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Abstract

Natural gas, although predominantly comprised of methane, often contains small amounts of heavier hydrocarbons that contribute to its
thermodynamic and transport properties. In this manuscript, we review the current literature and present new correlations for the thermal
conductivity of the pure fluide-octanen-nonane, and-decane that are valid over a wide range of fluid states, from the dilute-gas to the dense
liquid, and include an enhancement in the critical region. The new correlations represent the thermal conductivity to within the uncertainty of
the best experimental data and will be useful for researchers working on thermal conductivity models for natural gas and other hydrocarbon
mixtures.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Alkanes; Decane; Natural gas constituents; Nonane; Octane; Thermal conductivity

1. Introduction 2. Thermal conductivity correlation

Natural gas is a mixture of many components. Wide-  We represent the thermal conductivityf a pure fluid as
ranging correlations for the thermal conductivity of the lower a sum of three contributions:
alkanes, such as methane, ethane, propane, butane and isobu-

tane, have already been developed and are available in the it2(0, T) = 20(T) + Ade(p, T) + Adc(p, T) 1)

erature[1-6]. However, wide-ranging correlations are often \herej, is the dilute-gas thermal conductivity that depends
not readily available for many of the higher alkanes andimpu- only on temperatureA’; the residual thermal conductiv-
rities such as carbon monoxide and hydrogen sulfide. Theseity, and A the enhancement of the thermal conductivity
fluids may be present in small quantities in natural gas andin the critical region. BothAx, and Aic are functions
are important when modeling the mixture properties. In this of temperature and density, with the density provided by
work, we survey the available literature for thermal conduc- an equation of state (EOS). In this work, we use the
tivity and present correlations for the thermal conductivity in  equation of state of Spafv] for n-octane, and the re-
terms of temperature and density over a wide range of fluid cent equations of state by Lemmon and Sg&h for
states including the dilute-gas, condensed liquid and super-n-nonane andh-decane. The EOS fon-octane has up-
critical fluid for n-octanen-nonane, and-decane. The new  per temperature, pressure, and density limits of 600K,
correlations also contain a critical enhancement term. 100 MPa, and 6.69mol/L, respectively. The EOS fer
nonane has upper temperature, pressure, and density lim-
% . . . its of 575K, 800 MPa, and 6.06 mol/L, while the EOS for
Contribution of the National Institute of Standards and Technology, not Lo
subject to copyright in the United States p—decane has upper temperature, pressure, and density lim-
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and the results of these extrapolations should be viewed withThe partial derivativedp/oP|t, is evaluated with the equa-

caution.

2.1. Dilute-gas thermal conductivity

We represent the dilute-gas thermal conductivity as a poly-
nomial in reduced temperature:

3 T k
1) = 3 (7 )
k=0 ¢

whereT is the temperature iK, T; the critical temperature
in K, and the thermal conductivity is in W/(m K).

)

2.2. Residual thermal conductivity

We used a polynomial in temperature and density to rep-
resent the residual contribution to the thermal conductivity:

=S (2) 2)

wherep andp are the density and critical density in mol/L,
and the thermal conductivity is in W/(m K). This form has

®3)

tion of state at the system temperatdreand a reference
temperatureTr. For the reference temperature, we select
a value where the critical enhancement is assumed to be neg-
ligible: Tr = 1.5T¢. The exponentg =1.239 and=0.63 are
universal constantfl2]. The critical amplituded™ and &g

are system-dependent and are determined by the asymptotic
behavior of the equation of state in the critical region. The
thermal conductivity at the critical point itself is infinite. We
have chosen to use values that we consider reasoftible
for this family of fluids: " =0.0496 ando=1.94x10"1%m.

The only parameter left to be determined is the cutoff wave
numbergp (or alternatively, its inversegp—1). When suffi-
cient experimental data are availabtg, is obtained from
regression. We note that the theoretical analysis of the criti-
cal enhancement of thermal conductivity is limited by both
the lack of reliable data near the critical point and the in-
creased uncertainty of compressibilities and specific heats
calculated from the classical equation of state in the critical
region. These increased uncertainties translate to increased
uncertainty in the critical enhancement calculated with the
simplified crossover theory. While improvements might be
possible through the use of a crossover equation of state, this
does not seem warranted unless reliable thermal conductiv-

recently been shown to accurately represent other hydrocar-ity data become available in the critical region, and in this

bon fluids such as propaii#], butang4], isobutang5], and
most recentlyn-dodecang9].

