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Representative equations are presented for the viscosity
and thermal conductivity of isobutane as a function of
temperature and density. The equations are based on
existing experimental data for the viscosity and new
experimental data for the thermal conductivity of
isobutane.

Introduction

There exists considerable interest in reliable information for
the thermophysical properties of isobutane. The interest is
generated in part by the possible use of isobutane as a working
fluid in binary geothermal power cycles. For this reason sci-
entists at the National Bureau of Standards have recently de-
veloped new representative equations for the thermodynamic
properties of isobutane (7-5). The purpose of the present
paper is to supplement this information with representative
equations for the viscosity and thermal conductivity of iso-
butane.

A survey of the literature revealed an adequate amount of
existing experimental data to develop a representative equation
for the viscosity of isobutane (6-8). However, experimental
information on the thermal conductivity of isobutane appeared
to be extremely limited (6, 9) and it became necessary to
conduct an experimental investigation of the thermal conduc-
tivity of isobutane. The new experimental data obtained for the
thermal conductivity of isobutane are included in this paper.

Equations of State

The transport properties are usually measured as a function
of temperature and pressure. To convert the experimental
temperatures T and pressures P into densities p we need a
reliable equation of state. Furthermore, the proposed repre-
sentative equation for the thermal conductivity contains in the
critical region the compressibility and thermal pressure coef-
ficient which are derivatives of the equation of state. For the
results presented in this paper, we have adopted the equations
of state previously published in this journal (2, 3). In a region
around the critical point specified by

405 K < T < 438K 8]
150 kg m™ < p < 290 kg m™

we use the scaled equation of state of Levelt Sengers, Kam-
gar-Parsi, and Sengers (3). Outside this critical region we use
the global equation of state of Waxman and Gallagher (2). The
latter equation of state is valid at temperatures from 250 to 600
K and pressures up to 40 MPa. An alternative global equation
of state valid at temperatures from 114 to 700 K and pressures
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up to 70 MPa has been presented by Goodwin and Haynes (5).
The relationship between the two global equations of state has
been discussed by Waxman and Gallagher (2).

We prefer to formulate representative equations for the
transport properties that have dimensienless coefficients. For
this purpose we introduce the following dimensionless quantities

T=T7/T, Bp=p/p, P=P/P, (2a)
A=n/m A=A\ (2b)

with
T, = 407.84K, p,

2255 kgm=, P, =
3.629 X 10° Pa (3a)

7 =1X10"Pas, X\ =1X10°Wm'K"' (3b)

The reference values adopted for the temperature, density, and
pressure as defined by eq 3a are equal to the values most
recently reported for the critical parameters of isobutane (3).

Experimental Thermal Conductivity Data

The thermal conductivity was measured with a concentric-
cylinder apparatus. The experimental procedure was identical
with that used previously in measuring the thermal conductivity
of n-butane (70). The fluid is located in the annular gap be-
tween two coaxial cylinders with the axis in the vertical direc-
tion. The thermal conductivity was determined by measuring
the temperature difference between the inner and outer cylinder
as a function of the energy dissipated from the inner cylinder.
The temperature differences between the two cylinders varied
from about 0.1 °C close to the critical point to about 2 °C far
away from the critical point; this temperature difference was
measured with an accuracy of approximately £0.003 °C. The
measurements were performed at temperatures from room
temperature to 350 °C and at pressures up to 100 MPa. The
temperature was measured with an accuracy of £0.02 °C and
the pressure with an accuracy of 0.1%.

To determine the coefficient of thermal conductivity we need
to consider corrections due to heat transferred by radiation,
corrections due to parasitic heat flow from the inner to the outer
cylinder through the solid boundaries, the effects of a possible
temperature jump at the boundaries of the fluid layer and sur-
faces of the cylinders, and the possible presence of convection
(77). We calculated the radiation correction from Stefan-
Boltzmann’s radiation law assuming that the absorption of ra-
diation by the fluid could be neglected. The correction for
parasitic heat losses through the solid parts of the cell was
determined from a set of calibration measurements with argon
and neon for which the thermal conductivity is known with

