.68441 0.1239 0.0085
TS50_05B7 330.832 3364 837.162 0.68430 0.1239 0.0085
T50_05A8 331.772 3364  836.238  0.89171 0.1236 0.009
T50_05B8 331.800 3364 836.220 0.89161 0.1237 0.009
327.68 6754  843.332 0.1260 8.516 1754
TS50_10A3 328.281 6754  842.764  0.12660 0.1259 0.0085
T50_10B3 328.220 6754  842.814  0.12651 0.1259 0.008
T50_10A4 328.689 6754 842378  0.22455 0.1257 0.008
TS0_10B4 328.750 6754 842.363 0.22459 0.1258 0.008
T50_10A5 329.263 6754  841.829  0.35042 0.1257 0.008
T50_10B5 329.261 6754 841.837 0.35042 0.1257 0.0085
T50_10A6 329.940 6754  841.173  0.50374 0.1255 0.0085
TS50_10B6 329.943 6754  841.175  0.50370 0.1255 0.0085
TS50_10A7 330.764 6754  840.394  0.68411 0.1253 0.0085
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Table 1V. (Continued)

1d No. T P p[10] q 2 ax 108 Cp B
® (P2 (kgm™) W-m? WmKY @ s?) (ke? KD 7

T50_10B7 330.769 6754  840.393  0.68421 0.1253 0.0087
T50_10A8 331.758 6754  839.492  0.89149 0.1251 0.0092
T50_10B8 331.765 6754  839.494  0.89155 0.1250 0.009
327.52 13813  849.64 0.1288 8.805 1722
T50_20A3 328.141 13813 849.076  0.12667 0.1285 0.008
T50_20B3 328.144 13813 849.068  0.12669 0.1288 0.008
T50_20A4 328.560 13813 848.684  0.22479 0.1285 0.0075
T50_20B4 328.529 13813  848.723  0.22474 0.1285 0.0075
T50_20A5 329.094 13813 848.198  0.35080 0.1284 0.0086
T50_20B5 329.073 13813  848.213  0.35063 0.1284 0.0085
T50_20A6 329.734 13813 847.622  0.50398 0.1282 0.0083
T50_20B6 329.728 13813 847.621  0.50384 0.1282 0.0086
T50_20A7 330.513 13813 846.888  0.68433 0.1280 0.0086
T50_20B7 330.532 13813 846.875  0.68458 0.1280 0.0085
T50_20A8 331.451 13813 846.028  0.89151 0.1278 0.0088
T50_20B8 331.460 13813 846.020  0.89113 0.1278 0.0088
327.51 20548 855.173 0.1312 8.882 1727
T50_30A3 328.082 20548 854.67 0.12666 0.1309 0.007
T50_30B3 328.091 20548 854.665  0.12665 0.1314 0.008
T50_30A4 328522 20548 854.288  0.22480 0.1310 0.008
T50_30B4 328.534 20548 854.295  0.22482 0.1310 0.0082
T50_30A5 329.048 20548 853.811  0.35081 0.1309 0.0078
T50_30B5 329.041 20548 853.818  0.35075 0.1309 0.0082
T50_30A6 329.700 20548 853.225  0.50420 0.1307 0.0082
T50_30B6 329.700 20548  853.23 0.50413 0.1307 0.0075
T50_30A7 330.481 20548 852.231  0.68443 0.1306 0.0082
T50_30B7 330.493 20548 852.526  0.68447 0.1305 0.0082
T50_30A8 331.381 20548 851.73 0.89153 0.1303 0.0087
T50_30B8 331.392 20548 851.715  0.89157 0.1303 0.0087
327.58 27320 860.367 0.1335 8.92 1740
T50_40A3 328.142 27320 859.883  0.12652 0.1334 0.0084
T50_40B3 328.140 27320 859.883  0.12652 0.1334 0.008
T50_40A4 328532 27320 859.550  0.22460 0.1334 0.008
T50_40B4 328.534 27320 859.550  0.22460 0.1334 0.008
T50_40A5 329.081 27320 859.081  0.35041 0.1333 0.0075
T50_40B5 329.073 27320 859.075  0.35043 0.1332 0.0075
T50_40A6 329.732 27320 858.508  0.50370 0.1330 0.0082
T50_40B6 329.731 27320 858.507  0.50373 0.1330 0.0082
T50_40A7 330.554 27320 857.796  0.68392 0.1330 0.008
T50_40B7 330.559 27320 857.801  0.68379 0.1329 0.008
T50_40A8 331.891 27320 856.649  1.00431 0.1326 0.008

T50_40B8 331.886 27320 856.651 1.00411 0.1326 0.009
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Table 1V. (Continued)
Id No. T P p[10] q 2 ax 10 Cp B
X)  (kPa) (kgm?) Wm?) Wm'KH s kg K 7
327.63 34404  865.54 0.1362 8.914 1737
T50_50A3 328.190 34404 865.105  0.12652 0.1361 0.008
T50_50B3 328.193 34404 865.096  0.12647 0.136 0.008
T50_50A4 329.161 34404 864.303  0.35025 0.1358 0.008
T50_50B4 329.162 34404 864.302 0.35023 0.1358 0.008
T50_50A5 329.830 34404 863.762  0.50351 0.1357 0.008
T50_50B5 329.833 34404 863.762  0.50351 0.1357 0.0082
T50_50A6 330.654 34404 863.120  0.68352 0.1355 0.0082
T50_50B6 330.661 34404 863.129  0.68356 0.1355 0.008
T50_50A7 331.494 34404 862.396 0.89054 0.1353 0.0085
T50_50B7 331.497 34404 862.393  0.89037 0.1353 0.0085
T50_50A8 333.600 34404 860.670 1.38239 0.1348 0.0088
T50_50B8 333.611 34404 860.670 1.38247 0.1348 0.0088
37844 3492 790.087 0.1104 7.397 1889
T10_05A3 378.782 3492  790.044  0.14680 0.1105 0.026
T10_05B3 378.783 3492  789.748  0.14677 0.1104 0.030
T10_05A4 380.037 3492 788.471 0.26044 0.1101 0.032
T10_05B4 380.033 3492  788.478  0.26032 0.1101 0.030
T10_05A5 380.751 3492 787.735 0.40610 0.1100 0.030
T10_05B5 380.770 3492  787.723  0.40607 0.1098 0.030
TI10_05A6 381.684 3492  786.788  0.58326 0.1098 0.026
T10_05B6 381.700 3492  786.787  0.58349 0.1098 0.026
T10_05A7 382.793 3492  785.659  0.79178 0.1097 0.030
T10_05B7 382.841 3492  785.614 0.79201 0.1097 0.030
37876 7293  794.545 0.1122 7.454 1894
T10_10A3 379.571 7293 793.753 0.14682 0.1122 0.032
T10_10B3 379.542 7293  793.774  0.14676 0.1119 0.045
T10_10A4 380.160 7293  793.182  0.26043 0.1121 0.032
T10_10B4 380.141 7293  793.183  0.26041 0.1120 0.034
T10_10A5 380.792 7293  792.555  0.40617 0.1119 0.034
T10_10B5 380.751 7293 792.594 0.40612 0.1116 0.034
T10_10A6 381.590 7293  791.755  0.58339 0.1116 0.034
T10_10B6 381.593 7293  791.759  0.58350 0.1115 0.036
T10_10A7 382.559 7293  790.799  0.79190 0.1115 0.036
T10_10B7 382.671 7293  790.707  0.79180 0.1115 0.032
T10_10A8 384.056 7293 789.319 1.03145 0.1116 0.032
T10_10B8 384.057 7293  789.325 1.03155 0.1116 0.034
378.84 13694 801.976 0.1152 7.518 1910
T10_20A3 379.571 13694 801.289  0.14668 0.1149 0.026
T10_20B3 379.590 13694 801.274  0.14670 0.1151 0.024