2.3. Critical enhancement

Olchowy and Senger$10] developed a theoretically
based, but complex, model for the thermal conductivity en-
hancement in the critical region. We use a simplified version
of their crossover mod¢11]:

(4)

where the heat capacity at constant pressGg], p), is
obtained from the equation of stat;=1.03 is a universal
constant[12], and the viscosityy(T, p), is obtained from
separate correlations feroctane,n-nonane andh-decane
developed in a previous wofl3]. The crossover functions
£2 and$2g are determined by

(75"

2=2| ("5 (5)
-1

T

2
20=—|1— 6
° n[ eXp((qu)—l+(1/3)((qu>pc/p)2>} ©

The heat capacity at constant volun@®(T, p), is obtained
from the equation of state, and the correlation lengils

given by
_ Pc/) v/y v/y
o[22 ] o

) arctan(pg) + g—;(qu)]

3p(T, p)
P

_ Tr 9p(TR, p)
T 9P

T

work we use classical equations of statg] for all thermo-
dynamic properties.

3. Results

We surveyed the literature for experimental datanen
octanen-nonane and-decane with computer databases, in-
cluding the NIST TRC Sourcf4], and DIPPR DIADEM
[15], as well as on-line search resources. In addition, sev-
eral compilations of the thermal conductivity of these fluids
exist in the literature. Touloukian et §1.6] provided recom-
mended values for thermal conductivity for these three fluids;
however they were based on extremely limited data. Vargaftik
etal.[17,18]gave tables of recommended values for all three
fluids. Vargaftik et al[18] also gave a corresponding states
correlation for the thermal conductivity of the dilute-gas for
n-alkanes. Jamieson et §19] made a comprehensive data
survey of liquid thermal conductivity to 1973, and Stephan
et al.[20] surveyed data to 1981. We discuss each fluid indi-
vidually below.

3.1. n-Octane

In order to obtain the coefficients for the thermal conduc-
tivity of the dilute-gas in the limit of zero density, E@), one
can extrapolate the thermal conductivity at constant tempera-
ture to zero density. For reliable extrapolation it is necessary
to have data over a reasonable range of density. However,
only limited gas-phase data were found feoctane, and
it was not possible to obtain estimates in this manner. We
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Table 1
Summary of experimental data and comparison of the correlation with primary and selected secondary experimental thermal conductivitpctatsefor
Ref. Method Uncertainty Purity T (K) P (MPa) No. Pts. AAD (%) Bias (%) RMS, % Maximum
deviation (%)
[25] CB 293-343 0.1 3 34 086 2.20 281
[26] HW 223-373 0.1 16 B0 -1.67 0.95 —-250
27 THW 1 929 282-337 Sat. 21 .30 -3.30 0.39 -3.87
[
[21)2 SC 99.8 294-378 0.0 6 .8 -1.86 1.97 —4.90
[28] HS 2 99.1 293-373 0.1 9 1B -182 2.67 —-21.67
[29] THW 5 99.81 272-386 Sat. 4 .ao -1.00 0.66 -1.65
[30] THW 2 929 298-348 0.1 5 .20 -1.90 0.27 —-2.24
[31] HW 303 0.0 1 788 —7.88 0 —7.88
[32]2b THW 0.3 99.9 307-362 7.3-591 75 46 -0.28 0.51 -1.34
[33] THW 2 299-370 0.8 9 27 —2.47 1.58 -5.23
[22]2P CB 2 418-678 0.1 29 12 106 0.91 308
[34] HW 15 233-373 0.1 9 .35 —-291 2.02 —4.92
[35] HW 304-383 0.1 11 48 —4.18 0.76 -5.30
[23]2P CT 2 245-620 0.1-100 200 .a6 -0.17 1.33 —4.09
[36]° CT 2 403-629 0.1-1 14 .40 139 1.28 439
[37] CT 15 293-333 0.1 3 .30 —7.50 0.91 -8.61
[38] THW 5 282-337 Sat. 24 .89 —2.69 0.46 -3.47
[39] THW 0.4 99.95 295-335 Sat. 8 .3B -113 0.96 —-2.24
[40] PP 3 99.54 293-343 0.1 6 .18 —-6.11 2.29 -9.46
41 THW 0.8 99.81 272-386 Sat. 12 2P -1.22 0.62 -1.98
[41]
[42] TC 4 303 Sat. 1 /2 —6.92 0 —6.92
43 na 313 0.1 1 50 —-2.50 0 —-2.50
[
[44] THW 2 303 0.1 1 72 -0.72 0 -0.72
[45] THW 2 303 0.1 1 m5 -0.95 0 -0.95
[46] PP 15 99 311 0.1 1 X7 -7.17 0 -7.17
[47 CcC 303-373 0.1 6 119 -17.19 2.46 —20.03
[48]° THW 1 929 283-373 0.1-200 46 4 -1.06 1.08 —4.54
[491° CyC 273-633 0.1-49 162 166 —10.56 6.26 —-3116
[50] THW 0.5 268-333 Sat. 41 .80 -0.28 0.18 -0.80
51)2 THW 0.5 98.0 258-335 Sat. 21 .AB 021 0.35 091
[