© 1987 American Chemical Society



2 Journal of Chemical and Engineering Data, Vol. 32, No. 1, 1987

considerable accuracy (72-174). These calibration measure-
ments were performed as a function of temperature and at
pressures of about 5 MPa. The effect of any temperature jump
is potentially significant at iow pressures and is inversely pro-
portional to the thickness of the fluid layer. While most of our
experimental data were obtained with a gap width of 0.2 mm
between the cylinders, we also made some measurements at
lower pressures with a larger gap width of 0.4 mm. The
thermal conductivity \ of the fluid is related to the heat flow Q
transmitted radially from the inner cylinder by

Q = K'\\AT (4)

where AT is the temperature difference between the cylinders
and K the cell constant (70). Convection is likely to occur in
the vicinity of the critical point. Assuming the convective flow
to be laminar, we estimated the associated heat flow Q from
the relation

27r
Q.= NRa‘_,2—O>\AT (5)

where Ny, is the Rayleigh number and r the mean radius of the
annual fluid layer. In selecting the experimental pressures and
temperatures near the critical point we made sure that the
correction Q./Q never exceeded 3%.

The thermal conductivity was determined with a reproduc-
ibility of 1% and an estimated accuracy of about 2% except
in the critical region where the measurements become very
sensitive to small errors in pressure and temperature. The
isobutane was obtained commercially and the purity as esti-
mated by the supplier was 99.95 mol %.

The experimental data, obtained with the gap width d equal
to 0.2 mm, are presented in Table I. The data were taken at
temperatures from room temperature to about 360 °C and at
pressures up to 100 MPa and cover the gaseous region, the
supercritical region, and the liquid region. The thermal con-
ductivity was obtained as a function of temperature and pres-
sure and the densities were calculated from the equations of
state mentioned in the preceding section. In principle, the
validity of the equation of state of Waxman and Gallagher is
restricted to pressures up to 40 MPa (2). At pressures above
40 MPa we, therefore, also calculated the densities from the
equation of state of Goodwin and Haynes which covers a larger
pressure range (5). It was found that the densities thus ob-
tained agreed with the densities caiculated from the extrapo-
lated equation of Waxman and Gallagher within 0.5%.

In addition we obtained some thermal conductivity data at
low pressures with a gap width d equal to 0.4 mm,; these data
are presented in Table II. The thermal conductivity A\, of
gaseous isobutane in the iow density limit is shown in Figure 1a
as a function of temperature. For this purpose we plotted the
data, obtained with d = 0.2 mm and listed in Table I, as a
function of density and determined the values in the limit p —
0. In addition, values were obtained from the data, taken at
low pressures with d = 0.4 mm and listed in Table 11, with a
minor correction for the difference between zero pressure and
the actual experimental pressures. From the fact that the two
sets of A, values agree well within the experimental accuracy
we conclude that the effects of any temperature jumps at the
fluid boundaries are negligibly small even at the lowest pres-
sures.

Experimental vaiues for the thermal conductivity of gaseous
isobutane have been reported by Mann and Dickens (715),
Lambert et al. (76), Kazaryan and Ryabstev (9), and Parkinson
and Gray (77). The values of A, found in the literature are also
included in Figure 1a. Our data are in satisfactory agreement
with the data of Kazaryan and Ryabstev (9) and the vaiue
reported by Lambert et al. (7). We reject the value quoted
by Mann and Dickens (75) as unreliable, while the values ob-
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Figure 1. Comparison between the experimental data for the thermal
conductivity A, of the dilute gas and the values calculated from eq 13.
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Figure 2. Excess thermal conductivity A, deduced from our experi-
mental data as a function of density at temperatures well above and
below the critical temperature. The solid curve represents the values
calculated from eq 14.

tained by Parkinson and Gray ( 77) appear somewhat high as
compared to all other data.

To describe the behavior of the thermal conductivity as a
function of density it is convenient to introduce an excess
thermal conductivity as the difference between the thermal
conductivity A(T,p) at the actual density p and the thermai
conductivity Ao(T) = A(T,0) at zero density at the same tem-
perature

A1 = MT.p) = A(T) (6)

In Figure 2 we have plotted the excess thermal conductivity A,
deduced from our experimental data as a function of density
at temperatures well below and above the critical temperature.
With the exception of a few data points, the excess thermal
conductivity A, is to a good approximation independent of the
temperature and a function only of the density. This phenom-
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Figure 3. Excess thermal conductivity A, deduced from our experi-

mental data as a function of density at temperatures in the vicinity of
the critical temperature. The solid curve represents the values cal-
culated from eq 14.
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Figure 4. Excess thermal conductivity A, deduced from the data of
Kazaryan and Ryabstev (9) as a function of density. The solid curve
represents the values calculated from eq 14.

enon is similar to that observed for many other fluids in corre-
sponding ranges of temperatures and densities (78). The ex-
cess thermal conductivity A, deduced from our experimental
data at temperatures closer to the critical temperature Is shown
in Figure 3. Here we observe an enhancement of the thermal
conductivity in a wide range around the critical point which
depends strongly on both p and T. Again this phenomenon is
similar to the behavior of the thermal conductivity observed for
other fluids in the critical region (78).