1506 Sun, Venart, and Prasad

Table 1V. (Continued)

Id No. T P p[10] q y) ax 10 Cp B
K) (kPa) (kg'm?) (Wm™) (Wm™K) m>s™) (-kgK) 7

T10_20A4 380.193 13694 800.709  0.26040 0.1152 0.025
T10_20B4 380.175 13694 800.735  0.26042 0.1152 0.025
T10_20A5 380.822 13694 800.123  0.40613 0.1147 0.025
T10_20B5 380.821 13694 800.124  0.40579 0.1146 0.025
T10_20A6 381.760 13694 799.232  0.58302 0.1146 0.025
T10_20B6 381.855 13694  799.2 0.58318 0.1147 0.032
T10_20A7 381.780 13694 799.226  0.79124 0.1145 0.028
T10_20B7 381.821 13694 799.162  0.79128 0.1145 0.028
T10_20A8 383.889 13694 797.242  1.03064 0.1144 0.028
T10_20B8 383.890 13694  797.243 1.03047 0.1143 0.028
378.81 20553 809.414 0.1181 7.702 1894
T10_30A3 379.621 20553 808.685  0.14660 0.1181 0.023
T10_30B3 379.614 20553 808.692  0.14661 0.1181 0.023
T10_30A4 380.072 20553 808.28 0.26052 0.1178 0.023
T10_30B4 380.100 20553 808.259  0.26037 0.1180 0.024
T10_30A5 380.780 20553 807.644  0.40598 0.1177 0.025
T10_30B5 380.781 20553 807.656  0.40588 0.1176 0.025
T10_30A6 381.583 20553 806.939  0.58318 0.1176 0.023
T10_30B6 381.562 20553  806.95 0.58313 0.1175 0.025
T10_30A7 382.631 20553 805.985  0.79086 0.1174 0.025
T10_30B7 382.640 20553 805982  0.79106 0.1174 0.025
T10_30A8 383.594 20553 805.124  1.03008 0.1173 0.030
T10_30B8 383.594 20553 805.123 1.03013 0.1173 0.030
378.79 27407 816.288 0.1207 7.805 1894
T10_40A3 379.511 27407 815.667  0.14659 0.1208 0.015
T10_40B3 379.524 27407 815.658  0.14661 0.1207 0.015
T10_40A4 380.052 27407 815.203  0.26024 0.1205 0.020
T10_40B4 380.045 27407 815217  0.26028 0.1205 0.020
T10_40A5 380.732 27407 814.625  0.40598 0.1203 0.025
T10_40B5 380.731 27407 814.641  0.40594 0.1203 0.025
T10_40A6 381.522 27407 813.932  0.58314 0.1202 0.025
T10_40B6 381.490 27407 813.961  0.58301 0.1202 0.027
T10_40A7 382.561 27407 813.036  0.79112 0.1202 0.025
T10_40B7 382.554 27407 813.046  0.19107 0.1202 0.025
T10_40A8 383.782 27407 811.988 1.03010 0.1201 0.028
T10_40B8 383.788 27407 811.98 1.03008 0.1201 0.028
378.86 34368  822.727 0.1232 7.941 1886
T10_50A3 379.461 34368 822.228  0.14653 0.1234 0.020
T10_50B3 379.493 34368 822.203  0.14662 0.1229 0.020

T10_50A4 380.000 34368 821.780  0.26024 0.1232 0.015




Thermal Conductivity /Diffusivity and Heat Capacity of Toluene and Argon 1507
Table 1V. (Continued)
Id No. T P p[10] q y) ax 108 Cp B
K) (kPa) (kg'm”) (W-m™) (W-m™-K7) m’>s™) (J-kg"K™) 7
T10_50B4  380.000 34368 821.780  0.26024 0.1232 0.020
T10_50A5 380.763 34368 821.148  0.40615 0.1231 0.017
T10_50B5 380.809 34368 821.106 0.40611 0.1231 0.020
T10_50A6 381.517 34368 820.517  0.58362 0.1231 0.020
T10_50B6  381.520 34368  820.517 0.58361 0.1231 0.022
T10_50A7 382.591 34368 819.628  0.79191 0.1232 0.022
T10_50B7  382.599 34368 819.628  0.79191 0.1232 0.022
T10_50A8 383.322 34368 819.013 1.03129 0.1230 0.025
T10_50B8  383.328 34368 819.012 1.03130 0.1230 0.025
42391 3415 742.166 0.1 6.541 2060
T15_05A3 424971 3415  741.008  0.16440 0.1002 0.040
T15_05B3 424,955 3415 741.009 0.16437 0.1002 0.042
T15_05A4 425673 3415  740.238  0.29164 0.09997 0.054
T15_05B4 425.552 3415 740349  0.29162 0.09942 0.051
T15_05A5 426.353 3415  739.471 0.45459 0.09900 0.054
TI15_05B5 426.345 3415  739.479  0.45453 0.09967 0.056
T15_05A6 427.341 3415 738.379 0.65285 0.09973 0.054
T15_05B6  427.340 3415  738.378  0.65289 0.09971 0.050
T15_05A7 428.554 3415  737.051 0.88579 0.09948 0.052
T15_05B7 428.611 3415 736.972  0.88590 0.09949 0.054
423.74 6825 748.31 0.1020 6.713 2030
T15_10A3 424710 6825  747.29 0.16427 0.1021 0.040
TI15_10B3 424721 6825  747.287  0.16429 0.1021 0.040
T15_10A4 425390 6825 746.573 0.29142 0.1016 0.050
T15_10B4 425410 6825  746.561 0.29141 0.1019 0.050
T15_10A5 426.191 6825  745.73 0.45437 0.1018 0.050
T15_10B5 426.140 6825  745.783  0.45442 0.1017 0.050
T15_10A6 427.122 6825  744.749  0.65246 0.1018 0.054
T15_10B6 427.132 6825 744.748 0.65258 0.1018 0.052
T15_10A7 428.419 6825 743375  0.88520 0.1017 0.055
T15_10B7 428.444 6825 743.364 0.88519 0.1018 0.048
42392 13833 759.182 0.1053 6.879 2016 n
T15 _20A3 424793 13833 758.335  0.16444 0.1054 0.031
T15_20B3 424790 13833  758.340  0.16441 0.1053 0.038
T15_20A4 425474 13833 757.674  0.29162 0.1054 0.033
T15_20B4 425498 13833  757.643 0.29168 0.1055 0.041
T15_20A5 426.322 13833  756.843  0.45478 0.1055 0.040
T15_20B5 426.312 13833  756.852 0.45486 0.1056 0.040
T15_20A6 427.364 13833  755.827  0.65344 0.1055 0.045
T15_20B6 427.321 13833  755.868  0.65363 0.1057 0.040
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Table 1V. (Continued)