Method key: CB, cylindrical bicalorimeter; CC, concentric cylinder; CT, cylindrical tricalorimeter; CyC, cylindrical calorimeter; HS, hdtlgtipot wire;
PP, parallel plate; SC, spherical cell; TC, thermal comparator; THW, transient hot wire.

2 |Indicates data used in the regression.

b Contained points with temperatures, densities and/or pressures exceeding the range of validity of the EOS.

therefore approximated the dilute-gas in the limit of zero den- ily on the experimental data discussed above, and only used
sity by fitting experimental data at pressures of 0.1 MPa or two points from the extended corresponding states method,
lower. Carmichael and Sad21] measured gas-phase ther- in order to stabilize the behavior of the correlation at very
mal conductivity ofn-octane with a spherical cell, steady- low and very high temperatures where experimental data is
state apparatus at six temperatures between 294 and 378 Kinavailable, so that the correlation is not overly influenced
at 0.003 MPa. Mustafaej2?] obtained gas-phase thermal by the estimated points. A summary of all experimental data
conductivity at one atmosphere over a higher temperaturefor n-octane is given ifable 1, along with the experimental
range, 418-678 K in a cylindrical bicalorimeter. Nazj2g] method used, estimated uncertainty and the sample purity,
included some measurements in the gas-phase at atmospherighen knownTable 2gives the coefficients obtained from re-
pressure with his cylindrical tricalorimeter apparatus. These gression of data for the dilute-gas thermal conductivity, Eq.
three sets were selected as the basis to obtain the paramg?2).

ters for Eq.(2). In addition, we supplemented the data with The data situation for the liquid-phase thermal conductiv-
estimates of the zero-density thermal conductivity obtained ity of n-octane is much better than that for the vapor phase,
from a corresponding states metH@d]. We relied primar- as the many entries in the summaryTimble 1demonstrate.

Table 2
Parameters used in the representation of the dilute-gas thermal conductivi®) Eq.

n-Octane n-Nonane n-Decane
ag 7.7293x 103 +1.1x 103 8.7877x 103 +£3.1x 1073 1.05542680x 10 2+ 1.5x 103
ar —37114x 102+3.7x 1073 —41351x1024+9.1x 1073 —5.14530090x 10 2 +5.2x 1073
a 9.7758x1072 + 3.7x10°3 1.0479x 101 + 8.5x10°3 1.18978971x 10 1 +5.6x 1073

ag —2.8871x1072 + 1.2x10°3 —3.2003x102 4+ 2.6x10°3 —3.72442104x 102 +1.8x 1073
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However, many of these data sets are quite old and did not 6 A

account adequately for convection in their analysis, and thus * [21]P
their measurements tend to give values that are higher than 4 A1

A [23]P
_| »[56] P
O [26]
o [27]
x [33]
4 [34]
< [35]
A [36]
v [38]
7 [39]
m [41]
+ [48]
> [50]

the actual thermal conductivity. In general, selection as a pri-
mary data set involved consideration of sample purity, the 7
authors’ estimate of uncertainty (when given), discrepancies
with other sets of data, and the experimental procedure used,
with preference given to data covering a wide range of con-
ditions. For the saturated liquid phase, we selected the data
of Watanabe and Seoifgl] that were obtained with a tran-
sient hot-wire apparatus and has an estimated uncertainty of
0.5%, and cover the temperature range 258-335K. For the
pressure dependence, we selected the set of Li[@2jlthat
extends to 591 MPa over 307-362 K and was measured with (a)
a transient hot-wire apparatus. A final data set included in
the primary data are the data of Nazj@8] who made wide- 6 — ——
ranging measurements from 245 to 629K at pressures from +21]P
0.1-100 MPa with a cylindrical tricalorimeter, and reports an ®[32] P
. & [22]P
uncertainty of 2%. A[23]P
In order to obtain the parameters for the residual con- E%P
tribution, the dilute-gas coefficients in E¢) were fixed o 27
at the values given ifTable 2 and the fitting program :{gi}
ODRPACK [52] was used to fit the primary experimen- < [35]
tal data to determine the coefficients in Eq8)—(7)
We used the critical point consistent with the equation
of state of Span{7]; T.=569.32K, P;=2.497 MPa, and