To our knowledge the thermal conductivity of isobutane at
elevated pressures has only been measured previously by Ka-
zaryan and Ryabstev (9). In Figure 4 we show the excess
thermal conductivity A, deduced from the data reported by
Kazaryan and Ryabstev at temperatures between 271 and 384
K. A comparison with our experimental data reveals the ex-
istence of sizable systematic differences of about 10%. Ka-
zaryan and Ryabstev (9) obtained also a few data points in the
critical region which indicate the existence of the critical en-
hancement in the thermal conductivity but which are too sparse
to make a quantitative estimate of the effect.

Representative Equation for Viscosity

The available literature on viscosity measurements for iso-
butane is summarized in Table 111. After reviewing the liter-
ature we concluded that the measurements of Abe et al. (23)
yield the most accurate information for the viscosity in the dilute
gas state, while the measurements of Agayev and Yusibova (7)
and those ot Diller and Van Poolen (8) yield the most com-
prehensive information for the viscosity in the compressed gas
and liquid states. Accordingly, we have developed our repre-
sentative equation for the viscosity on the basis of these three
data sets.
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Figure 5. Comparison between the experimental data for the viscosity
1 of the dilute gas and the values calculated from eq 8.

Our proposed representative equation for the viscosity of
isobutane has the form

74(B) . AT .D)

I
AL T X NI X
with
® B -7'1/2
(T = —————= (8)
HOO + H01/T
7

1(p') = ZHy b (9)
s (F.D) = H 0 Ha, + Hao p (10)

P) = expy = —a =

72 2 T 73 J1 - p(Hys + HypuT)

The values of the coefficients H; and z and of the reduced
temperature T, are presented in Table IV. The number of
terms in these equations and the values of the parameters were
determined with the aid of an optimization procedure proposed
by Wagner (24-26).

The term 74(T) represents the viscosity of the dilute gas as
a function of temperature. The functional form chosen for #(T)
as a function of is T similar to the one used for the viscosity
of water vapor and steam at low pressures (27,28). The
available viscosity data for the dilute gas are shown in Figure
5a. We judge that the data of Abe et al. have the highest
accuracy and they were used to determine the coefficients Hy,
and H, in eq 8 for %i4(T). The data of Sage and co-workers
(20) and those of Lambert and co-workers (76) are in sub-
stantial disagreement with the more accurate data of Abe et
al. In Figure 5b we show the differences between the ex-
perimental data of Abe et al. (23), of Agayev and Yusibova (7},
and of Titani (79) and the values calculated from our equation.
The equation reproduces the data of Abe et al. within a max-
imum deviation of 0.4% and with an average deviation of
0.2%. It also agrees with the data of Agayev and Yusibova
and those of Titani within the estimated error of these data.

The tunction 7,(p) represents the excess viscosity n, = n —
n, at temperatures above 0 °C. In Figure 6 we show the
excess viscosity n; deduced from the data of Agayev and Yu-
sibova (7). In the temperature range of these data the excess
viscosity n, can be approximated by a function of density only.
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Table I. Experimental Thermal Conductivity Data®