Id No. T P p[10] q y) ax 10 Cp B
K) (kPa) (kg'm?) (Wm™) (Wm™K) m>s™) (-kgK) 7

T15_20A7 428.511 13833 754.704  0.88653 0.1058 0.045
T15_20B7 428.580 13833  754.640  0.88653 0.1058 0.042
42391 20592 768.654 0.1086 7.041 2007
T15_30A3 424.814 20592 767.829  0.16449 0.1086 0.030
T15_30B3 424.811 20592 767.834  0.16445 0.1086 0.035
T15_30A4 425.433 20592 767.262  0.29180 0.1087 0.034
T15_30B4 425414 20592 767.277  0.29176 0.1086 0.035
T15_30A5 426.241 20592 766.516  0.45484 0.1087 0.037
T15_30B5 426.249 20592 766.514  0.45488 0.1085 0.035
T15_30A6 427.308 20592 765.537  0.65341 0.1086 0.035
T15_30B6 427.311 20592 765.538  0.65324 0.1086 0.040
T15_30A7 428.413 20592 764.527  0.88609 0.1086 0.045
T15_30B7 428.444 20592 764.500  0.88583 0.1085 0.045
42395 27597 777.474 0.1118 7.081 2031
T15_40A3 424.832 27597 776.709  0.16442 0.1119 0.025
T15_40B3 424.838 27597 776.706  0.16438 0.1117 0.025
T15_40A4 425.445 27597 776.176  0.29159 0.1117 0.034
T15_40B4 425423 27597 776.196  0.29154 0.1119 0.028
T15_40A5 426259 27597 775473  0.45462 0.1118 0.031
T15_40B5 426.254 27597 775476  0.45439 0.1118 0.036
T15_40A6 427211 27597 774.647  0.65277 0.1116 0.037
T15_40B6 427.230 27597 774.624  0.65289 0.1118 0.036
T15_40A7 428.444 27597 773.576  0.88561 0.1119 0.040
T15_40B7 428.432 27597 773.581  0.88554 0.1119 0.040
423.92 34408  785.372 0.1143 7.181 2026
T15_50A3 424781 34408 784.658  0.16431 0.1143 0.025
T15_50B3 424.782 34408 784.660  0.16435 0.1142 0.025
T15_50A4 425.383 34408 784.160  0.29153 0.1146 0.027
T15_50B4 425.390 34408 783.783  0.29154 0.1148 0.031
T15_50A5 426.111 34408 783.553  0.45451 0.1147 0.029
T15_50B5 426.100 34408 783.563  0.45451 0.1148 0.031
T15_50A6 427.091 34408 782.746  0.65281 0.1148 0.035
T15_50B6 427.144 34408 782.704  0.65279 0.1149 0.035
T15_50A7 428.181 34408 781.837  0.88562 0.1149 0.035
T15_50B7 428.300 34408 781.736  0.88558 0.1150 0.037

deviation in the linear fit to less than +0.01%. The change in the value of
thermal conductivity due to this correction is only 0.8%; however, the
thermal diffusivity changes by —5.6%, emphasizing the importance of this
correction for this property.
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Fig. 4. Deviation in the temperature rise from the best linear fit of AT ~ In(#) for a mea-
surement of toluene at 323 K and 20 MPa (Run ID T50_50A7) before and after correcting
for the influence of fluid thermal radiation; B = 0.0088 s ~'.

3.2.1. Thermal Conductivity

The experimental thermal conductivity values were correlated with
equations of the form of Egs. (15) and (16) where A, values were obtained
via Ref. 11 by setting pressure to zero and correlated vs. temperature; the
coefficients used are given in Table II.

The present thermal conductivity data and those from other sources
are shown in Fig. 5. The deviations of all these data from Eq. (15) are
shown in Fig. 6. The maximum deviation of the present data from the
correlation is about 1.5% with a standard deviation of only +0.7%; the
majority of the other data deviates, at most, by 3%.

Perkins et al. [8] made thermal conductivity and diffusivity mea-
surements from 302 to 555 K at pressures from 0.09 to 20 MPa. Ramires
et al. [13] and Nieto de Castro et al. [9] measured only the thermal con-
ductivity along the saturation line from 300 to 381 K and 300 to 550 K,
respectively. Nieto de Castro et al. [7] measured the thermal conductivity
from 308 to 363 K with pressures to 0.53 GPa. Mani and Venart [14]
measured only the thermal conductivity from 300 to 590 K at pressures to
14 MPa. All of this work utilized transient hot wire instruments where the
influence of fluid radiation was taken into account, except for that of Mani
and Venart [14]. Shulga et al. [15] made measurements of both thermal



1510 Sun, Venart, and Prasad

Q
M
(¢l

*xxx*x Ramires et al.,, Ref. 13
i x¥xxk Mani et al, Ref. 14
wmmee Shulga et al.,, Ref. 15
Nieto de Castro et al.,, Ref. 9
+++++ Niete de Castro et al., Ref. 7 L
00000 This work

. AAAAA Perkins et al., Ref. 8 ﬁ
itk Perkins et al., Ref. 16 ’ﬁ =

o o o
N N [N
N (&) »
| | |

Thermal conductivity, W.m™ k™'
o
I

0.10
0.0g T T T T T T T T T T T T T T T T T T T
700 750 800 850 900
Density, kg-mi®
Fig. 5. Thermal conductivity of toluene as a function of density.
6.00

1 AAAAA Perkins al. Ref. 8

1 ¥4 Ramire et al. Ref. 13
J¥kkkkk Mani and Venart, Ref. 14
Jwmmme Shylga ot al, Ref. 15

] Nieto de Castro et al., Ref. 9
3.00 T+ Nieto de Castro et al., Ref. 7
' |0ooooo This work

Yook Perkins et al., Ref. 16

Relative deviation, %

700 750 800 8s0 900
Density, kg.-m

Fig. 6. Deviation in the thermal conductivity of toluene from Eq. (15).



Thermal Conductivity /Diffusivity and Heat Capacity of Toluene and Argon 1511

conductivity and diffusivity using an ac-heated transient hot-wire instru-
ment from 255 to 400 K with pressures to 1 GPa. Perkins et al. [16]
measured the thermal conductivity of liquid toluene using anodized tan-
talum wires along the saturation line from room temperature until 550 K.
In Fig. 6, it can be seen that all the thermal conductivity data, except those
of Shulga et al. [15] and Perkins et al. [16], deviate at most 3% from the
proposed correlation; the data of Shulga et al. deviate from Eq. (5) by
—2% to — 8%, the values increasing with density; the data of Perkins et al.
[16] deviate from Eq. (15) by 4% at the room temperature, but deviate by
less than 1% at high temperatures.