A [36]
v [38]
v [39]
m [41]
+ [48]

100k /A1)

pc=234.9kg/m. The coefficients obtained from the re- > [50]
gression are given iffable 3 and Table 1gives the aver- -6 : T :

o . . 200 300 400 500 600 700
age absolute deviation, bias, root-mean-square, and maxi- T(K)

mum deviations of the correlation from the experimental

data. In the tables, we use the following definitions: av- Fig. 1. Deviations of the correlation for thermal conductivity as a function

erage absolute deviation AAD = 1DIQX)Lfa|C/)L?Xp— 1)\|/n, of (a) density and (b) temperature from primary and selected secondary

bias= 100X (1¢3¢/A7* — 1)/n, and root-mean-square devi- ~ experimental data far-octane.

ation RMS = 1005 (2.53¢/37® — 1)?/n-bia, where each

summation ranges froinx 1 ton. Some of the data points ex-

ceeded the limits of the EOS; their results are still presentedtemperature and density dependencies of measurements by

in Table 1 but we recommend the use of caution when extrap- various researchers differ from each other and the correla-

olating outside of the limits of the EOS. Along the saturation tion near 320K. The most dramatic examples are the data

boundary, the estimated uncertainty of the correlation, at asSets of Mukhamedzyanov et 484,35] and Nieto de Cas-

95% confidence level, is 3%, reflecting the level of consis- tro et al.[38,39] compared to the data sets of Brykov and

tency between the literature values. In the dense liquid, we Mukhamedzyano\26], Calado et al[27], and Mallan et

estimate the correlation also has an uncertainty of approxi-al- [33]. It is noted that the primary dilute vapor data of

mately 3%. In the vapor region, the uncertainties are larger; Carmichael and Sage1] have a temperature dependence

we estimate 5%. that differs from that of the correlation, with a maximum
Fig. 1a illustrates the deviations of the present correla- deviation of 4.9%.

tion from selected experimental data, as a function of den-  Finally, a sample point for validating computer calcula-

sity, while Fig. 1b shows the deviations as a function of tions is T=300K, p=6.1772mol/L, and=128.36 mW

temperature. There is generally agreement8% between  /(mK). This point corresponds to a pressure of 10 MPa, and

the 16 data sets shown in these figures even though thethe viscosity at this state point is 553 Ba s[13]

correlation is based only on the first five data sets. There

are limited supercritical data available from Mustaf§2®] 3.2. n-Nonane
and NazieV{23,36] with a significant data gap at densities o
from 0.4 to 3 mol/L. These wide-range data g@2,23,36] Two sets of gas-phase thermal conductivity data were

were made with steady-state techniques and agree well withfound for n-nonane. Katz and Luchsingé53] measured
the recent transient hot-wire measurements at more mod-the thermal conductivity with a thick hot-wire cell from
erate temperatures. It is apparent in both figures that the320-359 K, while Mustafae{54] made more comprehen-
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Table 3
Parameters for the residual thermal conductivity contribution, E3s(7)
i j Bij Bij Bij

n-Octane n-Nonane n-Decane

1 1 0.285553 10 1+2.1x 103 4.90087596¢ 103 +2.0x 1073 —2.94394112 10 2+5.3x 1073
1 2 —0.926155< 10°2+8.5x 1074 9.96486280< 103 +5.0x 104 1.50509474« 1072+ 2.8x 1073
2 1 —0.171398< 10 1 +1.1x 1073 —8.07305471 10 3+1.2x 1073 4.99245356¢ 102+ 4.1x 103
2 2 0 0 0
3 1 0.659971x 10 2+1.4x 104 5.57430614 103 +1.8x 104 —1.42700394« 10 2+1.2x 1073
3 2 0.153496¢ 102+ 9.8x 10°° 0 —1.38857133 10 2+1.1x 1073
4 1 0 0 1.5082759% 10 3+1.7x 104
4 2 0 0 4.33326339%103+2.8x10°*
ao m-1 0.145713< 1019+ 1.1x 10° 9.58722814« 10° +9.1x 10’ 1.41115586¢ 10° + 4.8 x 108

sive measurements at atmospheric pressure with a cylindri-uncertainty of approximately 3%. In the vapor region, the
cal bicalorimeter for the temperature range 449-678 K. We uncertainties are larger; we estimate 5%.