T, °C P, MPa p,kgm® 10\, WmTK1 T, °C P, MPa o, kgm® 10, Wml K
25.17 2.38 555 93.1 142.71 9.98 413 700
24.51 2.18 555 93.7 14258 15.86 447 76.0
24.43 6.30 563 96.3
24.97 16,60 571 979 145.39 2.78 66.0 35.6
24.54 19.80 584 102.7 144.80 3.81 127 43.0
24.37 30.50 596 111.9 144.52 4.12 183 53.8
23.71 40.60 606 117.4 144.52 419 206 58.1
24.62 40.10 605 118.1 144.58 4.24 224 60.1
24.11 60.00 621 127.8 144.77 4.3 254 60.2
23.88 70.00 628 131.9 144.88 4.43 269 59.6
23.32 80.20 634 135.4 145.05 4.57 289 58.9
23.13 90.00 641 142.3 145.15 4.68 299 58.9
23.04 100.00 646 145.0 145.30 4.85 311 58.9
145.51 5.08 323 59.4
136.70 3.24 96.6 38.9 146.59 10,17 407 675
138.44 3.55 120 42.2 146.85 14.46 435 718
138.16 3.66 137 46.3
137.93 373 155 514 153.77 3.00 69.9 37.8
137.00 374 186 677 153.81 4.35 153 475
13797 376 185 737 153.00 4.50 177 50.2
137.08 378 993 843 152.97 4.76 223 55.7
137.29 3.88 291 64.3 152.96 4.94 252 56.9
137.25 3.91 296 63.6 153.01 5.10 271 57.0
137.26 3.96 304 62.3 153.06 515 275 57.6
13794 107 317 £0.9 153.91 7.50 360 62.3
13718 118 396 621 153.58 10.00 393 66.3
13719 4,50 347 621 153.59 20.70 454 76.9
137.23 7.83 404 67.8 152.94 3160 188 so
; 154.23 39. 50 89.3
137.00 107 450 1 153.25 40.50 505 90.7
139.36 2.23 49.8 33.1 153.60 50.00 521 95.4
139.11 2.84 72.0 35.3 153.57 65.30 542 102.3
138.72 3.01 80.8 36.5 153.56 67.50 545 103.5
138.52 3.42 107 39.5
140,09 360 121 136 175.65 3.07 63.3 39.1
13973 575 144 487 175.15 4.98 141 46.4
13971 579 153 50.6 175.26 6.50 246 56.1
13970 589 161 591 175.17 7.00 273 57.2
139,69 484 165 538 176.15 10.50 354 63.3
139.52 387 180 58.4 177.34 20.10 424 73.8
139.49 588 192 62.8 176.22 20.50 427 73.6
13943 591 910 690 177.52 25.20 445 78.5
139.97 3ol 998 1.9 176.26 30.50 463 80.6
13939 497 958 705 176.09 50.30 506 92.0
13940 .00 270 687 176.45 60.50 521 97.3
13945 403 280 647 175.99 70.70 535 102.4
13516 405 201 63.2 176.10 82.50 549 105.4
138.49 401 204 6.7 176.03 90.00 557 110.1
138.53 4.10 307 61.3 198.65 1.37 22.1 39.6
138.53 4.29 323 608 198.44 2.70 48.2 41.1
138.65 5.24 361 62.2 198.18 4.68 101 45.4
139.13 31.10 497 86.4 198.59 8.91 269 59.5
143.84 3.30 90.9 401 198.87 10.23 301 613
14581 v 87 138 455 198.88 11.62 325 63.2
14348 405 177 549 199.20 14.65 360 66.6
14347 413 206 589 199.27 15.90 371 68.0
145.44 417 994 91 199.54 17.30 381 69.8
14344 420 236 624 198.74 18.70 391 71.2
14344 423 547 6.4 198.65 20.20 400 72.0
143,46 497 259 616 198.67 21.90 409 73.3
143.48 4.33 272 60.7 197.73 21.30 433 76.8