3.2.2. Thermal Diffusivity

The experimental thermal diffusivity values obtained, as well as those
from the literature, are shown as a function of density in Fig. 7a. The
thermal diffusivity from present work was correlated as a function of
density, 735 < p < 870 kg-m™?, in the form

o(m?-s7") = [cy+c; p(kg-m )+, (p(kg-m~3))*]x 107%, (17)

with the coefficients given in Table II. Deviations of the thermal diffusivity
data from all sources from that given by Eq. (17) are indicated in Fig. 8a.
From this figure it can be seen that the maximum deviation for the present
data set is less than 3% with a standard deviation of about 2%.

There are only three other sources of thermal diffusivity data. The
data of Will et al. [17] measured along the saturation line using a optical
technique, differ from —3% to —9%,; with values increasing with density.
The measurements of Perkins et al. [8] diverge from the correlation by
—2% to — 8%, again the values increasing with density. Similarly the data
of Shulga et al. [15] deviate by —1% to —9%. In the case of both Will
et al. [17] and Shulga et al. [15], it is unclear what role thermal radiation
has played in their measurements as no analysis was made by them of its
importance. In the Perkins et al. data set [8], an analysis has been made
here to correct the thermal diffusivity data to the equilibrium temperature
and determine its zero time temperature offset, similar to that discussed
and detailed in Appendix B. Within the mutual density range of the present
measurements and those of Perkins et al. [8], zero time temperature offsets
of between —8 to —23 mK were determined. Comparisons of the corrected
thermal diffusivity data [8] to that of this work are shown in Figs. 7b
and 8b. In the process of this correction, the temperature rise of the hot
wire which have been corrected for all kinds of influences aside from the
variation of the thermal conductivity and the zero temperature offset, were
calculated using the thermal conductivity, thermal diffusivity, and power data
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provided in Ref. 8. From Figs. 7b and 8b it can be seen that the revised
thermal diffusivity data now agree with the correlation of Eq. (17) within a
standard error of less than 1.8%. However, agreement of this “corrected”
data with the light scattering results of Will et al. [ 17] is reduced.

Figure 9 illustrates the calculated isobaric specific heat of toluene as
a function of density obtained via the equation of state [11]. Figure 10
shows the relative deviations of the calculated values from those given by
Ref. 11. The majority of the data deviate by less than 4%. The derived
specific heat data were correlated as

Cp(J-kg™"-K™") =d, +d, p(kg-m ™) +d,(p(kg-m )%, (18)

where the coefficients are given in Table II. The deviations of the Cp data
from this equation are shown in Fig. 11 where the standard deviation is less
than 1.7%.

3.3. Discussion

The thermal conductivity, thermal diffusivity, and derived isobaric
specific heat data given in Table IV and the derived values from the corre-
lations given by Table II all suggest a reproducibility of better than 0.5%
for thermal conductivity, 2% for thermal diffusivity, and 3% for specific
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Fig. 9. Derived isobaric specific heat of toluene as a function of density.
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heat. The corrections for the influence of thermal radiation, wire coating,
difference of hot wire diameters, bridge imbalance, and temperature varia-
tion of thermal diffusivity have all been demonstrated essential to the suc-
cessful determination of thermal diffusivity, and hence the specific heat, of
toluene.

It is therefore useful to examine in some detail the necessary correction
procedures. As mentioned earlier, the temperature coefficient of the
measured thermal conductivity near the bath temperature and at a test
pressure is obtained by employing a series of powers to measure the
thermal conductivity at different reference temperatures. The thermal con-
ductivity and thermal diffusivity of the fluid corresponding to the bath
temperature then result. However, a systematic and nearly constant tem-
perature “offset’ still may exist due to very small, but critical, uncertainties
in the bridge and/or system balance. To obtain this correction, the tem-
perature rise at any given instant is linearly regressed and its intercept
determined (Appendix B). This correction thus represents a “zero” time
effective bridge imbalance. To demonstrate the influence of this correction
to measurements of thermal diffusivity, data on toluene at 324 K and
0.088 MPa for points 1201 to 1208 in the data of Ref. 8 are considered. In
the process of this correction, the temperature rise of the hot wire which
has been corrected for all kinds of influences aside from the variation of the
thermal conductivity, and the zero temperature offset, were calculated
using the thermal conductivity, thermal diffusivity and power data
provided in Ref. 8. Despite a very weak dependence on density, the thermal
diffusivity results, upon close examination, show a systematic variation
with power; with an increase in ¢, values of a appear to asymptotically
approach a constant, as indicated by the goodness of fit (Appendix B). The
average DSTAT for the selected data sets is very much less than the
DSTAT of the average of the data except when corrections are made.

For this example, the temperature coefficient of the thermal conduc-
tivity and the thermal conductivity at the thermostat equilibrium tempera-
ture can be determined; thus y = —0.00219 K=, 4T, =4.0921 K (¢, = 0.155s),
AT, = 5.2877K (¢, = 1.0 s) with 1, =0.1226 W-m~'-K~! for a wire power,
g, of 0.96177W-m™! (point 1201). Use of Eq. (14) returns a value of
thermal diffusivity about 3.3% greater than that determined by Eq. (13)
and reported in Ref. 8. Despite corrections, these adjusted results still show
systematic variations in o with ¢ (Fig. 12a); there is still an apparent
increase in o with ¢. If the temperature rises are calculated after correcting
for the influence of y and linearly fit temperature rise vs. applied power at
selected times, this will allow the determination of the “zero” time tem-
perature offset [2-4] (Appendix B); this is —14.67+0.17 mK. After
correcting for this, the thermal diffusivity value obtained via Eq. (14) is



Thermal Conductivity /Diffusivity and Heat Capacity of Toluene and Argon 1517

9.00
Oooo Eq. (13
- ( ) ANAAA Eq. (14), temperature offset not corrected
» a Yol Eq. (14), temperature offset corrected
~ — — Obtained via the slope of the linear fit
q 4
o 4
>B.50
-+ *
E _—*———&—__ﬁ___f_—_* ________ oo
= %
2 4
IN
% T A s A
N
B - A
Ego0 - 2
) m]
< b ul o o o o
= i [u]
7.50 T T T T T T T T T T T T T T T T T T T T T T
0.50 0.60 0.70 0.80 0.90 1.00
Power, W-nt'
14.00
00000 Eq. (13
_ 7 a AAAAA Eq. (14)., temperature offset not corrected
' i Yol Eq. (14), temperature offset corrected
o — — Jbtained via the slope of the linear fit
R i
o i
>12.00 (b)
s
= b
12}
> i
=
‘-D m
S i
IN
£10.00 - n
5] N
= 5 s
T §-
s0 +—F—7F—F—77 77T T 7T T T T T 7T T T T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Power, W-ri"

Fig. 12. Experimental thermal diffusivity of toluene before and after correcting for the
influence of y and temperature offset: (a) Ref. 8, Run ID’s 1201 to 1208; (b) This work, Run

ID’s T50_50A3 to T50_50BS.



1518 Sun, Venart, and Prasad

8.434x 107 m?-s~! with a DSTAT that now approaches that obtained for
the average of all measurements in the set; see Fig. 12a.