supplemented these data with predicted values based on an Fig. 2a illustrates the deviations of the present correlation
extended corresponding states metfit] and obtained the  from selected experimental data, as a function of density,
coefficients presented ifable 2for the dilute-gas thermal  while Fig. 2b shows the deviations as a function of temper-

conductivity. ature. There is generally agreementt$% among the nine
For the liquid phase along the saturation boundary, we se-
lected the measurements of Watanabe and SExijgo be 6 —

a primary data set. These measurements were made with a

transient hot-wire apparatus with an estimated uncertainty 4 4
of 0.5% over the temperature range 259-337 K. In addi-
tion, the atmospheric pressure, liquid-phase measurements
of Brykov and Mukhamedzyand26], and the high pressure
measurements of Menashe and Wakelfa®hwere also se-
lected as primary data. Menashe and Wakeljah} used

a transient hot-wire apparatus with estimated uncertainty of
0.7% to measure the thermal conductivity mhonane at
pressures up to 503 MPa, but did not measure the satura- 4
tion boundary. Mukhamedzyanov et 6] also measured

the thermal conductivity of nonane as a function of tem- -6
perature and pressure; however their pressure dependence(a)
is different from that of Menashe and Wakeh§b]. The

data of Menashe and Wakehg®b] included a rigorous

< o [26] P
m[53] P
@ [55] P
*[22]P
»[51]P
o [27]
x [33]
< [38]
v [56]

2

100 (A, /A, =1

N

analysis of the influence of thermal radiation on their mea- L L AL I

surements and exhibit less scatter than the measurements o' a |

Mukhamedzyanov et a[56] so we have opted to use the x

Menashe and Wakehaf5] data as the primary set for this - 0 %S%E

region. ly ®[55]F
We fixed the dilute-gas coefficients in Eg) at the values fS_ :Eﬂ P

given inTable 2 and regressed the primary data with the fit- < 0 [27]

ting program ODRPACK52] to determine the coefficients 2 By

in Eqs.(3)—(7). We used the critical point consistent with the p | v 156]

equation of state of Lemmon and Sp@@h; T.=594.55K, .

Pc=2.281 MPa, ang. = 232.14 kg/m. The coefficients ob- 3 § 4

tained from the regression are givenTiable 3 andTable 4 ) g9 d

gives the average absolute deviation, bias, root-mean-square, 200 300 400 500 600 700

and maximum deviations of the correlation from the experi- (b) T(K)

mental data.

Along the saturation boundary, the estimated uncertainty Eig. 2. (a) Qeviations gf the correlation for thermal conduct_ivity as a func-
f the correlation. at a 95% confidence level. is 3%. reflect- tion of density from primary and selected secondary experimental data for
.O ! X 0 o 0, n-nonane. (b) Deviations of the correlation for thermal conductivity as a
ing the level of consistency between the literature values. function of temperature from primary and selected secondary experimental

In the dense liquid, we also estimate the correlation has andata forn-nonane.
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Table 4

Summary of experimental data and comparison of the correlation with primary and selected secondary experimental thermal conductivitpaiagaéor

Ref. Method Uncertainty Purity T (K) P (MPa) No. Pts. AAD (%) Bias (%) RMS (%) Maximum
deviation (%)