143 48 411 286 601 197.47 30.10 443 79.7
14353 4.49 206 597 196.49 33.50 454 82.1
142.79 5.08 338 61.4 -
143.91 10.05 411 68.6 280,79 407 06 il
231.56 20.30 363 71.3
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T, °C P, MPa p, kg m3 103\, W m* K1 T, °C P, MPa p, kg m3 108\, Wmt K!
229.83 30.00 414 78.1 272.48 42.00 421 85.1
232.00 40.40 445 84.2 272.67 50.00 442 88.2
931.77 50.40 469 88.7 271.75 51.00 445 89.9
231.46 60.50 488 94.0 272.72 58.80 462 92.5
230.96 70.00 504 97.7 272.90 59.80 463 92.5
231.06 69.50 503 98.8 272.75 71.30 484 96.8
230.44 78.80 516 103.3 272.58 78.30 495 99.5
230.29 87.30 527 106.9 972.15 89.50 511 105.0
230.09 100.20 542 112.0 9271.95 99.00 522 110.2
271.86 101.00 525 111.2
232.59 116 16.9 44.6 271.84 106.50 531 112.9
232.44 2.74 43.5 46.0
232.18 4.63 82.7 485 330.60 1.08 12.8 58.3
231.95 6.30 125 51.8 330.52 2.83 35.0 50.6
231.95 8.15 179 55.9 330.39 4.98 64.6 61.2
231.81 8.41 187 58.8 330.28 6.93 93.4 63.4
231.92 10.80 248 61.1 330.19 9.09 126 65.3
232.06 12.15 275 63.1 329.95 10.20 144 7.5
232.02 13.45 296 64.6 329.90 12.90 183 69.9
232.00 14.80 314 66.4 329.82 14.80 209 71.2
232.05 16.30 330 7.7 399.86 16.70 231 72.2
232.54 17.70 342 68.9 329.92 18.50 251 74.5
232.43 18.80 351 69.8 329.88 19.90 264 75.9
232.77 20.10 361 70.4 329.94 22.30 285 77.1
232.91 21.10 367 71.5 329.87 95.20 306 78.7
233.01 23.00 378 72.9 329.88 92770 321 80.3
233.11 24.40 386 73.9 329.88 29.80 333 81.2
233.20 25.90 393 75.2 398.84 33.10 350 82.8
233.18 26.85 398 76.3 329.76 35.90 362 84.9
233.06 28.50 405 7.6 329.70 39.20 375 86.7
232.97 30.40 413 78.9 329.74 42.10 385 88.0
329.82 45.20 395 89.2
ggg-ig i-i’g ggg ggi 329.92 46.80 400 91.1
s re 532 o 330.04 49.10 4086 91.0
269.00 7.38 126 57.0 357.62 109 22.9 63.0
268.95 9.50 172 60.6 357.48 4.78 57.8 65.1
268.79 11.00 203 2.7 357.18 6.89 86.0 67.2
268.91 12.60 232 63.7 357.12 9.50 122 69.1
269.37 13.80 251 65.4 357.14 12.20 158 72.1
269.35 15.00 268 66.6 357.46 16.20 207 75.6
269.67 16.55 286 68.6 357.45 17.40 9220 76.1
269.71 18.20 304 70.0 357.41 18.80 234 77.2
269.64 19.75 318 71.1 357.41 20.30 248 78.2
269.65 21.05 328 72.2 357.34 22.40 265 79.5
269.64 22.55 339 72.6 357.39 24.80 283 80.9
269.59 24.25 350 74.9 357.46 27.20 299 82.1
267.17 27.90 372 76.1 357.38 29.80 315 83.5
267.11 29.80 381 78.0 357.29 32.80 330 84.9
266.78 33.30 396 79.2 357.22 36.70 348 87.3
357.31 40.00 361 88.7
272.35 9.60 171 60.4 357.31 42.90 372 90.8
272.36 19.90 316 714 356.09 46.90 385 93.0
272.76 30.20 379 85.1 356,92 4980 304 944