Further illustration may be seen by considering data from this work,
points T50_30A3 to T50_30B8 (Fig. 12b). Here again the data have been
first evaluated via Eq. (13) and then corrected for the temperature variation
in thermal conductivity and then again to determine the effective ““zero”
time temperature imbalance of the bridge of +11.7540.06 mK; this gives a
thermal diffusivity of 8.914 x 10~* m?-s~". Figure 13 demonstrates that the
reproducibility of both sets of thermal diffusivity data are comparable and
are reproducible to within +1.2%. Figure 14 shows the deviations in the
thermal diffusivity obtained via each single measurement after correcting
the influences of both y and the temperature offset from that obtained via
the slope of linear regression of the corrected temperature rise, 4 and
G = q/(4nl,), and it can be seen that the maximum deviation for both of
the two above-mentioned examples is smaller than 2%.

The importance of this so far neglected effect emphasizes the need of
very accurate bridge balances and the use of techniques, such as above, to
determine equivalent ““zero” time bridge imbalances in the determination of
precise values of thermal diffusivity using the transient hot-wire instrument.

2.00
-1 00000 This work
| memwmm Perkins et al.,, Ref, 8
1.00 - .
R |
N | o
c [m]
.9 T [ " [}
k= ) o
‘> —0.00 u s
[\ 8 @
© 1 ] o
o 1 m
> 4
) ]
B |
002 —1.00 —_ [m} a
g o
] [m]
—2.00 T T T T T T T T T T T T T T T T T T T T T T T T
0.00 0.30 Q.60 0.90 1.20 1.50

Pawer, W -mi

Fig. 13. Deviation in the independently determined thermal diffusivity after correcting for
the influence of y and temperature offset from that obtained via the slope of the linear
regression A ~ G; This work, Run ID’s T50_50A3 to T50_50B8; Ref . 8, Run ID’s 1201
to 1208.
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Fig. 14. Deviation in the independently determined thermal conductivity at the bath tem-
perature obtained by correcting for the influence of y and temperature offset from that
obtained via the linear regression of A ~ AT

Values of A(T;, P) obtained using each single measurement after
correcting for the influence of y and the temperature offset are shown in
Fig. 14 for the points TS0_30A3 to TS50_30B8. It can be seen that the
thermal conductivity data deviate by less than 0.5% from the data obtained
by fitting A(7,, P) data vs. 7,, the reference temperature. These results
indicate that the reproducibility for thermal conductivity can be secured
within 0.5% and that influence of the zero time temperature offset on the
thermal conductivity in the present measurements can, for all practical
purposes, be ignored.

The values of B, the radiation correction parameter as a function of
density are indicated in Fig. 14; B decreases with density and increases with
temperature.

Additionally, from the SEM photographs of the wires and the diam-
eter values listed in Table I, it can be seen that the uniformity of the
coating is poor and that diameters, compared to those for the bare wire,
may introduce considerable errors in the evaluation of the diameter of the
coated wire. According to Eqgs. (12) and (13), the thermal diffusivity is sig-
nificantly influenced by the uncertainty of the radius of the hot wire. From
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Fig. 15. Value of B of toluene as a function of density.

Egs. (12) and (13), the relative error of the thermal diffusivity caused by the
error of the hot-wire radius can be written as (Appendix A)

da 20 0 20a, R
—°‘=4"<1+RS >— % Do (19)
o a Ry — R, a, Ry—R,

From this, it can be seen that for the hot wire employed in this work, an
error of 4% can be introduced if there is an error of 1% in the measured
radius of the hot wire. The results for the thermal diffusivity, thermal con-
ductivity, and specific heat of argon and toluene further indicate that the
average diameters indicated in Table I for the long and short wires are suf-
ficiently precise.

4. CONCLUSION

The thermal conductivity and thermal diffusivity of toluene in the
temperature range 296 to 425 K and up to 35 MPa were measured using a
transient hot-wire instrument employing coated wires. New equations for
the influence of the wire coating and the thermal radiation are presented.
The analysis of the influence of temperature dependent properties and
residual bridge imbalance were used to obtain the thermal conductivity
with an uncertainty of less than 0.5%, the thermal diffusivity with an
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uncertainty of less than 2%, and derived specific heats, with an uncertainty
of less than 3%.

The present measurements of thermal conductivity were employed to
establish a correlation equation for the range 296 to 425K and up to
35 MPa with an uncertainty of +2%. Most of the thermal conductivity
data from all other data sources are in excellent agreement with this corre-
lation with maximum uncertainties of about 3%.

The “corrected” thermal diffusivity results of Perkins et al. [8] agree
well with the thermal diffusivity values obtained in this work within the
range of mutual uncertainty, but more poorly with dynamic light scattering
measurements of Will et al. [17] where there should be no thermal radia-
tion correction since there is no temperature gradient imposed during the
measurement.

APPENDIX A: INFLUENCE OF A COATED WIRE AND WIRE
DIAMETER VARIATION

For wires with coatings, if end effects are ignored, the energy equation
is

02T, 104T, 1 04T, p

Z - = Al
7 T o o, Ot nail,’ (AD
02T, 104T, 1 04T,

Z - = A2
or? +r or a, Ot 0, (A2)
AT, 104T, 1 04T,

o’ r or o Ot

with the corresponding boundary and initial conditions

r=0, 0413 =0, (A4)
or
04T, 04T,
r=a,, AT‘1=AT£7 }'171=}'2 72, (AS)
04T, 04T,
r=a,, A]-é:A];a 1272=2‘3 737 (A6)
r — 00, AT, =0, and (A7)

t=0, AT, = AT, = AT, =0, (A8)
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where @, and a, are the radii of the bare and coated wires, respectively;
A and « are the thermal conductivity and thermal diffusivity, respectively;
and the subscripts 1, 2, and 3 represent the wire, the coating, and the test
fluid, respectively; g is the energy input per unit length of wire.

After Laplace transformation, the equations can be expressed as

0°AT, 104T, _
e (A9)

a2 T2
or r or o prail,

04T, 1047, _
2= P op o, (A10)
or r or a,

2T, 104T, _
g 23+—b—£AT3=0, (A11)
or r or o,

with the boundary and initial conditions,

04T,
r—0, 1, (A12)
or
_ — 04T, 04T,
r=a, AT, = AT, M=, 2, (A13)
or or
_ _ 04T, 04T,
r=a,, AL=AL, "=l 5, (Al4)
or or
r— 00, AT, =0, (A15)
where p is the Laplace transformation variable.
The general solutions for AT,, AT,, and AT, are
ATl =cly(q17) + Ko (q17) — G, (Al6)
AT, = d\I)(q;r) + d, Ko (g57), (A17)
AT3 = e 1y(q37) +e,Ko(gs7), (A1B)

where ¢, =./p/a;, qzzm, and ¢, =./p/a;. I and K are Bessel
functions of second class.

For boundary conditions at r =0, r —» o0; ¢, =0 and e, =0, with the
continuity equation at r = a,, r = a,, we obtain
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cily(q1a,)—G =d I(q,a,)+d,K,(qa,),
di1y(q,a,) +d,K(q,a,) = e;K(q;a,),
¢ qili(qiay) = dy Ay qo 1 (qra,) — dy 4,q, K (qra,),

di Aq:11(q2a,) — dr 2,4, K1 (q,0,) = —e,234: K, (q3a,).