[57] SB 25 289-352 0.1-15 14 .89 —-3.09 1.23 —4.97

[25] B 293-323 0.1 2 @1 621 2.76 897

[26]2 HW 223-373 0.1 16 50 -1.35 1.06 —2.36

[27] THW 1 99 282-362 Sat. 33 .74 —-3.27 0.55 —3.96

[58] TO 10 293 0.1 1 24 —-3.24 0 —-3.24

[28] HS 2 99.2 293-373 0.1 9 18 —16.28 1.77 —18.77

[59] HW 2 336 Sat. 2 B6 —1.36 0.52 —1.89

[53]2 HW 3 320-359 0-0.01 4 .08 —2.08 0.73 —2.82

[33] THW 2 302-391 0.8 5 a4 081 2.18 358

[55]2 THW 0.7 99.9 308-363 35-503 64 .39 003 0.52 177

[56] THW 2 99.29 298-448 0.1-221 69 .59 —3.59 1.52 —-5.97

[34] HW 15 233-413 0.1 10 26 —1.98 1.28 —-3.28

[22]2P CB 2 449-678 0.1 26 .00 050 0.75 204

[38] THW 5 282-362 Sat. 39 .35 -3.15 0.42 —3.95

[40] PP 3 99.44 293-343 0.1 6 .on —7.07 1.56 —-9.35

[42] TC 4 303 0.1 1 24 —7.24 0 —7.24

[46] PP 15 99 311 0.1 1 87 —-8.37 0 —-8.37

[47] cC 90 303-373 0.1 6 139 —15.39 2.67 —-1931

[61]2 THW 0.5 98.0 259-337 Sat. 15 .30 005 0.42 083

Method key: B, bicalorimeter; CB, cylindrical bicalorimeter; CC, concentric cylinder; HS, hot strip; HW, hot wire; PP, parallel plate; SB, dpbalicaneter;
TC, thermal comparator; THW, transient hot wire; TO, temperature oscill.

2 Indicates data used in the regression.

b Contained points with temperatures, densities and/or pressures exceeding the range of validity of the EOS.

data sets shown in these figures even though the correlatioratures and this is only for vapor at pressures of 1 bar. There
is based only on the first five data sets. The vapor phase datare no liquid or high-density gas data available at temper-
of Katz et al.[53] and Mustafaey22] agree with each other  atures above 460 K. As far-octane, it is apparent in both
and the correlation to within 3%. The data of Mustafgz®j figures that the temperature and density dependence of mea-
are the only source for thermal conductivity at high temper- surements by various researchers differ from each other and

Table 5

Summary of experimental data and comparison of the correlation with primary and selected secondary experimental thermal conductivitgecaador

Ref. Method Uncertainty Purity T (K) P (MPa) No. Pts. AAD (%) Bias (%) RMS (%) Maximum
deviation (%)

[25] B 293-343 0.1 3 38 6.38 4.00 1203

[63] THW 0.5 99.0 300-370 0.1 13 Nyl -271 0.13 —2.97

[64] cC 293 0.1 1 86 —8.06 0 —8.06

[26] HW 2 243-333 0.1 10 .97 -1.97 0.28 —2.22

[60] Cs 2 99.5 278-444 0-34.5 60 .18 747 4.77 —19.47

[28] HS 2 99.0 293-373 0.1 9 1 —16.04 1.39 —17.89

[59] HW 2 336 Sat. 2 D4 —0.23 1.04 127

[30] THW 2 99 303-373 0.1 7 .05 —0.65 0.87 —1.70

[33] THW 2 302-394 0.8 23 21 —-231 0.99 398

[65]2 CB 2 469-678 0.1 24 .82 —0.59 0.88 —2.69

[62]2 CB 2 308-678 1-400 191 . 008 0.87 —2.34

[34] HW 2 253-433 0.1 10 80 —-3.80 0.77 —4.56

[35] HW 305-425 0.1 10 25 —4.25 0.49 —4.85

[66] CB 2 313-593 0.1-14 105 .50 —7.24 2.79 —9.46

[39] THW 0.4 99.95 293-333 Sat. 8 16 -1.15 0.23 —1.60

[40] PP 3 99.95 293-343 0.1 8 Re s —6.93 1.39 —-9.23

[42] TC 4 303 0.1 1 612 —6.12 0 —6.12

[61]2 HW 1.3 303-458 0.1-49 58 .94 194 0.50 306

[46] PP 15 311 0.1 1 .25 -5.25 0 —5.25

[47] cC 303-373 0.1 6 128 —-1328 3.55 —19.15

[48]2 THW 1 99 283-373 0.1-200 90 .gp —0.59 0.78 —-2.32

[61)2 THW 0.5 99.0 259-338 Sat. 15 aa —0.02 0.12 020

Method key: B, bicalorimeter; CB, cylindrical bicalorimeter; CC, concentric cylinder; CS, concentric sphere; HS, hot strip; HW, hot wire; lePplaaeal
TC, thermal comparator; THW, transient hot wire.
2 Indicates data used in the regression.
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from the correlation near 320 K. The most dramatic exam-
ples are the data sets of Nieto de Castro e{38] com-
pared to the data sets of Calado et[2lf/] and Mallan et

al. [33]. However, fom-nonane there is a clear maximum in
the absolute deviations (with slope change in terms of both
temperature and density) for the data of Mukhamedzyanov
et al.[56] and Brykov and Mukhamedzyan$26] at these
conditions.