4(QObtained with a gap width d = 0.2 mm.

Table II. Experimental Thermal Conductivity Data®

Table III. Data Reported for the Viscosity of Isobutane (6)

T, °C P, MPa 108\, W m K1 first author year region® ref
20.3 0.26 16.9 Titani 1930 1 19
72.3 0.28 22.6 Sage 1939 2 20
97.2 0.13 24.3 Lipkin 1942 3 21
97.3 0.24 24.9 Lambert 1955 1 16

146.0 0.11 30.4 Gonzalez 1966 2 22

146.0 0.14 30.6 Agayev 1969 2 7

178.2 0.13 34.7 Abe 1979 1 23

208.5 0.12 39.5 Diller 1985 3,4 8

273.8 0.12 47.7 R .

304.4 0.26 53.6 ?Regions: 1, gas at atmospheric pressure; 2, compressed gas and

348.3 0.28 60.5 liquid; 3, liquid at saturation; 4, compressed liquid.

90btained with a gap width d = 0.4 mm.

The viscosity of the liquid measured by Diller and Van Poolen
(8) at lower temperatures is shown in Figure 7. At these lower
temperatures the excess viscosity n, does depend on tem-
perature. Therefore at lower temperatures we represent the

behavior of the excess viscosity by the function 7,(T,p) which
is a slight generalization of the free-volume equation proposed
by Diller and Van Poolen (8). The functions 1 + exp[£z(T -
To)] in eq 7 are switching functions to account for the cross-
over from the lower temperature to the higher temperature
behavior of the excess viscosity.
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Figure 6. Excess viscosity 1, deduced from the data of Agayev and
Yusibova (7) as a function of density. The solid curve represents the
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The viscosity of gases is known to exhibit a singular behavior
at the critical point. However, unlike the critical behavior ob-
served for the thermal conductivity, the critical enhancement
of the viscosity is weak and restricted to temperatures very
close to the critical temperature (29, 30). In the absence of
any experimental information on the critical enhancement in the
viscosity of isobutane we have neglected the effect.

A comparison between the experimental data of Agayev and
Yusibova (7), of Diller and Van Poolen (8), and of Gonzalez and
Lee (22) is presented in Figure 8. Our equation reproduces
the experimental data with a standard deviation of about 3%.
The old data of Sage et al. (20) appear to be inconsistent with
the other available experimental information and are not further
considered here. The older data of Lipkin et al. (27) for the
saturated liquid have been superseded by the new data of Diller
and Van Poolen (8).

We estimate that eq 7 represents the viscosity of isobutane
with an accuracy of about £3% in a range of temperatures
and densities approximately bounded by
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Figure 8. Comparison between the experimentai data of Agayev and
Yusibova (7), of Diller and Van Poolen (8), and of Gonzalez and Lee
(22) and our representative equation for the viscosity.

Table IV. Values of the Parameters in Eq 7-10 for the
Viscosity

Hyo = 0.0553 Hj, = 5.901044
Ho, = 0.0434 Hy = 0.542189
Ho= o Hj, = 0.027622
u = Hgy = 0.270797
M = 11.230176 Hj, = 0.063291
13 =
Hy =0 2= T /10 K = 40.784
H,; = 4.963725 Ty = 273.15 K/T, = 0.66975
His = ~4.097720
Hi; = 0.995739

Table V. Viscosity Values Calculated from Eq 7 and
Thermal Conductivity Values Calculated from Eq 12

p, kg m™®

T, K 0 150 250 350 450 550

Viscosity, uPa s
300 7.504 148.203
410 10.182 18.561 28.225 44.492 77.540 150.882
500 12.208 20.587 30.251 46.518 79.565 152.907
600 14.303 22.682 32.346 48.613 81.661 155.003

Thermal Conductivity, W m™ K!

300 0.0163 0.0884
410 0.0287 0.05612 0.0769 0.0714 0.0713 0.1009
500 0.0414 0.0520 0.0588 0.0673 0.0829 0.1135
600 0.0569 0.0666 0.0734 0.0826 0.0984 0.1290

It should be noted that experimenta! data for the viscosity in
the vapor phase below 0 °C are not available, so that use of
eq 7 in the vapor phase below 273.15 K involves an extrapo-
lation with some possible loss of accuracy.



Table VI. Values of the Parameters in Eq 12-16 for the
Thermal Conductivity

Lo = 8.255070
Loy = 28.843455
Los = -1.896770

Ly = 1.449797 X 1072
L, = —0.320401 x 107
L,; = 0.556972 x 107

L20 = 3.6218 x 1078
Ly = 49.20
Lzz = 0.28

y=(y-v/y =0492
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Figure 8. Comparison between the thermal conductivity data outside
the critical region and our representative equation for the thermal
conductivity.

In Table V we present viscosity values calculated from our
representative equation (7) at selected temperatures and den-
sities for computer program verification.

Representative Equation for Thermal Conductivity

Our proposed representative equation for the thermal con-
ductivity of isobutane has the form

X = R(T) + M) + XAT5) (12)
with
_ 7-1/2
X(T) = 13
KT oo ¥ Laa/ T2+ Log/ T a3
A(P) = L1p + Lp* + Lysp° (14)
Xt =2 (1 (a_P)?_Qf_; yFT- 15
2( .p)— 1_7 p aT- A P ap A ( ,P) ( )
and where

F(T.p) = p"2 exp[-L (T - 12 - Loolp - 1] (16)

The terms kept in eq 13 and 14 were determined from our
experimental data, again with the aid of the optimization pro-
cedure of Wagner (24-26). The values of the coefficients L,
and the exponent y are presented in Table VI.