From these, the ratio of d; to d, can be written as

ﬁ _ 224,Ko(q3a,) Ki(q:a,) — A34:K,(q;a,) Ko(q,a,)
d, 234:K1(q3a,) 1)(q3a,) + 2,9, Ko (q3a,) 1, (qa,)

The numerator of d,, n,, is

ny, = A3q:K(q3a,) 1h(9:a,) + 4,4, Ko(q3a,) 1,(q,a,).

The numerator of d,, n,, is

n, = 2,q,K(q:a,) K,(9,a,) — 439:Ko(92a,) K,(g3a,).
The denominator of d; and d,, D, is
D =[1,4,K(g3a,) K\(9,a,) — 239:K,(4:a,) Ko(q,a,)]
x [Aaq21o(q1a1) I1(g2a1) — Mg i (qya,) 1o(g,a,) ]
—[Ag:1o(q1a,) K1 (g2a,) + A1q111(q1a,) Ko(ga,)]
X [434:K1(93@2) 1o(9222) + 429, Ko(950,) 11(42a,) ]
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(A19)
(A20)
(A21)
(A22)

(A23)

(A24)

(A25)

(A26)

Using the approximate form of the Bessel Functions; n,, n, and D can be

expressed as,

(A27)

Giﬂ%‘h Cqsa, Azqgag Cqsa,
= Ay 1 1 -1
i e, |27 2 T4 "2
Cq,a, /13q§a§ Cq,a,
— A5 1 — 1 -1
) 4\ 2
Azqgag In Cqsa, In Cq,a, _l _/13q§a§ In Cq,a, In Cqsa, _l
2 2 2 2 2 2 2 2
_ Gllq%al /12q§a§ Cqsa, )“39%“% lﬂ%“% Cqza, 1
n,= In — 3= - In -
2a, 2 2 4 2 2 2

2)

(A28)
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1 a1a2[l_qiai<lansaz_1>_q§a§_q?af+q§af+q§a? %

D ArAy 2 2 2 4 4 4 2 a,
lzqg(aﬁ—af) Cqsa, q%a% a, llqlal Cqsa,
1 In— In A2
o M T T, 2 | AP
1=d110(q2a1) deo(‘hal)_ G ) (A30)
Iy (q1a,) L(q:a,) Iy (q1a,)
d1’0(‘12a2)+d2K0(Q2az)
A31
= K,(gsa,) ( )

Approximate solutions for AT,, AT,, and AT, can then be obtained [18],
and the inverse Laplace transformations of AT,, 4T,, and AT;, i.e., the
temperature rise of the hot wire, the coating, and the test fluid,

dost 24y a, ai (A, A 4ozt
1 i g 22 21 20
4 13[ "2t Ma Y T

Gy %
I T T (R P
225t \a;  a, asC  \a,t oyt a,

1/a}—a; a} a} r? Ay (r*—a?)
- & _4 _Br—a)y A32
+2< oyt +oc3t oc1t+2a1t> Aai ] (A32)

AT, (r, t) =

4ot al ()Q ﬂ.l>1 4ot a3 <i3 /12>1n4<x3t

AT, (r, t) = ——— ———=
2 (D) 47l [ C+2/13t a0, o C+2/13t o Ay
2 2 2 2

a; aj a, a; r

+ —_—
205 4oyt 20, do,t doyt

2
+ﬁ<i_i> n G M “2] (A33)

ar A, a

o K, oy, O ’C

q [ln4o¢3t 1 </11a1+/12a2_/12af+/13a§> 4oyt

25, a, @ ai a4 N a’ N r?
Ay 200, 4oyt 2cxzt 4o, do,yt

1 aj a;j a,
(= In =2
+2/13t<20c2t 2<x1t> na1

1 <zla§+zza§_zza% +/13a§>lna_z} (A34)

+_
225\ «, oy o, o, r
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Table AI. Thermal Conductivity and Thermal Diffusivity Values Assuming Both the Wires
Have Radius Value of the Long Wire for Run ID’s T50_50A3 to T50_50B8

After correction Before correction

Tr, q 4, o, x 108 T, Ay a, X 108
X) Wm™) (W-m'-K)  (m’s™) X) W-m™-K™)  (m*s™)

327.630 0.1362 8.914 327.63 0.1353 8.421
328.190 0.12652 0.1361 13.587 328.18 0.1353 12.845
328.193 0.12647 0.1360 13.540 328.19 0.1351 12.521
329.161 0.35025 0.1358 10.157 329.15 0.1350 9.375
329.162 0.35023 0.1358 10.007 329.15 0.1350 9.292
329.830 0.50348 0.1357 9.7726 329.81 0.1349 9.018
329.833 0.50351 0.1357 9.8028 329.81 0.1349 9.046
330.654 0.68352 0.1355 9.5845 330.59 0.1347 8.849
330.661 0.68356 0.1355 9.3950 330.58 0.1347 8.673
331.494 0.89054 0.1353 9.2165 331.47 0.1345 8.512
331.497 0.89037 0.1353 9.2339 331.48 0.1345 8.528
333.600 1.38239 0.1348 8.8022 333.58 0.1340 8.132
333.611 1.38247 0.1348 8.9051 333.59 0.1340 8.227

The difference between Eq. (A32) and the result given in Ref. 1 is

2 2
qg r’—a 1 1 A
47l % 4, [(/12 As)(alt oczt>+oc1t]

If we average across the diameter, this can be written as

2
q a 1 1 A
471/13)(8/11 [(/12 /13)<<x1t oczt)+oc1ti|'

In the current measurements for toluene, this difference is smaller than 0.1
mK and the error introduced to the thermal conductivity and thermal dif-
fusivity cannot be detected.

The influence in differences in the size of wire diameter are illustrated
in Table Al

APPENDIX B: DETERMINATION OF THERMAL DIFFUSIVITY

B.1. Thermal Diffusivity

In order to obtain accurate thermal diffusivity values, the following
steps must be taken:
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1. For each power level ¢, use experimental A and « values obtained
at 7, and Tj to calculate the ideal temperature rise of the hot wire,
AT, for selected times, say ¢ = 250, 500, 750, and 1000 ms.

2. Linearly correlate the set of A versus 7, to obtain 4, and its tem-
perature coefficient, y.

3. Use y to obtain the corrected temperature rise of the hot wire, 4
A=AT +} y AT (B1)

Calculate G = q/4n A, using appropriate values of ¢ and A,.

5. Correlate A vs G. The slope of this linear regression is
In(40yt/a*C), and the A intercept is the temperature offset 07T
due to the ‘zero’ time bridge or system unbalance.

6. Re-correct the temperature rise of the hot wire A4’
A" = AT + 6T B2)

7. Correlate A’ vs G to determine ay.

The following examples are taken from corrections to Ref. 8 data.
Measurement example 1 for toluene by Perkins et al. [8] at 401.3 K, Run

5.90
00000 250 ms, A = 6.85032 G — 0.008337
ALLAA B00 s, A = 7.54309 G — 0.008297
4.90 *oddnt 750 ms, A = 7.94780 G — 0.008155

$oddd 1000 ms, A = 8.23470 G — 0.008000 5 r

0.00 010 0.20 0.30 0.40 0.50 0.60
G, K

Fig. Bl. Calculated temperature rise at different times as a function of power after correct-
ing for the influence of y; Ref. 8, Run ID’s 1501 to 1508: determined temperature offset
=-82+0.2mK.