Finally, a sample point for validating computer calcula-
tions is T=300K, p=5.6194 mol/L, and.=130.31 mW/
(mK). This point corresponds to a pressure of 10 MPa, and
the viscosity at this state point is 709 8Ra s[13].

3.3. n-Decane
Mustafaev{54] measured the gas-phase thermal conduc-

tivity of n-decane at atmospheric pressure with a cylindrical
bicalorimeter for the temperature range 469-678 K, with a

reported uncertainty of 2%. These measurements were used
as the primary data for the gas-phase. Carmichael and Sage

[60] gave one point that is not consistent with the measure-
ments of Mustafaey54], and thus was not included in the
primary data set. We supplemented the data of Mustafaev

[54] with predicted values based on an extended correspond-

ing states metho@4] and obtained the coefficients presented
in Table 2for the dilute-gas thermal conductivity.

For the liquid phase along the saturation boundary, we
selected the measurements of Watanabe and Sgxirig

to be a primary data set. These measurements were made

with a transient hot-wire apparatus with an estimated un-
certainty of 0.5% over the temperature range 259-338K. In
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Fig. 3. (a) Deviations of the correlation for thermal conductivity as a func-

addition, the high pressure measurements of Tanaka et altion of density from primary and selected secondary experimental data for

[48] and Rastorguev et aJ61] were both included in the
primary data set. Tanaka et §8] used a transient hot-
wire apparatus with estimated uncertainty of 1% to mea-
sure the thermal conductivity af-decane at pressures up
to 200 MPa, while Rastorguev et §61] used a hot wire
method and obtained thermal conductivities from 303-458 K

at pressures to 49 MPa. For high temperatures, we also in-

cluded the measurements of Mustaf§@®] in the primary

n-decane. (b) Deviations of the correlation for thermal conductivity as a

function of temperature from primary and selected secondary experimental

data forn-decane.

an uncertainty of approximately 3%. In the vapor region, the
uncertainties are larger; we estimate 5%.

Fig. 3aillustrates the deviations of the present correlation
from selected experimental data, as a function of density,

set; these were obtained from 308 to 678K at pressures towhile Fig. 3 shows the deviations as a function of temper-

400 MPa.

We fixed the dilute-gas coefficients in Eg) at the values
given inTable 2 and regressed the primary data with the fit-
ting program ODRPACHK52] to determine the coefficients
in Egs. (3)—(7) We used the critical point consistent with
the equation of state of Lemmon and Spah T, =617.7 K,

P. =2.103 MPa, ang. = 233.34 kg/m. The coefficients ob-
tained from the regression are givenTiable 3 andTable 5

ature. There is generally agreementt8% between the 10
data sets shown in these figures even though the correlation is
based only on the first five data sets. There are three data sets
at high temperatures and densities from Mustaf#2y65]

and Naziev and Aliey66]. Unfortunately, the deviations of
Naziev and AlieJj66] range from—4t0—9.46% in the liquid
phase, and so they could not be shown on these figures without
expanding the deviation scale significantly. Similarly, since

gives the average absolute deviation, bias, root-mean-squarethe deviations of Carmichael et @80] range from 3t0 13.3%

and maximum deviations of the correlation from the experi-
mental data.

Along the saturation boundary, the estimated uncertainty
of the correlation, at a 95% confidence level, is 3%, reflecting
the level of consistency between the literature values. In the

inthe liquid phase, they are not shown in the figures. There are
limited supercritical data available from Mustafdé2,65],

with a significant data gap at densities from 0.1 to 3mol/L.
These wide-range data s§#,65]were made with a steady-
state technique and agree well with the recent transient hot-

dense liquid to 200 MPa, we also estimate the correlation haswire measurements at more moderate temperatures. There is
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also the characteristic change in slope of the deviations with [6] NIST Standard Reference Database 23, REFPROP, Reference Fluid
respect to temperature and density for some data sets, such  Thermodynamic and Transport Properties 7.0 ed., National Institute

as those of Brykov and Mukhamedzyari@6] and Mallan of Standards and Technology, Gaithersburg, MD, 2003,

ot aI.[33], in the quuid phase from 300 to 320 K. This is not [7] R. Span, Multiparameter Equations of State—An Accurate Source

o . . of Thermodynamic Property Data, Springer-Verlag, Berlin, 2000.
as distinct as it was far-octane ana-nonane but still seems (g} E.w. Lemmon, R. Span, J. Chem. Eng. Data, Submitted for publi-

to be present. cation.
Finally, a sample point for validating computer [9] M.L. Huber, A. Laesecke, R.A. Perkins, Energy Fuels 18 (2004)
calculations is T=300K, p=5.1504mol/L, and A= 968-975.