The term A(T) represents the thermal conductivity of the
dilute gas as a function of temperature. The deviations of our
experimental data as well as of the data of Kazaryan and Ry-
abstev (9) and of the value reported by Lambert et al. ( 70) from
the values calculated with our equation are shown by Figure 1b.
Our equation reproduces these experimental data to within
about 2%.

The term X,(p) represents the excess thermal conductivity
outside the critical region. A comparison of the equation and
our experimental data outside the critical region Is presented
in Figure 9. The equation reproduces these data within about
2%.

The term 7\2(7',[;) represents the additional enhancement of
the thermal conductivity in the critical region. Equation 15 is
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Figure 10. Thermal conductivity as a function of density at tempera-
tures in the vicinity of the critical temperature. The solid curves rep-
resent the values calculated from eq 12.

the same as the equation used to represent the behavior of the
thermal conductivity of steam in the critical region (27, 37). In
dimensional form eq 15 implies for the critical enhancement A\
=X~ Ay - Ay
RkgT
AX

= 67l'77 p(Cp - CV)F (17)

where kg is Boltzmann’s constant, ¢, the specific heat at
constant pressure, ¢, the specific heat at constant volume, £
the correlation length, and R a constant (27, 37, 32). The
correlation length £ is calculated as (32, 33)

& = &lxr/TY" (18)

where v = 0.63 and v = 1.24 are universal critical exponents
for the correlation length £ and the compressibility-like quantity
X1 = p(0p/dP);, and where £, = 0.22 nm and I' = 0.055 are
the corresponding critical amplitudes (34). For the coefficient
R we find the value R = 1.2 which is larger than the predicted
value R = 1.0, but similar to that found for the thermal con-
ductivity of some other gases in the critical region (30).

A comparison between the representative eq 12 and the
experimental thermal conductivity data at temperatures in the
vicinity of the critical temperature is presented in Figure 10.
The equation does account for the enhancement of the thermal
conductivity in the critical region although there do exist some
systematic differences. These differences are related to the
lack of accuracy with which we are able to locate the densities
where the thermal conductivity at supercritical temperatures
reaches its maximum. At the critical temperature this thermal
conductivity must diverge at the critical density p.. The issue
how the location of the maxima in the thermal conductivity
isotherms varies with temperature is quite compiicated (35, 36),
and its resolution will require further experimental and theo-
retical work. Because of its simplicity we have kept for prac-
tical use the same equation previously used to characterize the
critical thermal conductivity enhancement A\ for carbon dioxide
(33) and steam (37).

Outside the critical region eq 12 represents the thermal
conductivity data for isobutane with an accuracy of about £2%
in a range of temperatures and densities approximately bounded
by

290 K < T < 630 K (19)
0 kg m™ < p < 650 kg m~

In Table V we present thermal conductivity values calculated
from eq 12 at selected temperatures and densities for computer
program verification. The entries are chosen so that all con-
tributions in eq 12 can be tested.
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Glossary

c, Specific heat at constant pressure

c, specific heat at constant volume

d gap width between the two coaxial cylinders
F(T.p)  crossover function in eq 15

Hy coefficients in eq 8-10

K cell constant in eq 4

kg Boltzmann’s constant

Ly coefficients in eq 13-16

Ne, Rayleigh number

P pressure

P, critical pressure

P reduced pressure (=P/P.)

r mean radius of annular fiuid layer

R amplitude in Stokes—Einstein diffusion law eq 17
Q heat flow through fluid layer by conduction
Q. heat fiow through fluid layer by convection
T temperature

T parameter in eq 7

T critical temperature

T reduced temperature (=T /T )

y exponent in eq 15

z parameter in eq 7

07 exponent in eq 18

r coefficient in eq 18

AT temperature difference between cylinders
n viscosity

Mo viscosity in the limit p — 0

74 excess viscosity (=n(T,p) - n(T,0))

7. = 1 reference viscosity (107 Pa s)

i dimensionless viscosity (=7/7,)

b4 correlation iength

& amplitude in eq 18

A thermal conductivity

Ao thermal conductivity in the limit p — 0

Ay excess thermal conductivity (=A(T,p) - A(T,0))
A =1  reference thermal conductivity (10° W m™" K™
A dimensionless thermal conductivity (=A/A,)
AN critical thermal conductivity enhancement
v exponent in eq 18

p density

Pe critical density

b reduced density (=p/p.)

Xr symmetrized compressibility (=5(3p/0P);)

Registry No. isobutane, 75-28-5.
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