Thermal Conductivity /Diffusivity and Heat Capacity of Toluene and Argon 1527

7.00
ooooo Eq. (13
B 7 AAMAA Eq. {14), temperature offset not corrected
» 4 vrdor Eq. (14), temperature offset carrected
' —— Obtained via the slope of the linear fit
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Fig. B2. Thermal diffusivity before and after correcting for the influence of y and temper-
ature offset; Ref. 8, Run ID’s 1501 to 1508: aj = 6.7724+0.041 x 10~ m?.s~".
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Pawer, W-rm '

Fig. B3. Deviation in the independently determined thermal diffusivity after correcting for
the influence of y and temperature offset from that obtained via the slope of the linear
regression A ~ G; Ref. 8, Run ID’s 1501 to 1508.
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ID’s 1501 to 1508; the determined temperature coefficient of thermal con-
ductivity, y =—0.002560; the temperature offset 67.p =—8.2+0.2mK,
2o =0.10294W-m~'; and «f =6.7724+0.0406 x 10-*m?-s~!. The linear
regression of A versus G, the thermal diffusivity after different corrections
at different powers, and the deviation in the independently determined
thermal diffusivity after correcting for the influence of y and temperature
offset from that obtained via the slope of the linear regression A vs. G are
shown in Figs. B1-B3.

The change in average thermal diffusivity value with y correction is
+2.8% and with both y and 67. is +4.75%.

Measurement example 2 for toluene by Perkins et al. [8] at 422.5 K,
Run ID’s 1601 to 1608; the temperature coefficient of thermal conductivity,
x =—0.002148; the temperature offset, 07.y-, is —13.9+04mK, 1,=
0.098309 W-m~!, and af = 6.449+0.022 x 10~® m?-s~'. The linear regres-
sion of A versus G, thermal diffusivity after different corrections at differ-
ent powers, and the deviation in the independently determined thermal
diffusivity after correcting for the influence of y and temperature offset
from that obtained via the slope of the linear regression A vs G are shown
in Figs. B4 to B6.

5.90
1 ooooo2s0 ms, A = 6.80249 G — 0.01425
1 Ar0AAB00 ms. A = 7.49449 C — 0.01403
4.90 4 etk 750 ms, A = 7.80879 G — 0.01378
1 %2665 1000 ms, A = B.18543 G — 0.01355
3.90
~ ]
290
< ]
1.90
0.90
R e - S —
0.00 0.70 020 0.30 0.40 0.50 0.60 0.70
G, K

Fig. B4. Calculated temperature rise at different times as a function of power after correct-
ing for the influence of y; Ref. 8, Run ID’s 1601 to 1608: determined temperature offset
=-13.9+0.4 mK.



Thermal Conductivity /Diffusivity and Heat Capacity of Toluene and Argon 1529

6.75
Oooo Eq.(13
- T AAAAA Eq.(14), temperature offset not corrected
v i Yol £q.(14), temperature offset corrected
~' —— Obtained via the slope of the linear fit
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Fig. B5. Thermal diffusivity before and after correcting for the influence of y and temper-
ature offset; Ref. 8, Run ID’s 1501 to 1508 af, = 6.449+0.022 x 10~¥ m?-s~.
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Fig. B6. Deviation in the independently determined thermal diffusivity after correcting for
the influence of y and temperature offset from that obtained via the slope of the linear
regression A ~ G; Ref. 8, Run ID’s 1601 to 1608.
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The change in average thermal diffusivity value with y correction is
+2.1% and with both y and 67T is +5.05%.

B.2. The Influence of Bath Temperature Variation on Thermal Diffusivity

Suppose two measurements at powers, ¢, and g¢,, are utilized to obtain
the thermal conductivities A, and A, at the reference temperatures 7; and 7,.
From these two results the thermal conductivity, 1,, the temperature coef-
ficient of thermal conductivity, y , as well as the thermal diffusivity a at
the mean bath temperature 7 can be determined. If the difference in bath
temperature is 07; for the measurement at ¢, and 67, of for the measure-
ment at g, the temperature rises, corresponding to 4, and 4,, are 47; and
AT, and

Ay = 2Ao(1+y 4T), (B3)
Ay =Ao(1+x AT). (B4)

Then A, and y can be obtained from

Ay AT, — 2, AT,

S Wt e BS

b =" (B5)
A =2y

== B6

X = L AT, — 2, AT, (B6)

Thus, the error introduced in A4, and y, due to a discrepancy in 7; for the
two measurements, can be stated as

L S B R WOy (P
0% =t —aryr OBt AT, — 4T, :
®7)
and
5y — 1= 02)aT, — 0T, + AT, 6%, = AT, 03) | Oh=dhy o

(4, ATy — 2y AT;)? Ay AT, — 2y AT,

Usually the thermal conductivity can be expressed as a function of density
and temperature, i.e.,

A=a,T*+a,T+ay+b,p*>+b,p+b,, (B9)
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and hence the departure, d4, and d4,, caused by deviations from 7, can be
written as

04y = (2a,T +a,) 0T, +(2b, p+b,) dpy, (B10)
02y = (2a,T+a,) 6T, +(2b, p+b,) Op,. (B11)

If there is no difference in T;, the temperature rise of the hot wire is

q 4ot

AT=——4 7%
dniy(1+ 7 AT)  &C’

(B12)

where A7, denotes the temperature difference between 7, and 7;. If the dis-
crepancy in bath temperature, 67, is taken into account, Eq. (B12) becomes

q 4ot

AT’ = Aot
Ao [1+ 2(AT, +0T)] " a’C’

(B13)

and the error in AT caused by 07 in the two measurements at ¢, and g, is

oA
T = ——— 4T, (B14)
A
oy
T, = ——— 4T, (B15)
A
with 61, and 04, determined from Egs. (B10) and (B11).
Now
A= AT+ y AT?, (B16)
and
4ot A,—A4,
In — = B1
"eCcTG6,-6, (BI7)

where G = q/(4nA). Thus, the error in thermal diffusivity, «, caused by a
discrepancy in bath temperature 07 is

oo 4mi, 1 1
p—— T T _ T2 — 5T, — T 5T —= T2
o ql_q2<6 rl+XAt15 r1+2A 15% 5 2 XA 25 2 2A 25%)
47d) 1 1
L Am 0<ATI+—XATf—AT2——xAT§>. (B18)
91— 49> 2 2
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Table BI. Calculated Temperature rise at Different Times as a Function of Power Before
Correcting for the Influence of y (Run ID’s 1501 to 1508, Ref. 8)

gW-m™) AT K)@025s ATK)@05s AT (K)@075s AT K)@1.0s

0.71525 3.79856 4.18564 4.41208 4.57273
0.65718 3.48267 3.83872 4.04699 4.19477
0.60151 3.18938 3.51425 3.70428 3.83911
0.54869 2.90400 3.20034 3.37369 3.49668
0.49827 2.63723 2.90573 3.06280 3.17424
0.45015 2.38302 2.62580 2.76782 2.86859
0.40460 2.14300 2.36079 2.48819 2.57859
0.77476 4.11724 4.53633 4.78149 4.95543