. . [10] G.A. Olchowy, J.V. Sengers, Phys. Rev. Lett. 61 (1988) 15-18.
132.80mW/(mK). This point corresponds to a pressure of 1117 5'a” oichowy, J.V. Sengers, Int. J. Thermophys. 10 (1989) 417-426.

10 MPa, and the viscosity at this state point is 92g.Bas [12] R. Krauss, V.C. Weiss, T.A. Edison, J.V. Sengers, K. Stephan, Int.
[13]. J. Thermophys. 17 (1996) 731-757.
[13] M.L. Huber, A. Laesecke, H.W. Xiang, Fluid Phase Equilibr. 224
(2004) 263-270.
[14] M. Frenkel, Q. Dong, R.C. Wilhoit, K.R. Hall, Int. J. Thermophys.

4. Conclusions 22 (2001) 215-226.
[15] J.R. Rowley, W.V. Wilding, J.L. Oscarson, R.L. Rowley, DIADEM,

We have presented correlations for the thermal conduc- DIPPR Inf_orme_ltlon and Data Evaluation Manager, 2.0 ed., Brigham
Young University, Provo, UT, 2002.

tivity surfaces ofn-octane n-nonane anah-decane that are  [16) v.s. Touloukian, S.C. Saxena, P. Hestermans, Thermophysical Prop-
applicable from the dilute-gas to the dense-fluid region, from erties of Matter, Viscosity, vol. 11, Plenum, New York, 1975.

the freezing point up to the limit of the respective equations [17] N.B. Vargaftik, Y.K. Vinogradov, V.S. Yargin, Handbook of Physical
of state. There are limited thermal conductivity data on the f;‘;‘;e”ies of Liquids and Gases, 3rd ed., Begell House, New York,
compressed liquid at t_empe'ratures p?'ow 30,0 K.Inall Case,s’[18] N.B. Vargatftik, L.P. Filippov, A.A. Tarzimanov, E.E. Totskii, Hand-
there are no data available in the critical region, and there is”™ ~ )5k of Thermal Conductivity of Liquids and Gases, CRC Press,
a shortage of reliable data at high temperatures for arange of  Boca Raton, FL, 1994.

densities centered about the critical density. The octane ther{19] D.T. Jamieson, J.B. Irving, J.S. Tudhope, Liquid Thermal Conductiv-
mal conductivity surface has an uncertainty of 3% (based on '1%7? Data Survey to 1973, National Engineering Laboratory, UK,
a Cover?‘ge fa(,:tor_ of two) along the liquid ,Saturatlon bound- [20] K. Stephan, A. Laesecke, R. Krauss, Die Transporteigenschaften von
ary and in the liquid phase, based on consistency betweenthe ~ g igen stoffen, Universit Stuttgart, Stuttgart, Germany, 1981.
literature values. The thermal conductivity in the vapor and [21] L.T. Carmichael, B.H. Sage, AIChE J. 12 (1966) 559-562.
supercritical regions is estimated to have an uncertainty of[22] (a) R.A. Mustafaev, High Temp. 12 (1974) 772-775;

5%. The correlation for the thermal conductivityrefionane (b) R.A. Mustafaev, Tepl. Vys. Temp. 12 (1974) 883-887.

has an uncertainty of 3% for the vapor and dense quuid and[23] D.Y. Naziev, Thermal Conductivity of Hydrocarbons and Methods
of Measurements, Baku, 2001.

5% in the supercritical regions. Finally the correlation for [24) NIST Standard Reference Database 4, Supertrapp, 3.1 ed., National

the thermal conductivity afi-decane has an estimated uncer- Institute of Standards and Technology, Gaithersburg, MD, 2002.
tainty of 3% in the |iquid phase to 200 MPa, and 5% for the [25] A.G. Akhmedov, Azerbaidzhanskoe neftanoe khoziaistvo. 42 (1963)
vapor and supercritical regions. 41-42. _
[26] V.P. Brykov, G.K. Mukhamedzyanov, Inzh. -Fiz. Zh. 18 (1970)
82-89.

[27] J.C.G. Calado, J.M.N.A. Fareleira, C.A. Nieto de Castro, W.A.
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