Table BII. Calculated Temperature rise at Different Times as a Function of Power After
Correcting for the Influence of y (Run ID’s 1501 to 1508, Ref. 8)

GK) qWm™) AKX @02s AK @055 AXK @075s AXK @1.0s

0.5529 0.71525 3.78116 4.16430 4.38824 4.54705
0.5080 0.65718 3.46806 3.82077 4.02694 4.17316
0.4650 0.60151 3.17713 3.49920 3.68748 3.82101
0.4242 0.54869 2.89385 3.18787 3.35976 3.48167
0.3852 0.49287 2.62885 2.89545 3.05132 3.16186
0.3480 0.45015 2.37618 2.61741 2.75845 2.85849
0.3128 0.40460 2.13747 2.35401 2.48062 2.57042
0.5989 0.77476 4.09681 4.51126 4.75349 4.92526

Table BIII. Thermal Diffusivity Before and After Correction (Run ID’s 1501-1508, Ref. 8)

Power (W-m™) ax 108 (m?-s™) a% x 108 (m?-s ™) o x 108 (m?-s ™)
Perkins et al. [8] corrected for y corrected for both y and
(DSTAT, %) temperature offset
0.71525 6.46 (0.4) 6.70 6.80
0.65718 6.32(0.5) 6.63 6.73
0.60151 6.48 (0.4) 6.66 6.77
0.54869 6.40 (0.6) 6.59 6.72
0.49287 6.50 (0.6) 6.60 6.74
0.45015 6.47 (0.7) 6.63 6.79
0.40460 6.58 (0.7) 6.66 6.84
0.77476 6.51(0.3) 6.70 6.79

Average 6.465+0.077(1.19/0.52)  6.64610.0413(0.62) 6.77240.0406(0.60)
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Table BIV. Calculated Temperature Rise at Different Times as a Function of Power Before
Correcting for the Influence of y (Run ID’s 1601 to 1608, Ref. 8)

gW-m™) AT (K)@025s AT (K)@0.5s AT (K)@0.75s AT (K)@1.0s
0.81341 4.48397 4.94358 5.21243 5.40318
0.75186 4.14317 4.56917 4.81837 4.99518
0.69337 3.82159 421377 444318 4.60595
0.63755 3.50730 3.86758 4.07832 4.22786
0.58387 321143 3.54147 3.73453 3.87151
0.53246 2.92430 3.22513 3.40111 3.52596
0.48350 2.65552 2.92791 3.08725 4.20030
0.43695 2.39831 2.64420 2.78803 2.89008

Table BV. Calculated Temperature Rise at Different Times as a Function of Power After
Correcting for the Influence of y (Run ID’s 1601 to 1608, Ref. 8)

G (K) gW-m™) 4K @025s AKX @05s AXKY @0.75s AKX @1.0s
0.6584 0.81341 4.46366 4.91862 5.18454 5.37312
0.6086 0.75186 4.12583 4.54785 4.79454 4.96948
0.5613 0.69337 3.80684 4.19564 4.42291 4.58410
0.5161 0.63755 3.49488 3.85231 4.06126 4.20945
0.4726 0.58387 3.20101 3.52866 3.72022 3.85608
0.4310 0.53246 2.91567 3.21451 3.38923 3.51316
0.3914 0.48350 2.64841 291916 3.07747 3.18975
0.3537 0.43695 2.39251 2.63706 2.78005 2.88148
Table BVI. Thermal Diffusivity Before and after Correction (Run ID’s 1601 to 1608, Ref. 8)
Power (W-m ™) ax 10% (m?-s™) a% x 108 (m?-s ™) ®% x 108 (m?-s ™)
Perkins et al. [8] corrected for y corrected for both y and
(DSTAT, %) temperature offset

0.81341 6.21 (0.8) 6.30 6.43

0.75186 6.08 (0.3) 6.32 6.46

0.69337 6.16 (0.3) 6.33 6.49

0.63755 6.12 (0.4) 6.26 6.43

0.58387 6.10 (0.4) 6.27 6.46

0.53246 6.06 (0.5) 6.23 6.42

0.48350 6.18 (0.5) 6.23 6.45

0.43695 6.20 (0.6) 6.21 6.45

Average 6.139+0.057(0.93/0.48)  6.26940.045(0.72) 6.449+0.022(0.34)
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Table BVII. Uncertainty in the Determined Thermal Diffusivity Caused by the Uncertainty
of Bath Temperature When Different Pairs of Points Are Used (Run ID’s 1601 to 1608, Ref. 8)

Point Power difference  da/o x 100 Point Power difference  da/o x 100

pair (W-m™) (%) pair (W-m™) (%)
1601 +1602 0.06155 —0.60 1603 + 1605 0.10950 —0.04
1601+ 1603 0.12004 —0.62 1603+ 1606 0.16091 —0.19
1601 + 1604 0.17586 0.15 1603+ 1607 0.20987 0.25
1601 +1605 0.22954 —0.34 160341608 0.25642 0.26
1601 + 1606 0.28095 —0.43 1604 + 1605 0.05368 1.18
1601 +1607 0.32991 —0.06 1604+ 1606 0.10509 0.85
1601+ 1608 0.37376 —0.01 1604 +1607 0.15405 —1.63
1602+ 1603 0.05849 —0.24 1604 + 1608 0.20060 -1.0
1602+ 1604 0.11431 0.59 1605+ 1606 0.05141 —0.26
1602 + 1605 0.16799 —0.11 1605+ 1607 0.10037 —-0.14
1602+ 1606 0.21940 —0.20 1605+ 1608 0.14692 —0.32
1602+ 1607 0.26836 0.13 1606+ 1607 0.04896 0.53
1602+ 1608 0.31491 0.15 1606+ 1608 0.09551 0.55
1603+ 1604 0.05582 1.57 1607 + 1608 0.04655 0.31

To examine the possible magnitude of this on experimental thermal diffu-
sivity data the measurements of Perkins et al. [8] at 422 K (Run ID 1601
to 1608) will be taken as an example. The mean temperature for the eight
measurements is 422.510+0.047K (+0.011%: max: +72 and 51 mK
(+0.017 and —0.012%)). If measurement pairs of the complete data set are
used, the results are listed in Table BVII. The use of any pair of points to
obtain a thermal diffusivity value at the mean bath temperature results in a
maximum error of about 1.6%. If all the points are used to determine the
thermal diffusivity the standard deviation is 0.51% (RMS = 0.502%). It can
be expected, therefore, that if all the data points are employed in the linear
regression of A ~ G to obtain thermal diffusivity, the resulting uncertainty
caused by a bath temperature disturbance of say +47 mK will be less than
+0.5%. This uncertainty is of the same order as that resulting for the
thermal diffusivity itself, i.c., a value of DSTAT = 0.3 to 0.6%.
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